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Abstract 

Atlantic salmon production (Salmo salar) has increased in-line with global population 

growth and changes in consumption patterns, causing the emergence of several 

infectious diseases. Gill disorders, such as amoebic gill disease (AGD), have posed 

a particular problem. Thus, limiting the levels of infection by its causative agent, 

Neoparamoeba perurans, is considered to be one of the main challenges for salmon 

producers worldwide. Current treatments often lead to re-infection and may 

eventually cause indirect and direct economic losses. Hence, the development of 

alternative treatments is required. 

Therefore, this study focused on the search and development of tools for the 

characterisation of host-pathogen interactions between Atlantic salmon and N. 

perurans. Firstly, an improved quantification of amoebae was accomplished through 

the comparison of different swab materials and the swabbing of different gill arches, 

showing a potential advantage by sampling the 4th gill arch and by using alginate-

fibre tipped swabs in contrast to the other gill arches and swab materials. 

Additionally, the study of a better in-situ method for the preservation of mucus was 

explored through the use of a range of fixatives. Methacarn solution provided 

significantly greater retention of the mucus covering of the gill epithelium while aiding 

the preservation of amoeba trophozoites embedded in the mucus. 

In addition, the potential effect of the commonly applied hydrogen peroxide (H2O2) 

treatment was assessed through use of a range of molecular tools to examine the 

gills of H2O2-treated fish and of AGD-infected fish. Results suggested evidence of a 

T-cell response after treatment, while a possible immunomodulation by the parasite 

was found in the AGD-infected fish. Lastly, the in-silico screening and identification 

of potential vaccine candidates within the N. perurans transcriptome provided a final 

list of cell membrane proteins, enzymes and structural proteins which could 

potentially serve as ideal candidates for vaccine development. 
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Chapter 1 : General introduction 

 

1.1. Aquaculture industry: background 

Population growth has driven an increase in global seafood production, this standing 

at ~177.8 million tonnes in 2019 (FAO, 2020). Although wild fisheries still represent 

47% of the total, aquaculture now exceeds capture fisheries, being the only of the 

two sectors that can sustain future growth (FAO, 2020). For this reason, the 

expansion of world aquaculture production is anticipated to fill the supply–demand 

gap, avoiding the overexploitation of wild stocks. Within the aquaculture industry, 

salmonids are one of the most highly esteemed fish for consumption, comprising 

around 17% of the total value of internationally traded fish. Successful sea cage 

culture was first developed in the 1960s in Norway to increase Atlantic salmon 

(Salmo salar Linnaeus, 1758) production. This achievement drove the global 

expansion of salmon culture in different parts of the world such as Scotland, and 

latterly Ireland, the Faroe Islands, Canada, the north eastern seaboard of the USA, 

Chile and Australia (Tasmania) followed by a lower production in New Zealand, 

France, Spain and Russia (Oldham et al., 2016). Nowadays, global farmed Atlantic 

salmon production has increased by 7% in 2019, to just over 2.6 million tonnes 

(FAO, 2020). 

Scottish salmon production started in the 1970s, increased quickly during the 1980s 

and 1990s but subsequently plateaued due to production challenges and increased 

competition for suitable sites with other stakeholders. Scotland’s farming contributes 

over £1.8 billion annually to the Scottish economy. Scottish aquaculture has grown 

over the years and it’s currently dominated by Atlantic salmon making this region the 

largest producer during the last decade in the EU and the third largest globally, 

producing 189,707 tonnes during 2017; however, the level of production for 2018 

was lower with 156,025 tonnes (-17.8% less) (FAO, 2020).  

Industry intensification, often associated with increased stress on fish stocks, has 

been paralleled by the emergence of numerous infectious diseases, particularly 

parasitic diseases (Oldham et al., 2016) (Error! Reference source not found.) and 

multifactorial diseases which include parasitic, bacterial and viral pathogens as well 

as environmental factors (e.g. complex gill disease/disorder (CGD)) (Herrero et al., 
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2018). Over the years, such diseases have caused large losses within the industry 

(Shinn et al., 2015). Although some pathogens are intracellular and affect different 

parts of the fish, gill diseases represent a major challenge to producers and are the 

cause of high levels of mortality within salmon aquaculture (Rodger, 2007). Due to its 

direct contact with the environment, the gill constitutes the initial portal of entry 

through which many bacteria, parasites and viruses enter the host. 

Table 1.1. Key parasitic infections affecting Atlantic salmon globally in the aquaculture industry. 

Parasite Disease   Reference 

Desmozoon lepeophtherii Proliferative Gill Inflammation (PGI) Matthews et al. (2013)  

Hexamita salmonis Systemic Granulomatous Disease Poppe & Mo (1993) 

Ichthybodo necator Epidermal Spongiosis Roubal et al. (1987) 

Kudoa thyrsites Post-mortem Muscle Autolysis St-Hilaire et al. (1997) 

Myxobolus cerebralis Salmonid Whirling Disease Wolf et al. (1986) 

Neoparamoeba perurans  Amoebic Gill Disease (AGD) Young et al. (2008) 

Spironucleus barkhanus Systemic Spironucleosis Sterud et al. (1998) 

Lepeophtheirus salmonis Sea lice infection Grimnes & Jakobsen 

(1996) 

1.2. Amoebic Gill Disease (AGD) 

Among all the gill diseases, amoebic gill disease (AGD) has become one of the 

greatest challenges for marine aquaculture worldwide, since its first reported 

occurrence in Tasmania, Australia (1984) in Atlantic salmon (Munday, 1986). The 

aetiological agent was misidentified as Paramoeba pemaquidensis (Kent et al., 

1988) for several years due to the morphological similarity between different strains 

and species. However, the actual causative agent was described in the study made 

by Young et al., (2008) as Neoparamoeba perurans using phylogenetic analyses and 

Koch’s postulates were later fullfiled by Crosbie et al. (2012).  

The repeated emergence of this disease through the years has had a significant 

health impact in most of the world’s salmon producing regions, leading to large 

economic and growth losses (Nowak et al., 2014; Oldham et al., 2016). An 

estimation of the AGD-related mortality losses was £9.6 million in Norway (2006) and 

£61 million in Scotland (2011) (Shinn et al., 2015), two of the European regions with 

the largest salmon production. In an epidemiological review, Oldham et al. (2016) 

reported that AGD has been found in species such as Coho salmon Oncorhynchus 

kisutch (Walbaum, 1792) in the USA, rainbow trout Oncorhynchus mykiss 
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(Walbaum, 1792) in Australia, brown trout Salmo trutta (Linnaeus, 1758) in France, 

turbot Scophthalmus maximus (Linnaeus, 1758) in South Africa and Spain, ayu 

Plecoglossus altivelis (Temminck & Schlegel, 1846) in Japan, ballan wrasse Labrus 

bergylta (Ascanius, 1767) in Norway, Scotland and Ireland, and corkwing wrasse 

Symphodus melops (Linnaeus, 1758) in Norway, among others. Most recently, AGD 

has been reported in lumpfish Cyclopterus lumpus (Linnaeus, 1758) which is used to 

delouse farmed Atlantic salmon infested with sea lice Lepeophtheirus salmonis 

(Krøyer, 1837) (Haugland et al., 2016). 

1.2.1. Biology and taxonomy of N. perurans 

The morphology of cultured N. perurans was observed during a study by Wiik-

Nielsen et al. (2016). They detected two different morphologies using phase contrast 

microscopy. The amoebae formed polymorphic (attached and floating trophozoites; 

Error! Reference source not found.1a,b) as well as distinctly rounded 

morphologies (pseudocyst; Error! Reference source not found.1c). 

 

Figure 1.1. Different morphologies observed in the cultured N. perurans: attached trophozoites (a), 

floating trophozoites (b) and pseudocyst/cyst (c). Image taken with light microscope. 

Attached and suspended trophozoites present extended pseupodia. They provide 

both movement and nutrient’s uptake in the marine environment / in vitro culture. 

Additionally, there is a pseudocyst morphology that can be observed during certain 

times in which the amoebae are challenged (change of temperature, salinity, feeding 

etc.) as a protection (Lima et al., 2017; Collins et al., 2019). This has been previously 
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described in other species of amoebae such as Mayorella vespertilioides (Page, 

1983) and Dictyostelium spp. (Van Haastert, 2011), allowing specimens to go into 

latency. 

These characteristics make this parasite a facultative organism, permitting its 

propagation and survival throughout a wide range of temperatures and salinities, as 

has been observed in vitro (Lima et al., 2017; Collins et al., 2019) and as a free-living 

parasite in the marine environment, found on various structures, sediments on 

salmon farms and macrofauna (Bridle et al., 2010; Wright et al., 2015). Aside from 

these traits, one of the most interesting aspects of this parasite’s biology is the 

presence of an endosymbiont which was found to be within the Paramoeba species 

since the 1970s, which originally was thought to be a nucleus-associated parasome 

(Grell & Benwitz, 1970; Perkins & Castagna, 1971; Page, 1973). Recently Tanifuji et 

al. (2017) investigated the relationship between P. pemaquidensis and its 

endosymbiont. Genomic analysis showed how the endosymbiont Perkinsela sp. lost 

the ability to create a flagellum but maintained the key features of kinetoplastid 

biology (Error! Reference source not found.2). Interdependence and metabolic 

mosaicism in terms of nutrition between these two organisms was established, but 

the precise role of this endosymbiont in the pathogenicity of Paramoeba species 

remained unknown. However, a clear co-evolutionary association was observed and 

considered ancient and also, the kinetoplastid-specific metabolic pathways (e.g. 

trypanothione biosynthesis) could provide potential therapeutic targets / drugs, which 

could indirectly kill the host. Further investigations should be performed to confirm if 

this same relationship is found between N. perurans and its endosymbiont. 
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Figure 1.2. Images taken during the study by Tanifuji et al. (2017). (A) Atlantic salmon gill infected 

with Paramoeba spp. trophozoites found attached to gill epithelium. Eosin and haematoxylin staining 

to differentiate NP (nucleus of the host amoeba) from En (Perkinsela sp. endosymbiont). (B) 

Trophozoites of P. pemaquidensis with contrast microscopy. (C) Scanning electron microscopy (SEM) 

of a P. pemaquidensis trophozoite with endosymbiont (MP = plasma membrane of P. 

pemaquidensis). 

There has been a constant debate amongst authors regarding the name that should 

be used; however, it is not within the scope of the current study to discuss whether 

the genus Paramoeba or Neoparamoeba is the correct taxonomic term, therefore for 

the purpose of this thesis I will use the latter genus. Although Young et al. (2008) 

determined N. perurans as the aetiological agent for AGD, more recent studies 

investigated through phylogenetic analysis of nuclear SSU rDNA sequences reveal 

the existence of separate Paramoeba and Neoparamoeba clades, proposing that 

Neoparamoeba should be considered a junior synonym of Paramoeba due to the 

lack of confirming data regarding their genomic differences (Feehan et al., 2013). 

Through the comparison of the 18S ribosomal RNA of several pathogenic amoebic 

species (Error! Reference source not found.3) it can be observed that N. perurans 

is closely related to other Paramoeba spp. as well as Neoparamoeba spp. The next 

genetically closely-related species is Acanthamoeba spp. and the furthest of the 

analysed amoebae are Entamoeba spp. and Naegleria fowleri.  
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Figure 1.3. Phylogenetic tree of some of the best known parasitic amoebic species using their 18S ribosomal RNA sequences. This was developed through 

the online tool Phylogeny.fr (Dereeper et al., 2008). 

* 
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1.2.2. Pathology and clinical signs 

It is believed that the principal virulence trait of this amoebic species is the ability to 

attach to the gill epithelium (Nowak et al., 2014). The preferred area for N. perurans 

to settle is the interstitial region between gill hemibranchs (Adams & Nowak, 2003; 

Adams & Nowak, 2004). During colonisation, the amoebae causes indentations in 

the epithelial surface, followed by fenestrations. The penetration of amoebal 

pseudopodia was shown to be through the affected pavement cells (Wiik-Nielsen et 

al., 2016) leading to a disruption of the epithelial cells presenting hyperplasia and 

hypertrophy. Regarding the plasma membrane of the amoebae, when attached to 

the gill epithelium, an increased membrane density is observed as well as increased 

cytoplasmic density (Lovy et al., 2008). This was also studied in in vitro experiments 

where a cytopathic effect (CPE) was observed in epithelial cells (Butler & Nowak, 

2004; Cano et al., 2019). Amoebal attachment causes white raised lesions, usually 

beginning at the base of the filaments and scattered along the gill arch (Nowak, 

2012).  

Excessive mucus secretion is usually observed when routine gill examinations are 

performed on the infected fish (Nowak & Munday, 1994; Rodger & McArdle, 1996; 

Taylor et al., 2009; Nowak, 2012). Many studies have covered the pathology 

associated with AGD infections. Besides the excessive mucus secretion, swollen gill 

filaments are generally observed in most of AGD cases along with the presence of 

distal necrosis and oedema of the gill tissue. Same pathological signs have been 

identified across most of AGD studies regarding the pathology within the infected fish 

(Nowak & Munday, 1994; Adams & Nowak, 2001; Zilberg & Munday, 2000; Adams & 

Nowak, 2003; Morrison et al., 2006; Young et al., 2008a). These signs have been 

described in terms of a local host-tissue response to the parasite through the 

migration of immunoregulatory cells towards lesion-affected areas. Thus, the deeper 

study of fish mucosal health could aid the deeper understanding of the pathology / 

response it’s observed during an AGD infection.  

1.2.3. Diagnosis 

The general approach for diagnosing AGD is through non-destructive tools such as 

the gill-scoring method developed by Taylor et al., (2009), which runs from clear (0) 

to heavy (5), to the assessment of gill gross pathology (Munday et al., 1993; Clark & 
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Nowak, 1999; Adams & Nowak, 2004; Rozas et al., 2011). However, the scoring 

method is often open to misinterpretation due to its subjective nature. In addition, 

while the gill condition is assessed, the approach still lacks the ability to identify the 

aetiological agent. This is relevant because there are other infectious and non-

infectious gill diseases that present similar impacts on the gills of salmon (Mitchell & 

Rodger, 2011; Gjessing et al., 2017; Gunnarsson et al., 2017) and can be mistaken 

for AGD. To support this method, histology has always been preferred as one of the 

primary methods for identifying the causative agent. This technique also serves to 

study the host response to the pathogen (Clark & Nowak, 1999; Adams & Nowak, 

2004). Similarly, to the gill scoring method, Mitchel et al. (2012) established a 

histopathological gill scoring method through the examination of changes within the 

gill health (e.g. lamellar oedema/fusion/hyperplasia and cellular anomalies such as 

necrosis and sloughing)). Depending on the level of gill lesions, a score of 0–3 was 

assigned. Both scoring methods were compared in a study by Rozas et al. (2011), 

who found a positive correlation between them as well as high sensitivity and 

specificity. 

In recent years, targeted molecular methods have been developed for detecting N. 

perurans. As mentioned before, the aetiological agent was wrongly described as P. 

pemaquidensis for several years (Kent et al., 1988). However, the actual causative 

agent was first described in the studies by Young et al. (2008) as N. perurans using 

phylogenetic analyses and a PCR assay by amplifying a 636-bp region of the 18S 

rRNA gene. Following these findings, PCR screening started to be used to detect 

early infections and to estimate efficacy of treatments. During a routine histology, a 

very early infection could lead to an improper characterisation of the disease due to 

microscopic lesions and few numbers of amoebae. Thus, several studies have been 

undertaken to optimise molecular diagnostic techniques through the optimisation of 

different PCR-assays with gill biopsies (Bridle et al., 2010; Rozas et al., 2011; 

Fringuelli et al., 2012) and, more recently, a comparison of tissue samples with gill 

swabs (non-lethal sampling) to test sensitivity and specificity was reported (Downes 

et al., 2017).  

All these studies used the same region of the N. perurans 18S rRNA gene. However, 

different primers were used for its detection and they all proved to be specific and 

sensitive. Perhaps, the most efficient assay was the duplex quantitative Taqman 
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real-time PCR by Fringuelli et al. (2012) due to allowing the detection of the other 

two species (P. pemaquidensis and P. branchiphila). However,  the most recent 

study in regard to the use of non-lethal tools such as swabs for the sampling of gill 

mucus. Downes et al. (2017) compared gill filament biopsies to gill swabs and 

reported an increase in the sensitivity when swabs were used. Thus, the 

investigation of these tools further could help determine better ways to quantify 

amoebae during an AGD infection. Throughout this work, different swab materials 

would be compared as well as the area of the gill that is sampled to determine if 

there are differences in the number of amoebae detected. 

1.2.4. Current treatments and management 

Currently, the generalised method for the treatment of AGD involves the use of 

freshwater or low salinity water bathing (<3 practical salinity unit (PSU) for approx. 3 

hours). This treatment has been proven to be less invasive and safer to use at higher 

temperatures (Powell et al., 2001; Rodger, 2014). However, some areas have very 

limited access to it (e.g. Tasmania) (Oldham et al., 2016) and also the effort of 

moving such big quantities of water is highly time-consuming (Rodger, 2014). Thus, 

in inaccessible areas and where high temperatures are not common, the use of this 

freshwater bathing has been substituted with the use of hydrogen peroxide. This 

compound is commonly used against both sea lice (Lepeophtheirus salmonis) and 

AGD, although gill irritation has been observed in treated fish (Kiemer et al., 1997; 

Powell & Clark, 2004). Furthermore, hydrogen peroxide treatment can potentially 

cause safety problems at higher temperatures (Crosbie et al., 2012; Rodger, 2014) 

or when treatment is applied to fish that are already compromised by advanced AGD 

(McCarthy et al., 2015). 

The success of freshwater treatment is due to the osmotic shock on amoebae, in 

addition to the hydration and subsequent reduction of gill mucus viscosity, and 

facilitated by the water flow, leads to a removal of amoebae (Clark, Powell & Nowak, 

2003; Adams & Nowak, 2004). However, a study by Lima et al. (2017) observed 

pseudocyst formation in N. perurans. This ability to form a protective state allowed 

the pathogen to enter a latent stage in which, after 1h of exposure to freshwater, the 

recovery of the pathogen was very close to 80%. This was also studied in vivo by 

Clark et al. (2003) who observed an 86 ± 9.1% reduction in the number of live 

amoebae. However, the ones remaining could potentially cause a reinfection within 
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one week. Following these experiments, the study of the water’s properties led to the 

discovery of beneficial effects when soft freshwater was used. Due to the exposure 

of the fish to a low cationic medium, mucus from the gills presented a greater 

hydration and expansion resulting in a low viscosity and thus, reducing the numbers 

of viable amoebae by 13% overall (Roberts & Powell, 2003).  

As mentioned before, hydrogen peroxide is the alternative agent used in many areas 

where freshwater availability is limited. This agent has been shown to have a high 

efficacy against several bacterial, protozoan and fungal infections (Bruno & Raynard, 

1994; Schreir et al., 1996; Gaikowski et al., 1999). Some regions have had good 

success rates while using hydrogen peroxide against AGD and sea lice (e.g. 

Scotland, Chile and Ireland); however, when temperatures rise above 13 °C this 

chemical becomes dangerous to fish (Gaikowski et al., 1999; Rodger, 2014). In 

addition, when gills suffer from AGD a decrease in their antioxidant capacity leads to 

higher susceptibility to hydrogen peroxide (Marcos-Lopez et al., 2018). A further 

potential control for AGD is the implementation of management practices such as the 

fallowing of sites and cage rotation, which have been proven to have a positive effect 

against AGD, with less freshwater baths needed and increased growth rates 

(Douglas-Helders et al., 2004; Powell et al., 2015). 

One of the main objectives in this research field is to improve and develop novel bath 

and dietary treatments. Experiments involving the use of immunomodulators such as 

levamisole (Findlay, Zilberg & Munday, 2000), β‐glucans (Bridle et al., 2005) and 

CpGs (Bridle, Butler & Nowak, 2003) have been reported, as well as the use of 

alternative chemicals / disinfectants such as peracetic acid (Lazado et al., 2019), 

chloramine-T (Harris et al., 2004) and chlorine dioxide (Powell & Clark, 2004). Also, 

bithionol, which is a parasiticide, has been tested orally (Florent, Becker & Powell, 

2007) and as a bath treatment (Florent, Becker & Powell, 2007a) in Atlantic salmon. 

However, none of these experiments were successful against this pathogen. 

Mucolytics (i.e. L‐cysteine ethyl ester) were also tested orally in feed, trying to 

reduce the mucus excess during an AGD infection, however even though early 

results seemed to point a reduction of AGD in the fish, no further investigations have 

been carried out since that single study (Roberts & Powell, 2005). Lastly, there was 

an attempt to test a recombinant protein developed as potential vaccine against AGD 

after analysing the genome of N. perurans (Valdenegro et al., 2014; Valdenegro et 
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al., 2015). Even though there was a humoral immune response reported during this 

experimental study, there was no protection against the parasite. However, the 

application of bioinformatics for the study of genome / transcriptome to select 

vaccine targets is an approach that is being increasingly used in recent years 

(Adams, 2019). For the effective testing and search of these targets, there is a need 

for refining the knowledge on fish mucosal and systemic immunology. 

1.3. Teleost fish immune system  

The immune system of teleost fish has evolved to successfully combat a wide range 

of pathogens and contaminants that coexist within the aquatic environment. Fish 

immune system comprise mechanisms for innate and adaptive responses. The 

innate response contributes to the instant protection of tissues by tackling pathogens 

entering the host (Uribe et al., 2011). This response acts through three different 

strategies: (i) epithelial / mucosal barriers, (ii) the humoral and (iii) cellular 

components. The mucosal barriers (i.e. skin, gills and gut) are, therefore, the first 

immune obstacle that confront environmental challenges, such as contaminants and 

pathogens (Gomez et al., 2013; Jensen, 2015; Schlenk & Benson, 2001). These 

immune barriers possess various molecules (i.e. lectins, pentraxins, lysozymes, 

complement proteins, antibacterial peptides (AMPs) and immunoglobulins (Igs) (IgM 

and IgT)) which are relevant for the inhibition of potential agents / pathogens 

entering the host (Alexander & Ingram, 1992; Rombout et al., 1993; Aranishi & 

Nakane, 1997; Boshra et al., 2006; Saurabh & Sahoo, 2008).  

If these mucosal barriers are breached by the pathogens, neutrophils and 

macrophages (i.e. phagocytes), which are the two main cell types involved in 

phagocytosis (Secombes & Fletcher, 1992), act by enveloping and killing the 

pathogens (Delves et al., 2017). Several actions can be completed by these cells, 

including the production of reactive oxygen species (ROS), myeloperoxidases, 

lysozymes and nitric oxide (NO) with the ultimate purpose of eliminating pathogens 

(Fischer et al., 2006). When phagocytes recognise these pathogens, several pro-

inflammatory cytokines (i.e. interleukin 1 beta (IL-1β) and tumour necrosis factor 

alpha (TNF-α)), as well as chemotactic cytokines called chemokines (i.e. interleukin-

8 (IL-8)) are produced by phagocytic cells, acting as cellular markers to further 

promote recruitment of these phagocytes and mount a protective response within the 
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host (Griffith et al., 2014). After phagocytosis, the digested material is processed by 

the phagocytes and presented to the adaptive immune system, starting the adaptive 

response. At this point, co-ordination between innate and adaptive immune systems 

occurs through cellular and humoral intermediaries (Zou et al., 2016; Thompson, 

2017). The mediation within these two systems relies on B-cell and T-cell receptors 

(BCRs and TCRs), the major histocompatibility complex (MHC I and II) and specific 

recombination activator genes such as RAG-1 and RAG-2. These mediators will 

specifically recognise foreign molecules for its further recognition by T-cells and 

ultimately developing the adaptive response (Zou et al., 2016; Thompson, 2017).  

In contrast to the innate immune response, which is activated within minutes, the 

adaptive immune response is slowly established to ensure high specificity of 

recognition to the pathogen for subsequent immune memory (Delves et al., 2017). 

This response is ensured by the involvement of a group of complex and specialised 

cells, proteins and genes. During the humoral response, B-cells are activated to 

secrete immunoglobulins (antibodies) which are secreted in different parts of the fish 

such as skin (Hatten et al., 2001), gill mucus (Davidson et al., 1997), intestine 

(Rombout et al., 1993), bile (Jenkins et al., 1994) and systemically in the plasma. 

The antibodies are delivered as a crucial component in the immune response by 

specifically recognizing and binding to certain antigens and facilitating their 

destruction (Schroeder & Cavacini, 2010). However, in cell-mediated responses, 

antigen-specific T-cells are triggered to respond directly against an external antigen 

that is presented to them on the surface of a host cell. Unlike B-cells, T-cells can 

only identify an antigen which has been processed and presented by antigen-

presenting phagocytic cells via their MHC proteins (Mariuzza et al., 2010). Regarding 

the humoral response, specific antibodies can be generated in the skin (Cain et al., 

2000), intestine (Jones et al., 1999), and gills (Lumsden et al., 1995) without 

essentially producing a systemic response. Due to their constant contact to the 

aquatic environment, the immune response of the skin and gills is crucial. The 

mucosal coat that these organs/tissues have is found deeply linked to the adaptive 

immune system and consist of mucosal associated lymphoid tissue (MALT) 

conforming the mucosal immune system. MALT can also be sub-categorized further 

into four main lymphoid tissues: skin-associated lymphoid tissue (SALT), gill-

associated lymphoid tissue (GIALT), gut-associated lymphoid tissue (GALT), and 
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nasal-associated lymphoid tissue (NALT) (Salinas, 2015). As the work conducted in 

this thesis will focus on immunity of the gills and its mucosal properties, further 

review of current literature on mucosal immunity is needed to understand the specific 

responses within these organs. 

1.3.1. Mucosal immunity: gills  

In teleosts, the gill is considered to be the largest organ-specific surface interacting 

continuously with the external environment and is protected by a thin layer of mucus. 

Due to its constant exposure to the aquatic (freshwater / seawater) environment and 

its challenges, gill health is nowadays recognised as a major health management 

issue for farmed salmon, with observed pathologies being recognised to result from 

a diverse array of pathogens and environmental threats (Bergh et al., 1989; Beck & 

Peatman, 2015; Lazado et al., 2015). This organ is not only designed for the 

exchange of respiratory gases, but also for the maintenance of acid-base and 

mineral balances in addition to the disposal of various waste products of nitrogenous 

metabolism (Maetz, 1971; Flik et al., 1997; Perry, 1997; Karnaky, 1998; Marshall & 

Bryson, 1998). Additional functions include osmoregulation, pH regulation and 

hormone production (Evans et al., 2005). However, one of the most substantial 

functions of the gill is the protection against several agents (e.g. pathogens, 

contaminants / pollutants) that inflict damage to various tissues: the gill epithelium 

and the mucus layer (Powell et al., 1994) (Error! Reference source not found.4). 
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Figure 1.4. Schematic representation of teleost fish gill mucosal surface. The mucus layer is shown 

containing antibodies (IgM and IgT) along with AMPs (antimicrobial peptides). The gill epithelium 

comprises epithelial cells along with mucous / goblet cells and B T cells. This diagram is simplified 

from Gomez et al. (2013). 

The immediate and most external part of the gill is the mucus layer, which is found 

intimately related to the gill epithelium. Fish mucus has numerous biological roles 

including ionic osmoregulation, reproduction, locomotion, protection against various 

agents/pathogens and, respiration (Shephard, 1994). Regarding its composition, the 

skin mucus has been studied more successfully due to simpler collection for 

analysis; however, some studies have effectively analysed gill mucus from Rainbow 

trout (Oncorhynchus mykiss (Walbaum, 1792)) (see Lumsden & Ferguson, 1994). Its 

amino acid profile was found to be fairly similar to other types of mucus such as the 

skin mucus from charr (Salvelinus alpinus (Linnaeus, 1758)) and eel (Anguilla 

japonica Temminck & Schlegel, 1846) and even mammalian intestinal mucus. More 

specifically, the amino acid composition was mainly characterised as serine, 

threonine, alanine and proline, along with carbohydrates (i.e. galactose, glucose, 

fucose, glucosamine, mannose, uronic acid and galactosamine) (Shephard, 1994; 

Speare & Ferguson, 2006). Additionally, the viscous nature of gill mucous is the 

result of a high-water content and the presence of high-molecular-weight and gel-

forming macromolecules. These predominant gel-forming macromolecules 

(glycoproteins) are   mucins (Asakawa, 1970; Fletcher et al., 1976). Fish mucins 

appear to be alike mammalian mucins (Alexander & Ingrain, 1992), however, not 
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only neutral mucins are present within the mucus, but also sialic acid and sulphated 

monosacchades are present (Pickering & Macey, 1977).  

The gill mucosal surface encounters many antigens, as fish live in congruence with 

commensal microorganisms (i.e. microbiota) (Boutin et al., 2013). This indigenous 

microbiota facilitates the development and maintenance of host immunity (Sellon et 

al., 1998; Cebra, 1999; Lee & Mazmanian, 2010), provide colonisation resistance 

through competing for space and nutrients (Balcazar et al., 2006) and recycle and 

remove waste products (van Kessel et al., 2016). Many factors can affect the 

balance of this microbiota such as the presence of parasitic species which has an 

effect on the mucosal gill microbiota as reported in the recent studies (Llewellyn et 

al., 2017; Birlanga et al., 2020). Along with this microbiota, immunoglobulins (i.e. IgM 

and IgT) are usually found within the mucus layer (Zhang et al., 2010; Xu et al., 

2016). Specifically, IgM is known as one of the key components during systemic 

responses, while IgT specializes in mucosal immunity (Zhang et al., 2010; Xu et al., 

2016), which is considered the functional analogue of teleosts to the mammalian IgA. 

These molecules play an important role in adaptive immunity and are produced by B 

cells in response to an immunogen (Uribe et al., 2011). Along with these molecules 

antimicrobial peptides (AMPs) are present. The AMPs include defensins and 

cathelicidins and contribute to the first line of defence against microbes in the skin 

and at mucosal surfaces (Boman, 1991) (Error! Reference source not found.4). As 

mentioned before, fish mucus present many substances and macromolecules which 

also exist in the fish gill mucus and for which presence or absence is influenced by 

the kind of stress / disease that the fish is experiencing (Harrell et al., 1976; Louis-

Comier et al., 1984; Ellis, 2001; Easy & Ross, 2009; Nigam et al., 2012). The innate 

response initially involves the AMPs which trap and eliminate pathogens posing a 

threat to the fish’s health (Figure 1.5). Furthermore, components such as 

antimicrobial lectins (Russell et al., 2009) and pro-inflammatory cytokines (Ingerslev 

et al., 2006) have also been found in the gill epithelium. 

However, not all threats are successfully resolved by the activation of this response 

as many pathogens develop refined evasion mechanisms leading to infection. Thus, 

epithelial cells interact directly with commensals and pathogens, leading to express 

pattern recognition receptors (PRRs) for the recognition of pathogen-associated 
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molecular patterns (PAMPs) or microbe-associated molecular patterns (MAMPs) 

(Figure 1.5). There are several types of PRRs but, by far, the best described ones in 

fish are the Toll-like receptors (TLRs). Just like in mammals, most TLRs, upon 

recognition of these PAMPs / MAMPs in the pathogens, bind adaptor proteins, which 

ends up activating different pathways leading to the expression of various 

inflammatory cytokines (e.g. IL-1β, IL-6) (Rakoff-Nahoum & Medzhitov, 2009). 

Following this, there is recruitment of several mast cells / eosinophilic granule 

cells (EGCs) to sites of inflammation (Reite & Evensen, 2006). Also, dendritic cells 

(DC) have been found in mucosal tissues in teleost fish and are able to directly 

sample the antigens and progress to antigen presentation through MHC proteins 

(Lugo-Villarino et al., 2010; Bassity & Clark, 2012). DC present pathogen-specific 

peptides on the cell surface to T cells acting as messengers between the innate and 

the adaptive immune systems and cytokines can be detected by B-cells and develop 

an adaptive response (Fuglem et al., 2010), through antigen presenting proteins (i.e. 

MHC class I and II proteins) (Dijkstra et al., 2003; Koppang et al., 2003) (Figure 1.5). 

As mentioned in the previous section, the Igs are one of the components found in the 

mucosal surfaces as well as key components of humoral adaptive immunity. Only 

three Ig isotypes have been described in teleosts so far: IgM, IgD and IgT. IgM 

represents the main Ig in the plasma of teleosts and it is recognised as the main 

player involved in systemic immune responses. The presence of IgM in mucosal 

secretions, provides information about its involvement in responses against several 

pathogens (Salinas et al., 2011). More recently, a study by Tongsri et al. (2020) 

provided more information about the roles of IgM and also IgT against bacterial 

pathogens in fish gill mucosal and systemic immunity. Their results indicated that 

there is a mucosal Ig-mediated excretory immune system in the teleost gills in which 

they are transported directly through mucosal epithelial cells. 
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Figure 1.5. Schematic representation of the mucosal immunity of the mucosal surface of the teleost gill. When a pathogen gets through the first barriers 

(mucus and gill epithelium), the recognition of this pathogen is facilitated by the pathogen-associated molecules (PAMPs) within these organisms. 

PRRs/TLRs localised on the macrophages recognise them and the antigen presentation takes place. As part of the adaptive immunity, dendritic cells present 

foreign antigens to T cells that will produce cytokines; B cells also do the same and also activate T cells. Subsequently the release of specific antibodies 

occurs by B cell produced plasma cells in the blood. This is a simplified version of the schematic representation featured in Beck & Peatman (2015). 
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1.3.2. Host response to AGD 

An extensive literature is available on fish responses to bacterial and viral infections 

in the gills, whilst knowledge on parasites is very limited. During parasitic infections, 

the activation of the innate system through the stimulation of the PRRs (Medzhitov, 

2007) is a key step for the successful elimination of these pathogens and these 

PRRs are greatly conserved and respond to PAMPs (Medzhitov & Janeway, 2002; 

Janeway & Medzhitov, 2002), but the best characterised in teleost fish are TLRs. 

They are type-I transmembrane proteins with extracellular leucine-rich repeat (LRR) 

motifs and intracellular Toll/interleukin-1 receptor (TIR) domain. The TLRs have been 

investigated in many species of teleost fish (e.g. Carassius auratus, Takifugu 

rubripes, Paralichthys olivaceus, Oncorhynchus mykiss, D. rerio) (Roach et al., 2005, 

Purcell et al., 2006). The TLRs of Atlantic salmon (Tsoi et al., 2006) and gilthead 

seabream (Franch et al., 2006) have also previously been described. In a review by 

Nie et al. (2018), they compiled many of the different TLRs described in fish. 

Although there are pathogen specific TLRs, some of them are found on phagocytic 

and epithelial cells recognise several pathogens (Akira et al., 2001; Takeda & Akira, 

2001; Alvarez-Pellitero, 2008).  

 Innate responses have been investigated for various ectoparasitic species; 

however, two of the most investigated ectoparasites affecting the aquaculture 

industry are N. perurans in marine species and Ichthyophthirius multifiliis (Ich) in 

almost all freshwater species (Shinn et al., 2015). These two parasites have become 

good models for understanding how innate immune responses play a significant role 

in the gills of fish. Innate immunity-related cytokines such as IL-1β, IL-6, IFN-γ, IL-8, 

TNF-α, TGFβ and IL-4/13 have been found up-regulated in the gills of various 

species of fish when challenged with Ich (De Oliveira et al., 2013; Christoffersen et 

al., 2017; Xu et al., 2017). All these cellular responses were followed by presence of 

MHC II+ cells with macrophage morphology, along with CD8α+ cells surrounding Ich 

parasites in the gills (Olsen et al., 2011). This was confirmed with the up-regulated 

gene expression of CD8 and CD4 in the gills of rainbow trout during the same study. 

Similar results were found during investigations involving Atlantic salmon response 

to AGD, which have been summarised in Table 1.2.  

These investigations took different approaches, not only on the level at which the 

response was measured (i.e. gene expression, proteomics), but also the time points 
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that were evaluated. In all studies, clear differences were observed when AGD-

affected tissue was compared to healthy tissue. A more extensive review on AGD 

response was already published by Marcos-López & Rodger (2020). 
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Table 1.2. Summary of the studies that have investigated the host response to AGD in Atlantic salmon (▼ Indicates significant down-regulation, ▲ significant 

up-regulation). 

Technique Tissue Key results  Host responses References 

Microarray  
and RT-PCR  

Gills ▼p53 tumour suppressor transcripts; 
▲asAG-2 transcripts; ▼GADD45β 
transcripts; ▲PCNA transcripts 
 
▼MHC I and MHC II antigen processing 
and presentation pathway  

Hyperproliferative response through the inhibition of p53 
 
 
 
Possible inhibition of acquired immunity through parasite-
mediated immune evasion 

Morrison et al. 
(2006) 
 
 
Young et al. 
(2008b); Morrison 
et al. (2006a) 

Gills, 
liver and  
kidney 

Generalised down-regulation in apoptosis 
and antioxidant-related genes 

Parasite-mediated gene suppression  Wynne et al. 
(2008) 

RT-PCR Gills, 
liver, and 
anterior 
kidney 

▲ IL-1β transcripts in gills 
No significant changes in liver and kidney 
 

Inflammation / cellular response in the gills 
 
 

Bridle et al. (2006) 
 

Gills and 
head 
kidney 

No significant changes in TNF-α1 and 2, 
IFN-γ and iNOS transcripts 
 

Modulation of pro-inflammatory cytokines and 
transcriptional change in directly affected tissue 

Morrison et al. 
(2007) 
 

Gills ▲ IL-1β transcript; ▼IL-1RI transcripts 
 
 
 
▲TCR, IL-1β and CD8 transcripts 
Similar results when re-infected with N. 
perurans 
 

▲IL-4/13a and IL-4/13b transcripts (Th2 
pathway) 
▼Th1 (IFN-γ, TNF-α3) , Th17 (IL-17a/f1b, 
IL-17d, IL-22) and Treg pathways (TGF-
β1b, IL-10a, IL-10b) 
 
▲IL-4/13a and IL-4/13b transcripts (Th2 
pathway); ▲ muc5 transcripts 

Inflammation / cellular immune response; compensatory 
mechanism through ▼IL-1RI to compensate chronic IL-1β 
transcript overexpression 
 
Inflammation / cellular immune response; infiltration of T-
cells 
 
 
Parasite immune evasion strategy or caused an allergic 
reaction  
 
 
 
 
Mucous cell and epithelial cell hyperplasia, mucus 
hypersecretion and possible allergic reaction 

Morrison, Young & 
Nowak (2012) 
 
 
Penacchi et al. 
(2014); Penacchi 
et al. (2016) 
 
Benedicenti et al. 
(2015) 
 
 
 
 
Marcos-López et 
al. (2018) 
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Comparative 
proteomics 

Gills 
 
 
 
 
 
Gills and 
skin  
 
 
 
 

▲Prohibitin, cyclophilin A, apolipoprotein 
A1, ictacalcin, RhoGDP dissociation 
inhibitor α, components of the heat shock 
proteins 70 family and histones H3a and H4 
▼Peroxiredoxin-5 and cofilin 
 
Gill mucus: ▼C-reactive-protein;▲Nattectin 
precursor;▲Transgelin;▲Apolipoprotein A-
I; ▼ Myeloperoxidase (MPO) 
▼Carbonic anhydrase 
Skin mucus: ▼MPO and carbonic 
anhydrase 
▲Alanyl-tRNA synthetase and major vault 
protein (MVP) 
▼ C3 and C9 complement factors 

Significant differences in cell cycle regulation, cytoskeletal 
regulation, oxidative metabolism, and immunity responses 
 
 
 
 
Significant differences in the cell to cell signalling, 
inflammation pathways and IL-1β expression 

Marcos-López et 
al. (2017a) 
 
 
 
 
Valdenegro et al. 
(2014b) 
 

Immuno-
histochemistry 

Gills  ▲MHC class II+ cells within AGD lesions 
 
 
▲Ag‐2+ cells within AGD lesions 

Antigen presentation capacity to the development of an 
antibody response 
 
Not clear function in teleost fish 

Morrison et al. 
(2006) 
 
Morrison & Nowak 
(2008) 

Enzymatic  
analysis 

Gills and 
serum 
 
Gills 

▼IgM levels and peroxidase, lysozyme, 
esterase, and protease activities 
 
▼Hydrophilic antioxidant activity (HAA) 
No differences in the superoxide dismutase 
(SOD) 
▼Catalase (CAT)  
▲Glutathione reductase (GR) 
 
Basal respiratory burst responses and 
phorbol myristate acetate‐stimulated activity 
were suppressed 

Humoral immune response; innate immunity; antimicrobial 
activity; oxidative stress 
 
Oxidative stress  
 
 
 
 
 
Lysozyme regulation during AGD 
 

Marcos-López et 
al. (2017) 
 
Marcos-López et 
al. (2018) 
 
 
 
 
Gross et al. (2005) 
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AGD clinical signs have been described in terms of a local host-tissue response to 

the parasite through the migration of immunoregulatory cells towards lesion-affected 

areas. This stress is known to cause host-tissue damage, which leads to cellular 

hyperplasia, mucus production and the release of Th2 cytokines (Frossi et al., 2003; 

King et al., 2006; Rada et al., 2011; Vital et al., 2016) and which correlates to the 

principal pathological elements observed in AGD-infected fish. Additional clinical 

signs include lethargy, respiratory distress, and an increased rate of opercular 

movement (Munday et al., 2001).  

As described in Table 1.2, these responses have been additionally investigated 

through gene expression analysis in a wide range of studies. There has been a wide 

range of hypothesis and results from different investigations through the years. 

However, the most recent studies suggest that this parasite causes a classical 

inflammatory response in the gills of AGD-infected fish, and also during their 

reinfection with N. perurans (Penacchi et al., 2014). Paralelally, results from the work 

by Benedicenti et al., (2015) suggests that there is either an immune evasion 

strategy, which serves to avoid cell-mediated killing mechanisms, or that there is an 

allergic reaction caused by the parasite. Most recently, two studies by Marcos-Lopez 

et al., (2017, 2018), investigated the host-response in the gills of affected salmon 

with AGD. These studies suggest that oxidative stress could be one of the additional 

key elements involved in development of the pathology of AGD.  

However, eventhough the knowledge on AGD keeps expanding, other factors affect 

negatively to its spread such as health management in cleaner fish, resistance to 

treatments currently available and not treating fish in time. There are still knowledge 

gaps in different areas such as the characterisation of all N. perurans virulence 

factors or the potential role of endosymbionts and intrecellular bacteria in their 

pathogenicity. Thus, in order to improve the welfare of Atlantic salmon culture, 

further research is needed in the immune response, nutrition, and genetic selection. 
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1.4. Vaccine development in the aquaculture industry 

The first fish vaccine trial was performed in a laboratory in 1938 by Snieszko et al. 

where carp (Cyprinus carpio) were injected with killed-Aeromonas punctata providing 

protective immunity. Following this study, the first oral immunisation described in fish 

was published by Duff (1942). This investigation showed that feeding a diet 

containing chloroform-killed Aeromonas salmonicida to cutthroat trout 

(Oncorhynchus clarkii) induced protection against furunculosis after challenge by 

injection or after contact with clinically ill fish. However, with the introduction of 

antibiotics to the aquaculture industry and due to their strong efficacy against 

pathogens, the development of vaccines was stopped for most of the 1940s and 

1950s. Nevertheless, this hiatus didn’t last as there was increasing development of 

antibiotic resistance across several pathogens, coupled with growing importance of 

viral diseases and the expression of concern that antibiotic use could be harmful to 

human and animal health. These factors pushed vaccine investigations to be 

restored during the 1960s and 1970s (Ross & Klontz, 1965; Klontz & Anderson, 

1970). Since then, aquaculture vaccines have evolved from a position in the 1980s in 

which only 2 commercial vaccines were available to one of 24 currently implemented 

vaccines (bacterial and viral) (Shefat, 2018; Adams & Subasinghe, 2019). 

Although proper fish management, followed by the limiting of fish stress and good 

hygiene are key factors for the control of fish diseases (Press & Lillehaug, 1995; 

Lilehaug, 1997; Larsen & Pedersen, 1997), disease prevention through vaccination 

is by far the most environmental and ethical method for pathogen control currently 

available within the aquaculture industry due to the limiting use of antibiotics and 

chemotherapeutants. However, in middle/low income countries, vaccination is still a 

far-off economical alternative for disease prevention (see review by Sommerset et 

al., 2005). Therefore, the use of antibiotics continues to be a problem in these 

regions of the world, where its misuse has been reported (Van Boeckel et al., 2015; 

Phu et al., 2016; Watts et al., 2017). However, vaccination has dramatically reduced 

the overuse of antibiotics in high-income countries such as UK and Norway (O’Neil 

et al., 2005; Norwegian Ministries, 2015). Also, the use of vaccines in aquaculture 

has overcome the negative effects associated with the use of pharmaceuticals, 

hormones, antibiotics and their residues in the human food chain (Meeusen et al., 

2007; Ringø et al., 2014). 
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The review by Rodger (2016) summarises all the diseases present within the 

aquaculture industry, including bacterial, viral and parasitic. Although many vaccines 

are currently available against these diseases, parasitic infections by ectoparasites 

such as sea lice, L. salmonis (sea lice disease) and N. perurans (AGD) currently 

represent significant threats for the Atlantic salmon industry and no commercial 

vaccines exist for these; similar to the case of fungi or fungi-like organisms (Adams, 

2019). 

1.4.1. Reverse vaccinology and the challenges in vaccine 

development against parasitic infections  

Reverse vaccinology (RV) is an in-silico approach for identifying and predicting 

protein antigens using the genomic and transcriptomeic data rom the pathogen of 

interest. This approach has been widely described in many studies (Davies & 

Flower, 2007; Jones, 2012; Donati & Rappuoli, 2013). When the proteins or peptides 

are selected, they are produced as recombinant proteins, in most of the cases, and 

they are tested in vivo. One of the main advantages of this approach is that vaccine 

candidates are found in a very rapid and efficient manner in comparison with 

traditional methods (Rappuoli, 2000). Traditional methods use a high number of 

animals per experiment in order to assess a critical response to potentital vaccines, 

now with RV those targets are better determined with bioinformatic tools and 

therefore, less animals are used for this purpose. However, there is a key obstacle 

found with this method. While conventional vaccinology can find a wide range of 

biological targets, including polysaccharides, RV only facilitates the targeting of 

proteins (Rappuoli, 2014; Rappouli et al., 2014). Along these lines, the general 

approach, when selecting vaccine candidates in silico, is considering the predicted 

location of the targeted protein in the cell. Typically, antigenic proteins are present on 

the surface or immediately secreted outside the cell. These targets are going to be 

the ones recognised by the immune system cells, potentially developing an adaptive 

immune response (Tu et al., 2014; Vishnu et al., 2017). However, there remains a 

limitation using current bioinformatics capabilities, which is the lack of specialised 

programs that determine whether the selected candidates induce a protective 

immune response in a given host or not (Goodswen et al., 2017), particularly for 

poorly characterised hosts/immune systems. 



25 
 

Regarding the application of this methodology to parasitic infections, there have 

already been some studies that have used it to identify potential vaccine candidates 

in species like the malarial parasite Plasmodium falciparum (Pritam et al., 2019), 

whose genome has been available since 2002 (Gardner et al., 2002). Since then, RV 

has started to be widely applied as an approach to develop human anti-parasite 

vaccines including those targeting malaria, leishmaniasis (Leishmania spp.) and 

schistosomiasis (Schistosoma spp.) (Ben-Othman et al., 2008, Feng et al., 2007, 

Kanoi & Egwang, 2007; John et al., 2012). This work has become easier due to the 

development of specific databases such as MalVac, a database of malarial vaccine 

candidates (Chaudhuri et al., 2008). This is not the only parasite with dedicated 

resources including a wide range of ‘omic’ and EST databases. Additional species 

databases have also emerged such as those for Cryptosporidia (Puiu et al., 2004), 

Toxoplasma (Gajria et al., 2008), Giardia and Trichomonas (Aurrecoechea et al., 

2009) and Schistosoma (Zerlotini et al., 2012). It should be noted, however, that 

despite all the efforts put into vaccine development for these various protistan 

species, no successful vaccines have yet been developed due to the complex 

biology of these parasitic species (Vercruysse et al., 2007; Adams, 2019). 

To understand why this task is difficult, there is a need to recognise the different 

characteristics that most parasites present. Perhaps the two most obvious 

differences from bacteria and viruses are the fact that they are eukaryotic and 

present a larger body size. This is linked to their complex life cycle which can include 

sexual and asexual reproduction (Good et al., 2004). Lastly and more specifically, 

their morphological and antigenic diversity changes in every developmental phase. 

This paired with a series of evasion mechanisms that have developed against host 

immunity, such as molecular mimicry and sequestration (Good et al., 2004) makes 

them extremely difficult targets for vaccine development. In the context of fish 

diseases, RV has been widely applied to the search for vaccine candidates in 

bacterial species (Chiang et al., 2015; Andreoni et al., 2016; Li et al., 2016; 

Mahendran et al., 2016; Kim et al., 2019). Since its development, this method has 

been also useful for the selection of vaccine candidates for several fish parasites. 

The most studied parasite model is Ichthyophthirius multifiliis, which is an 

ectoparasite of freshwater teleosts that causes a disease commonly known as fish 

white spot disease (or Ich) (Matthews, 2005). Several host responses have been 
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reported from vaccine trials against this parasite (Buchman et al., 2001) with the use 

of vaccine candidates derived from an RV approach, later turned into recombinant 

proteins. Additional studies used the same method and had similar responses and 

protective immunity reported (Dickerson & Findly, 2014; He et al., 1997). 

Additionally, some other species have been studied through RV to look for vaccine 

candidates, such as Lernaea cyprinacea (Pallavi et al., 2016), Cryptocaryon irritans 

(Mo et al., 2016) and the sea louse Caligus rogercresseyi (Christie, 2014), which are 

ectoparasites that affect several cultivated fish species. 

As the work in this thesis is focused on the ectoparasitic amoeba, N. perurans, a 

closer look to studies on other amoebic species seems advisable. In humans, a well-

known parasitic disease is amoebiasis. The aetiological agent is Entamoeba 

histolytica and it is transmitted through the fecal–oral route via contaminated water 

and food or by person-to-person contact (Lozano et al., 2012). The presence of a 

Gal/GalNAc lectin, which binds to galactose (Gal) and N-acetylgalactosamine 

(GalNAc), was identified as the major surface adhesion molecule of E. 

histolytica essential for the adherence of the parasite to mucins and mucosal 

epithelial cells of the host (Petri et al., 1987). In addition to this, the presence of 

mucosal SIgA antibodies to inhibit the attachment of the trophozoites to the mucosal 

surface were detected suggesting a cell-mediated immunity elicited by mucosal 

immunization through the detection of interferon gamma (IFNγ) and interleukin 17 

(IL-17) produced by CD4+ and CD8+ T cells, respectively (Guo et al., 2011). Thus, 

these results showed how intestinal SIgA antibodies are protective against E. 

histolytica infection, although cell-mediated immunity may also be essential for the 

protection. Along these lines, studies have focused over the years on understanding 

the immune system in fish and applying a variety of approaches to the development 

of potential vaccines against AGD. These approaches included use of sonicated 

antigens and live amoebae, as well as DNA vaccines and glycoproteins and, more 

recently, recombinant proteins (Table 1.3). However, although most of the 

experiments showed an enhanced antibody response, none of the vaccines 

conferred any protection of vaccinated fish. 
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Table 1.3. Different vaccination approaches performed against AGD. 

Host species Amoebae species Experiments Immunological responses References 

Oncorhynchus 
mykiss 

Paramoeba sp. (PA) Injection with sonicated cultured PA 
antigens 

Very low antibody levels; no protection detected Akhlaghi et 
al. (1996) 

Salmo salar Paramoeba sp. (PA) Injection with formalin killed wild PA + 
Freund's complete adjuvant (FCA) 

Significant antibody level at 6-week post-infection 
(pi); no protection detected 

 
 
 
 
 
Akhlaghi et 
al. (1996) 

  Injection with: 
o Live PA injection 
o Sonicated PA in PBS (1 and 10 mg) 
o Sonicated PA in FCA (1 and 10 mg) 

Wide range of % seropositive among the vaccine fish 
(38-58%); no protection reported 

  Crude antigen (wild PA and cultured 
PA) 
 

No serological differences nor developed protection 
as gross signs were observable post-vaccination 

  Detection of PA antigens by ELISA in 
gill mucus 

Gill mucus antibodies were undetectable through 
ELISA 

  o Intraperitoneal (IP) injection with 
sonicated wild and cultured PA + 
Montanide adjuvant 

o IP injection of live PA 
o Anal intubation of sonicated PA  
o Anal intubation of live PA 

Indirect immunofluorescent-antibody test 
 (IFAT) detected infection with PA in all the 
vaccinated fish; no protection detected 

Zilberg & 
Munday 
(2000) 

 N. pemaquidensis Injected with six-antigen DNA vaccine: 
pbS-Sfi-P1A2, pbS-Sfi-SC10, pbS-Sfi-
SN8, pbS-Sfi-S3A4, pbS-Sfi-S3A5, 
pbS-Sfi-S3G8 

Gene expression detected in fish tissue; SC10 
antigen elicits a significant humoral (antibody) 
immune response in vaccinated salmon; no 
protection reported 

Cook et al. 
(2008) 

 Neoparamoeba spp. (NP) Injection with high molecular weight 
antigen (HMWA) from NP 

No protection reported and immunisation lead to an 
immunosuppressive effect 

Villavedra 
et al. (2010) 

 N. perurans (NPE) o Injection with three different DNA 
vaccines: pbsDNA pDEST26, pCDNA 

 
o Identification pf NPE cell surface 

lectins and recombinant protein 
production (22C03) 

pCDNA demonstrated lower gill scores in vaccinated 
fish 
 
Fish hyperimmunised with recombinant 22C03 
developed antibodies but recognised proteins in a 
crude lysate of NPE 

Cook et al. 
(2012) 

  Injected with recombinant protein 
r22C03, a mannose-binding protein-like 
(MBP-like) 

Antibody responses in salmon serum, mucus and gill 
and skin explants; no protection reported 

Valdenegro-
Vega et al. 
(2015) 
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In the work described in this thesis, RV approaches will be applied to identify vaccine 

candidates through transcriptomic analysis of the aetiological agent of AGD, N. 

perurans. Firstly, both the host cells and the parasitic agent should have an optimal 

environment within the experimental system (Lee et al., 2009; Bury et al., 2014). 

Consequently, and linked to this, is the assurance of optimal growth conditions for 

the parasite. This has been a problem within this amoebic species, for which axenic 

culture has not been properly developed, in contrast with other amoebic species 

such as Naegleria and Acanthamoeba which can both be cultured axenically 

supplemented with antibiotics or on tissue culture cells with bacteria as a main food 

source (Schuster, 2002). However, if these limitations are taken in consideration 

during these in vitro experimental studies its application could lead to the animal 

testing reduction, due to the similar immune responses that were observed within 

these in vitro studies and the previous in vivo studies (Penacchi et al., 2014; 

Benedicenti et al., 2015). 
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1.5. Aims and Objectives 

The development of tools for the future understanding and characterisation of host-

pathogen interactions between N. perurans and Atlantic salmon (S. salar) entailed 

the investigation of several aspects of their relationship in the current study. This 

involved the development of new methods of detection and analysis, always in the 

context of mucosal surfaces. The implications of mucosal immunity in terms of the 

host-response to the ectoparasite presence and to current treatments, such as 

hydrogen peroxide, was also explored. 

The work presented in this thesis therefore addressed the following objectives: 

1- Investigation and development of an improved non-lethal method for the 

detection of N. perurans in AGD-infected fish through the comparison of 

different swab materials in vitro and in vivo. 

2- Screening a range of aqueous and non-aqueous fixatives for their ability to 

preserve gill mucus in AGD infected and non-infected fish and thereby assist 

in the elucidation of host parasite interactions. 

3- Study of the effect of hydrogen peroxide on the gills of non-infected and AGD-

infected Atlantic salmon through the analysis of immune and mucin-related 

gene expression, supported by immunohistochemistry techniques. 

4- Application of a reverse vaccinology approach, employing cultured N. 

perurans resources, for the in-silico search for potential vaccine candidates. 
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Chapter 2 : A comparison of different swabbing methods for 

optimised diagnosis of amoebic gill disease (AGD) in Atlantic 

salmon (Salmo salar) 

2.1. Introduction 

Amoebic gill disease (AGD), caused by Neoparamoeba perurans, is one of the main 

health challenges for the global Atlantic salmon (Salmo salar) farming industry 

(Rodger, 2014; Oldham et al., 2016). Its presence in a number of other marine fish 

species (Oldham et al., 2016), including cleaner fish species used for the biological 

control of sea lice in Atlantic salmon farms (Haugland et al., 2016), has resulted in 

the emergence of new challenges for the industry especially as pronounced mortality 

can result if AGD is left untreated (Munday et al., 2001). Current approaches for 

controlling AGD are resource demanding and labour intensive, involving numerous 

treatments throughout a production cycle. Freshwater bathing has been established 

as the standard method for treating the disease in Tasmania but is limited by 

restricted access to freshwater (Nowak et al., 2014). Another recognised treatment is 

the use of hydrogen peroxide in cooler production areas. Although this treatment has 

shown more effective results (Nowak et al., 2014), it has also been described as 

having a reduced safety margin at higher temperatures (Adams et al., 2012) or 

where fish are compromised by advanced AGD (McCarthy et al., 2015). Overall, 

AGD-related mortality is getting higher every year, causing great economic losses in 

locations such as Norway and Scotland (Shinn et al., 2015). 

Early diagnosis of AGD is clearly critical for the timely treatment of AGD-infected 

fish. Although histopathology remains one of the preferred techniques for the case 

definition of AGD (Clark & Nowak, 1999; Rodger, 2014), the monitoring of gross gill 

score (Taylor et al., 2009) is by far the most extensively used and practical method 

for establishing AGD severity and is used as a key prompt for intervention using 

available treatments. Both techniques are commonly used together, with microscopic 

analysis used to confirm the presence of lesion-associated amoebae within the gills. 

Since the identification of N. perurans as the causal agent of AGD (Young et al., 

2007; Crosbie et al., 2012) specific DNA based molecular diagnostic assays for the 

detection of the amoebae have been developed in different studies (Bridle et al., 

2010; Fringuelli et al., 2012; Downes et al., 2015).  
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Even though histopathology enables confirmation of both the presence of the 

pathogen and the resultant localised host response, it requires destructive sampling, 

which could mean the sacrifice of valued stock during epidemiological studies 

(Adams et al., 2004; Douglas-Helders et al., 2001). Therefore, the use of non-

destructive tools to confirm the presence of N. perurans was studied by Downes et 

al. (2017), and also has been previously carried out by Young et al., (2008) and 

Bridle et al., (2010). When non-destructive gill swabbing was performed, results 

showed a great improvement on the sensitivity of N. perurans detection in 

comparison to gill filament biopsies. However, the type and physical structure of 

swab fibres influence the pick-up of target organisms from the site of swabbing and 

subsequent release of target organisms from the swab for following extraction of 

DNA and RT-PCR quantification (Turner et al., 2010). Currently, Isohelix® DNA 

buccal and cotton wool tipped swabs are the most common tools used commercially. 

However, it is hypothesised, for the purpose of this study, that calcium alginate fibre-

tipped swabs could offer an advantage, as they can be dissolved in most sodium 

salts to give soluble sodium alginate (Error! Reference source not found.). This 

material has multiple uses in the area of bioengineering: for cell encapsulation, 

surgical sponges, polymer films or wound dressings (Klöck et al., 1994; Boateng et 

al., 2008; Kneafsey et al., 1996). This natural polymer therefore presents a simple 

structure and its highly hydrophilic nature allows the diffusion of biological fluids into 

the polymer. This can translate into a better recovery and subsequent extraction of 

target organisms, previously having been used in several studies for the 

investigation of the presence of microbes in dairy equipment and cleansing utensils 

(Higgins, 1950; Tredinnick & Tucker, 1951; Cain & Steele, 1953) and also for 

detecting pathogen presence in diagnostics for bacterial infections in skin and nose 

(Panpradist et al., 2014). However, this material has never been investigated in the 

context of the aquaculture industry. 
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Figure 2.1. Physical changes to the calcium alginate matrix after sodium citrate addition: Following 

sodium citrate treatment, trapped amoebae would become detached from the material due to matrix 

disintegration allowing improved access for diagnostic tools. Image modified from www.jchs.edu. 

While the type and physical structure of swab fibres is important, the method and 

area of swabbing is also relevant to the enhanced detection of N. perurans. Although 

the general swabbing method used in research is based on sampling of the second 

gill arch (Adams & Nowak, 2004a; Young et al., 2008; Taylor et al., 2009; Chalmers 

et al., 2017), the industry performs swabbing of all the gill arches. The latter 

increases the swabbing area, and therefore detection of N. perurans is more likely to 

be successful, however, the irritation of the gills is greater. 

Therefore, the work undertaken during this chapter was focused in determining if 

there was a subsequent modification in the detection of amoebae while using 

different swab types and, also, by swabbing different gill arches (2-4). For this, in 

vitro experiments were first carried out to investigate the characteristics of the 

different swab materials. Second, these characterised swabs were then applied to 

sampling in in vivo experiments along with the use of molecular tools used in the 

field for the detection of N. perurans. 
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2.2. Materials and Methods 

2.2.1. Clinical swabs 

The performance of three different commercially available swabs: CalgiSwab®, a 

standard calcium alginate swab (Puritan®, USA) and two swabs currently used for 

pathogen detection in the aquaculture industry, comprising Isohelix® DNA buccal 

swabs (Isohelix, UK) and cotton wool tipped swabs (Shintop, UK) were tested 

(Error! Reference source not found.) for efficacy in N. perurans detection. 

 

Figure 2.2. Different types of swabs: (A) Cotton wool tipped swabs; (B) CalgiSwab®; (C) Isohelix® 

DNA buccal swabs. 

2.2.2. Clonal development and culture conditions of N. perurans 

Amoebae were extracted from AGD-infected fish, which had been previously 

humanely euthanised using overdose of the anaesthetic MS-222 (100 ppm) and 

destruction of the brain according to UK Home Office Schedule 1 methods at the 

Marine Environmental Research Laboratory (MERL), Institute of Aquaculture, 

Machrihanish, Scotland, UK) under ethical approval reference number 

AWERB/1617/173/New ASPA. AGD-affected gills were examined for gill scoring 

according to Taylor et al. (2009). All the gill arches (Figure 2.3) from the left side 

were excised and placed in 50 mL tubes with 35 ppt filtered sea water (FSW) from 
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MERL, shaken for 30s and the gills were discarded; the liquid containing potential 

amoebae was transported to 25 cm2 tissue culture flasks (Sarstedt AG & Co. KG, 

Germany). Monitoring of the flasks was performed daily, and bacterial contamination 

was limited through several washes with FSW. Isolates were routinely maintained in 

75 cm2 cell culture flasks containing FSW supplemented with malt yeast broth (MYB; 

0.1% yeast (Product number: Y1625; Sigma Aldrich) and 0.1% malt (Product 

number: 70146; Sigma Aldrich) per litre of FSW) at 15°C. 

 

 

 

 

 

 

 

 

Amoebae were maintained and observed under the microscope regularly, different 

morphologies, including the attached, pseudocyst and floating trophozoites being 

observed (Error! Reference source not found.). Sub-culturing was performed 

every 7-10 days depending on amoeba growth by transferring them from smaller 

flasks to bigger flasks according to cell growth. To limit bacterial growth, flasks were 

washed with FSW every two days and supplemented with fresh MYB or FSW 

depending on bacterial contamination. Flasks were shaken for no longer than 30s 

and this mechanical disruption culminated in the detachment of the amoeba which 

were then transferred to 125 cm2 cell culture flasks (Sarstedt AG & Co. KG, 

Germany) for the generation of a high-yield amoeba culture. 

For the development of potential clonal cultures, amoebae were isolated through a 

manual single-picking technique (with a flame-drawn glass pipette) and transferred 

to 96-well plates (Corning®, US) supplemented with 100 µL of MYB. After 

Figure 2.3. Excised AGD-affected gill from Atlantic salmon showing white lesions (white arrows) 

caused by N. perurans. 
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approximately fortnightly (14 days) intervals, amoebae were transferred to 75 cm2 

cell culture flasks (Sarstedt AG & Co. KG, Germany) supplemented with 10 mL of 

MYB. Amoebae were observed daily under a compound light microscope (Olympus 

BX53M) and images taken using an Olympus SC100 camera. 

 

Figure 2.4. Culture of N. perurans. Different morphologies including attached (1), the latent stage, 

pseudocyst (2) and floating trophozoite (3). Observed with an Olympus BX53M microscope and 

captured using an Olympus SC100 camera. 

When a monoclonal culture was developed and grown, cells were then harvested by 

centrifugation at 800 × g for 10 min. The supernatant was discarded by slowly 

pipetting it out and the pellet was re-suspended in 2.5 mL of FSW. The number of 

cells were quantified using a haemocytometer (Neubauer Improved, Marienfeld, 

Germany). Replicates of five counts were performed in four large squares of the 

whole grid. Cell density was adjusted to the desired quantity by dilution with FSW. 

For confirmation of the presence of N. perurans, a DNA extraction was performed 

with the DNeasy Tissue Kit (Qiagen, Doncaster, Vic., Australia) followed by a 

diagnostic PCR with specific primers for the 18S rRNA gene used by Young et al. 

(2008). Amplification of the 18S rRNA gene was performed in volumes of 20 µL 

containing between 10-20 ng of DNA, miTaq polymerase (Bioline, UK), a set of 

primers (10µM) for 18S rRNA sequences as follows: 
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N. perurans   F: ‘5-ATCTTGACYGGTTCTTTCGRGA-3’ 

R: ‘5-ATAGGTCTGCTTATCACTYATTCT-3’ 

P. branchiphila  F: ‘5-GACCCTTTTGGGAAGAGATG-3’ 

R: ‘5-CAGCCTTGCGACCATACTC-3’ 

P. Pemaquidensis F: ‘5-CTGGTTGATCCTGCCAGTAGTC-3’ 

R: ‘5-CAGCCTTGCGACCATACTC-3’ 

 

The PCR cycle conditions were 95ºC for 5 min; 95ºC for 30 s, 58ºC for 30 s and 

73ºC for 2 min, for 35 cycles; and 73ºC for 8 min. Full-length 18S rRNA gene of P. 

perurans (637 bp) was used as a positive control and a sample with only ddH2O as 

the negative control. The PCR reaction products were subjected to electrophoresis 

through 1% agarose/tris–borate EDTA buffer and bands were visualized by staining 

with a final concentration of 0.5 μg mL-1 from a 10 mg mL-1 ethidium bromide stock 

(usually about 3 μL of solution in a 100 mL gel). 

An attempt to cryopreserve stocks / isolates of amoebae was performed during this 

period, however, the results were not replicable thus further investigations were not 

undertaken. The description of the methodology and preliminary results from this 

experiment are described in the Appendices I and II.  

2.2.3. Evaluation of the potential inhibition of PCR by sodium citrate 

In order to determine whether sodium citrate inhibited subsequent molecular 

analysis, amoebae were harvested from a one week 75 cm2 flask tissue culture and 

collected in Eppendorf tubes to give a final concentration of 1 x 103 cells mL-1 and 

these were resuspended in 1 mL of 0.2 M sodium citrate solution. Samples were 

stored at 4°C for 7 and 14 days. Following DNA extraction, PCR detection was 

performed as described in Section 2.2.2. 

 

2.2.4. In vitro testing for the swabbing and spiking of the three 

clinical swabs 

In order to investigate the material nature and to provide information about the 

absorption capacity of the different swabs, two different in vitro experiments were 

developed. Spiking of the swabs with different concentrations of the parasite was 

performed to help understand the absorption capacity of the tested materials and, 
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lastly, the swabbing of agar plates with known concentrations of amoebae would aid 

evaluate the retrieval capacity.  

 

2.2.4.1. Spiking of swabs with N. perurans 

Swabs were inoculated with a sample volume of 15 µL, which was less than the fluid 

capacity for all swabs, as described in Panpradist et al. (2014). Each swab type 

(n=10) was spiked with 15 µL containing different numbers of amoebae: low (10 

amoebae), medium (100 amoebae) and high (1000 amoebae). Calcium alginate 

tipped swab tips were immersed in a 1.5 mL centrifuge tube with 0.2 M sodium 

citrate and manually shaken for 30s before being discarded. Isohelix® and Cotton 

swab tips were immersed in 1.5 mL centrifuge tubes with 95% ethanol. Ethanol 

samples were stored in the freezer at -20°C and sodium citrate samples were stored 

in the fridge at 4°C until molecular analyses were carried out. 

 

2.2.4.2. Retrieval / recovery of amoebae from agar plates 

Each seawater agar plate (SWA; FSW at 35 ppt salinity, filtered through 0.22 µm, 

and 10 g agar) (n=10 per group) was spiked with 50 µL containing different numbers 

of amoebae: low (10 amoebae), medium (100 amoebae) and high (1000 amoebae) 

and the volume was made up to 5 mL with FSW. Plates were incubated for 2 h at 

15°C in order to allow the attachment of amoebae to the agar surface. The overlay 

was then removed prior to the immediate standardised swabbing, which consisted in 

swabbing the entire plate vertically to then rotate the plate 90 degrees to the right 

and repeating the step once again to cover the whole surface of the plate (Error! 

Reference source not found.). 

The treatment of the swab tips for molecular analysis was carried out as described in 

Section 2.2.4.1.  
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Figure 2.5. Swabbing method: amoebae were swabbed on a seawater agar plate in two 

perpendicular directions. 

2.2.5. In vivo testing of the three clinical swabs 

2.2.5.1. Experimental fish and swabbing method for the AGD-

infected gills 

Gill swabbing was carried out at MERL. Swabbing was performed ventrally and 

dorsally in one direction. A total of 60 fish was sampled over the course of two 

sampling events (December 2018 and April 2019). The two trials were performed in 

order to provide more biological samples and to investigate whether different time 

periods would provide more information about variation on AGD progression due to 

the different seasons. Fish were infected with AGD by cohabitation challenge as 

follows. 

The cohabitation challenge was undertaken according to methods developed at the 

Institute of Aquaculture, Stirling, Scotland. Challenge cohabitants were produced 

using a stock of infected Atlantic salmon held at the MERL facility as part of an in 

vivo amoebae culture. Four of these preinfected fish were added to a separate stock 

of 40 naïve Atlantic salmon smolts. Gills were grossly assessed until the appropriate 

gill score for cohabitation infection (approximately 1·5–2 gill score) was achieved. 

The cohabitants (seeder fish) were adipose fin-clipped, marked with a Panjet 

(0·0652 g Alcian blue mL−1, Sigma-Aldrich, UK) and added to the appropriate 

challenge groups (6 cohabitants tank−1). A group of uninfected cohabitants was also 

produced using the same method, with 4 uninfected Atlantic salmon added to 
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another stock of 40 naïve smolts. No clinical pathology was observed in uninfected 

seeders after 2 weeks.  

Sampling occurred after 6 weeks post infection, after which the challenge was 

terminated. At each sampling point, 6 fish per stock per tank were removed from the 

tanks, sized (24.7 ± 1.9 (s.d.) cm), weighed (181 ± 12 (s.d.) g) and, lastly, culled by 

lethal anaesthesia (10% Benzocaine, Sigma-Aldrich, UK) before being sampled. 

Work was conducted under ethics application reference number 

AWERB/1617/173/New ASPA. AGD-affected gills were examined for gill scoring 

according to Taylor et al., (2009). Subsequently, second, third and fourth gill arches 

were sampled as indicated in Table 2.1.  The treatment of the swab tips for 

molecular analysis was carried out as described in previous sections. 

The facility was supplied with flow-through seawater (35 ‰), filtered at 100 µm. Fish 

were maintained under ambient temperatures. Slight differences in temperature 

between the different trials was reported. During the month of December a min. 

temperature of 11 °C and a max. temperature of 13 °C were registered. In April a 

min. temperature of 11.5 °C a max. temperature of 14 °C were registered.  

Commercial salmon pellets equivalent to 1% of their body weight per day were fed to 

the fish. Experimental procedures were all approved by the Animal Welfare and 

Ethical Review Body (AWERB) of the University of Stirling and were conducted 

under UK Government Home Office project licence 60/4189. 
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Table 2.1. Method for swabbing the gills of AGD-infected fish: gills were sampled with different swab 

types (e.g. Cotton 2.1: cotton is the swab type; 2 is the 2nd gill arch; 1 is the replicate number). 

Fish no. Swab type 

1 Cotton 2.1 CalgiSwab 3.1 Isohelix® 4.1 

2 Cotton 2.2 CalgiSwab 3.2 Isohelix® 4.2 

3 Cotton 2.3 CalgiSwab 3.3 Isohelix® 4.3 

4 Cotton 2.4 CalgiSwab 3.4 Isohelix® 4.4 

5 Cotton 2.5 CalgiSwab 3.5 Isohelix® 4.5 

6 Cotton 2.6 CalgiSwab 3.6 Isohelix® 4.6 

7 Cotton 2.7 CalgiSwab 3.7 Isohelix® 4.7 

8 Cotton 2.8 CalgiSwab 3.8 Isohelix® 4.8 

9 Cotton 2.9 CalgiSwab 3.9 Isohelix® 4.9 

10 Cotton 2.10 CalgiSwab 3.10 Isohelix® 4.10 

11 Isohelix® 2.1 Cotton 3.1 CalgiSwab 4.1 

12 Isohelix® 2.2 Cotton 3.2 CalgiSwab 4.2 

13 Isohelix® 2.3 Cotton 3.3 CalgiSwab 4.3 

14 Isohelix® 2.4 Cotton 3.4 CalgiSwab 4.4 

15 Isohelix® 2.5 Cotton 3.5 CalgiSwab 4.5 

16 Isohelix® 2.6 Cotton 3.6 CalgiSwab 4.6 

17 Isohelix® 2.7 Cotton 3.7 CalgiSwab 4.7 

18 Isohelix® 2.8 Cotton 3.8 CalgiSwab 4.8 

19 Isohelix® 2.9 Cotton 3.9 CalgiSwab 4.9 

20 Isohelix® 2.10 Cotton 3.10 CalgiSwab 4.10 

21 CalgiSwab 2.1 Isohelix® 3.1 Cotton 4.1 

22 CalgiSwab 2.2 Isohelix® 3.2 Cotton 4.2 

23 CalgiSwab 2.3 Isohelix® 3.3 Cotton 4.3 

24 CalgiSwab 2.4 Isohelix® 3.4 Cotton 4.4 

25 CalgiSwab 2.5 Isohelix® 3.5 Cotton 4.5 

26 CalgiSwab 2.6 Isohelix® 3.6 Cotton 4.6 

27 CalgiSwab 2.7 Isohelix® 3.7 Cotton 4.7 

28 CalgiSwab 2.8 Isohelix® 3.8 Cotton 4.8 

29 CalgiSwab 2.9 Isohelix® 3.9 Cotton 4.9 

30 CalgiSwab 2.10 Isohelix® 3.10 Cotton 4.10 

 

2.2.6. Swab digestion, DNA extraction and qPCR quantification 

Prior to the DNA extraction, a pre-treatment of the Ethanol preserved swab tips was 

first needed. They were removed from storage and vigorous agitation was performed 

with a Top Mix FB15024 vortexer (Fisher Scientific, UK) for 60s at a maximum 
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frequency setting and, ultimately, the tip of the swabs was discarded. For the sodium 

citrate tubes, no swab tip was longer inside the tube, so they were directly 

centrifuged. 

To pellet the amoebae, tubes were centrifuged at 14,000 x g for 10 min. Ethanol was 

carefully discarded and the remaining liquid was pipetted off. Tubes were left open to 

dry for up to 1 h in a heat cabinet at 60 °C. The same procedure was followed for the 

sodium citrate preserved swabs; however no drying step was needed for the alginate 

swabs.  

After centrifugation of the tubes, DNA extraction was then performed following the 

manufacturer’s instructions for the Wizard® SV Genomic DNA purification (Promega) 

with a few variations. A volume of 100 µL of Nuclei lysis buffer, 25 µL EDTA (both 

included in the DNA extraction kit) and 10 µL of Proteinase K (New England 

BioLabs, USA) were added to each tube and tubes were incubated for 3 h or 

overnight in a heat cabinet at 60 °C. Once the incubation was finished, a volume of 

250 µL of pre-heated (at 60 °C) SV Buffer was added to the tubes and the contents 

transferred to the columns. Columns were then centrifuged at 12,000 x g for 1 min. A 

column wash was performed with 500 µL of the column wash buffer and columns 

were centrifuged for 3 min at 14,000 x g. Lastly, DNA was eluted in 50 µL of distilled 

water. 

The qPCR quantification was carried out using the qTOWER3 (Analytik Jena, 

Germany) with a set of primers designed in Mowi Laboratories, Fort William, UK 

(FW: 5’ GTT CTT TCG GGA GCT GGG AG 3’: RV: 5’ GAA CTA TCG CCG GCA 

CAA AAG 3’) and a probe (FAM) (5’ CAA TGC CAT TCT TTT CGG A 3’). Primer and 

probe concentrations for each well were 0.3 µM and 0.15 µM, respectively. Every 

reaction volume was set to 20 µL. A volume of 15 µL was set for the primers, probe, 

and master mix (Luna® Universal Probe qPCR Master Mix, New England Labs, 

USA) and the remaining was the 5 µL of DNA sample. 

DNA extracted from cultured amoebae was used as a positive control, whilst milli-Q 

water was used as a negative control (NTC). All samples were analysed in duplicate. 

For the development of the qPCR method, a standard curve was performed from a 

stock solution of Plasmid DNA (PCR2.1-AGD) (provided by Mowi Laboratories, Fort 

William, UK) at 320 ng µL-1 followed by a set of standard dilutions (from 1 x 101 

copies to 1 x 1010). PCR conditions comprised a pre-denaturation step at 95°C for 60 

s, followed by 45 cycles of a denaturation step at 95°C for 15 s, an extension step of 
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56°C for 60 s and a last step of melting curve. This protocol was developed in Mowi 

Laboratories, Fort William, UK, and afterwards applied to the samples in the Institute 

of Aquaculture, Stirling, UK. 

2.2.7. Statistical analysis 

All results obtained from the in vitro and in vivo testing were exported to IBM SPSS 

statistical analysis software (v23, IBM Corporation) and were processed and tested 

to determine significant differences between type of swabs, amoebic loads and gill 

arches. Shapiro-Wilk test was conducted to verify normality, followed by Levene’s, 

test to determine homogeneity of variance. Two-Way ANOVA was then performed 

on the data to examine the significance between means followed by post-hoc Tukey 

HSD test to discriminate between experimental groups. In vivo challenges were 

treated as individual sets of data to investigate the potential differences between the 

two different time periods. A Pearson’s correlation test was also performed to assess 

the correlation (R2) between Ct values and observed gill scores. 

 

2.3. Results 

2.3.1. PCR evaluation of the capacity of sodium citrate to preserve 

N. perurans rRNA 

After the incubation period, a subsequent PCR of amoeba samples stored for 7 (n=3) 

and 14 days (n=3) in 0.2 M sodium citrate was carried out. Results showed that 

sodium citrate did not affect PCR chemistry, demonstrated by the presence of 

specific bands for N. perurans 18S rRNA sequence (637 bp) (Error! Reference 

source not found.). This provided proof of the preservation capacity of sodium 

citrate; however, more controls should have been provided to use as a comparison 

(e.g. ethanol) and thereby strengthen these results, as well as the use of qPCR for 

the proper quantification of the bands. 
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Figure 2.6. PCR results after preservation of amoebae in 0.2 M sodium citrate for 7 days (lanes S1-

S3) and 14 days (S4-S6). M: 100 bp DNA ladder. +ve control: N. perurans 18S rRNA sequence. –ve 

control: ddH2O. 

2.3.2. Detection of N. perurans from the in vitro and in vivo testing 

NanoDrop results from the spiked samples showed a high variation in DNA yields 

ranging from 0.54 to 4.90 ng µL-1 in the lowest concentration, 5.3 to 35.6 ng µL-1 in 

the medium concentration and 52.1 to 75.6 ng µL-1 in the highest concentration. 

Similar high variation was showed in the plate swabs with a slightly higher range 

from 0.75 to 8.35 ng µL-1 in the lowest concentration, 7.8 to 57.6 ng µL-1 in the 

medium concentration and 71.3 to 102.7 ng µL-1 in the highest concentration. From 

the in vivo trials, very high variation in DNA yields was also observed (0.55 to 7.65 

ng µL-1). For the detection of the pathogen, a standard volume of DNA solution was 

used from each sample (5 µL/qPCR reaction). These data on the DNA yields by 

themselves, showed the differences between swab materials and the variation 

between the pathogen recovery capacity. 

2.3.2.1. In vitro testing results  

Lower Ct values were observed when Isohelix® DNA buccal swabs were used for the 

recovery of N. perurans from the swabs. A significant difference was seen between 

Isohelix® DNA buccal swabs and the other two swab types (ANOVA and post-hoc 

Tukey HSD Test; p < 0.05) when higher concentrations of amoebae were loaded 

onto the spiked samples (100 and 1,000) (Fig.2.7). 
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When swabbing was performed on the agar plates, lower Ct values were observed 

throughout with the use of Isohelix® DNA buccal swabs (Fig. 2.7). However, 

differences were not significanlty different (post-hoc Tukey HSD Test; p > 0.05) 

(Error! Reference source not found.). 

 

Figure 2.7. Spiked amoebae: qPCR Ct values of N. perurans for three clinical swab types spiked 

with different concentrations of amoebae (10, 100 and 1,000/swab). Swabbed amoebae: qPCR Ct 

values of N. perurans for three clinical swab types used to detect amoebae from MYA plates seeded 

with different concentrations of amoebae (10, 100 and 1,000/plate). Bars represent the mean Ct 

values (n = 10 per concentration) (± s.e.m). Different letters represent statistically significant 

differences between swab types (p < 0.05). 

Although there were statistically significant differences between swab types and the 

amoeba load (p < 0.001), there was not a statistically significant interaction between 

the swab type and concentration on the Ct values for the spiked samples and for the 

swabbing of plates (p > 0.05) (Table 2.2). 

 

Table 2.2. Results from the two-way ANOVA for the interaction: Swab type vs amoebae load vs Ct 

values for the spiked samples (A) and swabbed samples (B). F: F-test. Sig.: statistical significance. 
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Bold values represent the significance of interactions (p < 0.001), while underlined values represent 

the non-significant interactions (p > 0.001). 

(A) Interaction F Sig. 

 Swab Type Ct values spiked 
11.639 <0.001 

 Amoebal load Ct values spiked 
83.390 <0.001 

 Swab Type * Amoebal load Ct values spiked 2.215 0.075 

 

(B) Interaction F Sig. 

 Swab Type Ct values swabs 
16.972 <0.001 

 Amoebal load Ct values swabs 
5.080 0.008 

 Swab Type * Amoebal load Ct values swabs 
0.714 0.585 

 

2.3.2.2. In vivo testing 

During this study, two experiments were performed, with level of AGD scores 

differing (Error! Reference source not found.) possibly due to the different 

seasons in which these experiments were performed or other factors. During the first 

trial (Error! Reference source not found.A), there were more fish presenting lower 

scores compared to the later trial (Error! Reference source not found.B) where a 

greater number of fish presented higher scores. 
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 (A) 

 

(B) 

 

 

 

 

 

 

 

 

Figure 2.8. Scores and number of fish for the first trial in December 2018 (A) and second trial in April 

2019 (B) (n = 30 fish per trial). 

During the first trial in December 2018, many negative results were observed for N. 

perurans by PCR within the cotton and CalgiSwab® swabs. In contrast, the second 

trial during April 2019 showed less negatives and even lower Ct values across all 

swab types (Table 2.3). Although the use of Isohelix® swabs resulted in fewer 

negative results and more stable results throughout the experiment (Table 2.4. ), 

lower Ct values were observed when using the CalgiSwab® swabs. 
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Table 2.3. Results from the first experiment in vivo during December 2018. Scoring of all fish and Ct 

values are described in this table. Negative results are underlined and when no Ct value was detected 

during the qPCR, a value of 37 was assigned as this is the limit value when diagnosing AGD in the 

industry. 

 
Score (mean of left 
and right gill arch) 

CalgiSwab® Ct 
value 

Isohelix® Ct 
value 

Cotton Ct 
value 

Fish 1 3.25 3.1 25.1 4.1 31.3 2.1 37 

Fish 2 1.75 3.2 29.1 4.2 32.7 2.2 37 

Fish 3 2.25 3.3 28.5 4.3 30.6 2.3 37 

Fish 4 3.5 3.4 34.0 4.4 28.6 2.4 37 

Fish 5 3.25 3.5 37 4.5 27.8 2.5 37 

Fish 6 2.75 3.6 37 4.6 27.1 2.6 37 

Fish 7 2.75 3.7 37 4.7 30.1 2.7 37 

Fish 8 3.25 3.8 37 4.8 30.2 2.8 37 

Fish 9 4.25 3.9 21.4 4.9 30.7 2.9 37 

Fish 10 3.25 3.10 30.9 4.10 30.5 2.10 37 

Fish 11 4 4.1 37 2.1 30.2 3.1 37 

Fish 12 3.25 4.2 24.3 2.2 34.9 3.2 37 

Fish 13 - 4.3 20.0 2.3 30.0 3.3 34.9 

Fish 14 2.25 4.4 24.7 2.4 36.8 3.4 30.7 

Fish 15 3.25 4.5 22.5 2.5 30.7 3.5 34.2 

Fish 16 3 4.6 26.7 2.6 33.2 3.6 33.2 

Fish 17 2.75 4.7 37 2.7 37.8 3.7 37 

Fish 18 2.5 4.8 24.6 2.8 32.6 3.8 37 

Fish 19 2.25 4.9 24.3 2.9 32.7 3.9 37 

Fish 20 2.5 4.10 27.5 2.10 32.3 3.10 37 

Fish 21 2 2.1 37 3.1 31.8 4.1 31.4 

Fish 22 1.5 2.2 29.5 3.2 29.5 4.2 27.2 

Fish 23 2.25 2.3 32.1 3.3 29.5 4.3 31.9 

Fish 24 4 2.4 25.9 3.4 27.2 4.4 31.9 

Fish 25 3.5 2.5 37 3.5 30.1 4.5 36.6 

Fish 26 4 2.6 37 3.6 27.1 4.6 29.4 

Fish 27 2.5 2.7 37 3.7 29.1 4.7 37 

Fish 28 3.5 2.8 26.9 3.8 30.8 4.8 28.9 

Fish 29 2.75 2.9 37 3.9 32.5 4.9 30.6 
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Fish 30 3.5 2.10 37 3.10 33.8 4.10 30.1 

Table 2.4. Results from the second in vivo experiment during April 2019. Scoring of all fish and Ct 

values are described in this table. Negative results are underlined and when no Ct value was detected 

during the qPCR, a value of 37 was assigned as this is the limit value when diagnosing AGD in the 

industry. 

 
Score (mean of left 
and right gill arch) 

CalgiSwab® Ct  
value 

Isohelix® Ct 
value 

Cotton Ct 
value 

Fish 1 3 3.1 19.7 4.1 23.1 2.1 28.7 

Fish 2 2.75 3.2 21.4 4.2 23.5 2.2 29.2 

Fish 3 3.25 3.3 25.8 4.3 27.2 2.3 35.3 

Fish 4 3.25 3.4 19.2 4.4 37 2.4 37.5 

Fish 5 3.5 3.5 30.8 4.5 20.1 2.5 32.3 

Fish 6 2.5 3.6 24.8 4.6 23.5 2.6 25.2 

Fish 7 3.25 3.7 22.5 4.7 26.1 2.7 30.3 

Fish 8 2.75 3.8 25.6 4.8 23.1 2.8 34.2 

Fish 9 2.75 3.9 23.5 4.9 35.2 2.9 35.08 

Fish 10 2.75 3.10 21.5 4.10 32.4 2.10 32.8 

Fish 11 3.25 4.1 19.6 2.1 39.1 3.1 29.6 

Fish 12 2.25 4.2 24.5 2.2 27.2 3.2 33.5 

Fish 13 3.25 4.3 22.3 2.3 23.2 3.3 23.4 

Fish 14 3.25 4.4 22.4 2.4 24.4 3.4 27.1 

Fish 15 3.25 4.5 28.0 2.5 34.6 3.5 26.8 

Fish 16 3.25 4.6 37 2.6 22.3 3.6 26.4 

Fish 17 3.25 433.7 20.4 2.7 36.7 3.7 21.2 

Fish 18 3.75 4.8 19.8 2.8 27.9 3.8 23.2 

Fish 19 3.75 4.9 23.2 2.9 37.9 3.9 21.9 

Fish 20 3 4.10 21.6 2.10 27.2 3.10 24.5 

Fish 21 3.75 2.1 21.9 3.1 34.0 4.1 27.9 

Fish 22 2.75 2.2 25.4 3.2 23.0 4.2 24.3 

Fish 23 2.75 2.3 27.5 3.3 23.4 4.3 24.2 

Fish 24 3.25 2.4 24.2 3.4 21.1 4.4 26.6 

Fish 25 3 2.5 25.4 3.5 23.6 4.5 24.3 

Fish 26 4 2.6 18.9 3.6 28.0 4.6 24.3 

Fish 27 3 2.7 22.5 3.7 29.7 4.7 23.0 

Fish 28 2.5 2.8 20.2 3.8 25.3 4.8 23.9 

Fish 29 3.5 2.9 25.4 3.9 24.4 4.9 26.1 
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Fish 30 2.75 2.10 29.2 3.10 23.9 4.10 29.7 

Table 2.5. shows the percentages of negative and positive results across all swab 

types during both samplings. A two-way ANOVA was conducted that examined the 

effect of swab type and gill arch on DNA quantity during both trials (December 2018 

and April 2019). For the first trial, there were statistically significant differences 

between swab types and gill arches (both with p = <0.001) (Error! Reference 

source not found.). During the trial that was performed in April 2019, the results 

indicate similar statistical differences when the two-way ANOVA was conducted 

(Error! Reference source not found.).  

Table 2.5. Percentages of positives and negative results by qPCR during both trials: (A) First trial in 

December. (B) Second trial in April. Isohelix® and CalgiSwab® present higher percentages of positive 

results throughout the experiment. 

(A) 
 

December trial 

 
 

CalgiSwab® Isohelix® Cotton 

 Positives 60% 96.67% 56.67% 

 Negatives 40% 3.33% 43.33% 

 

 

 

 

Table 2.6. December 2018 trial results from the two-way ANOVA for the interaction: Swab type vs gill 

arches vs Ct values. F: F-test. Sig.: statistical significance. Bold values represent the significance of 

interactions (p < 0.05), while underlined values represent the non-significant interactions (p > 0.05). 

Interaction F Sig. 

Swab type 11.135 <0.001 

Gill arch 15.671 <0.001 

Swab type * Gill arch 1.318 0.270 

 

Table 2.7. April 2019 trial results from the two-way ANOVA for the interaction: Swab type vs gill 

arches vs Ct values. F: F-test. Sig.: statistical significance. Bold values represent the significance of 

interactions (p > 0.05), while underlined values represent the not significant interactions (p < 0.05). 

Interaction F Sig. 

Swab type 2.703 0.001 

Gill arch 1.060 0.002 

Swab type * Gill arch 0.513 0.150 

 

(B) 
 

April trial 

 
 

CalgiSwab® Isohelix® Cotton 

 Positives 96.67% 96.67% 96.67% 

 Negatives 0% 3.33% 3.33% 
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During the first trial in December 2018, when a post-hoc Tukey HSD Test was 

performed to examine the differences between groups, lower Ct values were 

observed with CalgiSwab® swabs (average Ct value = 30.73). However, there were 

no statistical differences between this swab type and the Isohelix® DNA buccal 

swabs (average Ct value = 31.07) (p = 0.928). The only statistical differences were 

found when comparing both swab types to cotton (average Ct value = 34.66) (p = 

0.001) (Figure 2.9). Significant interaction was observed when looking at the gill 

swabs results alone, or the swab types alone as shown in Error! Reference source 

not found.. 

 

Figure 2.9. Results of the qPCR detection of N. perurans 18S rRNA sequences when only gill arches 

were compared, regardless of the swab type during both trials (December 2018 and April 2019). Bars 

represent the mean Ct values (n= 30) (± s.e.m). Different letters represent statistically significant 

differences (post-hoc Tukey HSD Test; p < 0.05) and same letters mean no statistical differences (p > 

0.05). Different coloured letters represent statistically significant differences between gill arches (p < 

0.05). 
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During the later experiment in April 2019, lower Ct values were again found within 

the CalgiSwab® swabs (Average Ct value = 23.80) and statistical differences were 

found against the other two swab types (Cotton: p = 0.002; Isohelix: p = 0.003); 

however, no statistically significant differences between Isohelix® DNA buccal swabs 

(average Ct value = 27.60) and cotton swabs (average Ct value = 27.75) (p = 0.991) 

(Figure 2.9). 

Although both trials present different results in terms of statistical differences, the 

tendency across both experiments is that CalgiSwab® Ct values were lower than the 

other two swab types. Thus, this swab material provided the best retrieval and 

detection of amoebal DNA. Of all the swab types, the least successful was the cotton 

swab. 

Regarding the gill arches sampled, results from both trials showed a tendency of 

lower Ct values across the 3rd and 4th gill arches. During the first trial in December 

2018, it was demonstrated that the 4th gill arch presented the lowest Ct values 

(average Ct value = 29.44) and statistical differences were found (post-hoc Tukey 

HSD Test; 2nd gill arch vs 4th gill arch: p < 0.001; 3rd gill arch vs 4th gill arch: p 

=0.005; 2nd gill arch vs 3rd gill arch = 0.059). Although the later trial in April 2019 

showed no statistical differences between the 3rd and 4th gill arches (post-hoc Tukey 

HSD Test; p = 0.890), there were statistical differences when these were compared 

to the 2nd gill arch (post-hoc Tukey HSD Test; 2nd gill arch vs 4th gill arch: p = 0.014; 

2nd gill arch vs 3rd gill arch: p = 0.004). In addition, lower Ct values were observed 

through the 3rd (average Ct value = 24.96) and 4th (average Ct value = 25.47) gill 

arches (Figure 2.10). 
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Figure 2.10. Results of the qPCR detection of N. perurans 18S rRNA sequences when only gill 

arches were compared, regardless of the swab type during both trials (December 2018 and April 

2019). Bars represent the average Ct values (n= 30) (± s.e.m). Different letters represent statistically 

significant differences (post-hoc Tukey HSD Test; p < 0.05) and same letters mean no statistical 

differences (p > 0.05). 
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Estimates of the statistical correlation between gill score and Ct value for different 

swab types examined for both trials.  

As observed in Error! Reference source not found., weak correlation coefficient 

(R2 ≤ 0.7) is observed throughout the use of the different swabs. Trend lines suggest 

that higher gill score implied the presence of higher amoebic load and therefore 

lower Ct values. However, there is a high variation between both trials. The first trial 

suggests that this correlation between gill score and Ct values is stronger when 

Isohelix® swabs are used, which corresponds to the trend line indicating that higher 

gill scores lead to lower Ct values. Nevertheless, different results are found in the 

trial performed in April. Stronger correlation coefficients are present in both Isohelix® 

and cotton swabs while trend lines do not correlate. Besides these results, a greater 

number of lower Ct values were found when CalgiSwab® swabs were used 

suggesting them to be capable of enhancing amoeba detection. 
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Figure 2.11. Scatterplot showing the relationship between the gill score (mean of left and right 

arches), measured during both trials in December and April, and the Ct values quantified through 

qPCR. Different trend line equations show the correspondent correlation coefficient (R2); n= 30 per 

swab type. 

 

 

 

 

 

 



55 
 

2.4. Discussion 

During this study, the different properties of two swab types used globally in 

aquaculture (Isohelix® DNA buccal and classic cotton swabs) were compared 

against CalgiSwab®, a calcium alginate swab used for specialist medical 

diagnostics. The potential utility of the latter lies in the fact that calcium alginate is 

wholly soluble in a solution of sodium citrate. The aims of this study were to assess 

the efficiency of the different swabs for the detection of the amoebic pathogen, N. 

perurans. First, swabs were characterised through in vitro testing (spiking and plate 

swabbing) and second, in vivo testing of AGD infected Atlantic salmon was 

performed. Additionally, gill arches were separately swabbed with the different 

swabs to determine which of the tested gill arches could potentially demonstrate a 

higher amoebic load during testing. Whilst previous studies have focused on 

comparing different PCR techniques for the development of better pathogen 

quantification using non-lethal sampling methods (Bergmann & Kempter, 2011; 

Monaghan et al., 2015; Downes et al., 2017), this study focused on the type of 

swabbing material and location of the gill swabbing. Results showed how 

CalgiSwab® swabs presented lower Ct values during the in vivo trials, which 

suggests that higher quantities of DNA were retrieved using this approach. In 

addition, depending on the specific gill arch that was swabbed during the sampling of 

amoebae, differential amoeba loads were detected. These results suggest a 

significant tendency for higher amoebic load from the 3rd and 4th gill arches in 

comparison to the 2nd gill arch. Although the sampling of the gills was not assessed 

over time, higher numbers of amoebae in 3rd and 4th gill arches may suggest that 

these arches might provide enhanced detection. Therefore, the swab material and 

swabbed gill had a significant impact in the retrieval of amoebae. 

Following method development, prior in vitro testing proved that sodium citrate 

solution did not degrade amoebic DNA or affect the PCR reaction. This solution 

already showed an advantage in comparison to ethanol, which is flammable for 

transport and storage. However, this step should have been complemented with the 

addition of a few more controls (e.g. ethanol) and also performing qPCR to fully 

assess the use of sodium citrate. By testing with conventional PCR and testing 

across two different time points, only the preservation capacity of this solution was 
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studied. During the in vitro testing, different amoeba concentrations were spiked onto 

the different swabs. This resulted in both CalgiSwab® and cotton swabs presenting 

an instant water-absorbing capacity which has been studied before in cotton swabs 

(Thomas et al., 2013). During this study, the recovery efficiency of Bacillus spores 

was suggested to be higher among the cotton swabs due to their major hydrophilicity 

index. In regard to the other swab material, other studies have investigated the use 

of calcium alginate dressings on blood coagulation, showing an improvement in the 

absorbance of blood and other fluids (Kneafsey et al., 1996; Segal, Hunt & Gilding 

1998). In contrast, Isohelix® swabs were observed to absorb spiked drops containing 

amoebae more slowly than other swabs. Therefore, Isohelix® swabs could perhaps 

possess a less absorbent surface suggesting that the sample might be more 

promptly released into the ethanol, resulting in a higher recovery of the amoebae. In 

contrast, the hydrophilic material of the CalgiSwab® and cotton swabs, may have led 

to a fuller absorption of the low concentration amoeba sample, causing the sample to 

saturate the swab interior resulting in poorer recovery during agitation as observed in 

past experiments involving bacteria (Turner et al., 2010). However, further 

investigation on the properties of this material and the interaction with parasitic 

species should be conducted in the future to validate this hypothesis. The greatest 

differences were observed when higher numbers of amoebae were spiked. As 

expected, higher numbers of spiked amoebae led to lower Ct values. The detection 

of amoebae in vitro at lower concentrations from spiked samples was not improved 

with any of the tested swabs. 

The subsequent in vitro experiment, in which swabs were used on agar plates 

containing different amoebic loads, enables clarification of the capacity of the 

different swabs to successfully collect the sample from agar plates mimicking the in 

vivo testing on the gill. This experiment showed significant differences between the 

swabs. When the agar plates containing higher numbers of amoebae were swabbed, 

lower Ct values were obtained, as expected. Even though there were no significant 

differences between the CalgiSwab® and Isohelix® swabs, both swabs presented 

lower Ct values than the cotton swabs, suggesting an enhanced collection of the 

amoebae from the substrate. During method development, first trials involved the 

use of larger volumes of sodium citrate (20 mL) which led to the creation of a mesh 

of the swab’s material and captured cell fragments, leading to a poorer DNA 
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quantification. Therefore, swabs were introduced into a smaller volume of sodium 

citrate and manually agitated for a standardised time for all samples. Using this 

approach, the swab was not fully dissolved, only the outer layer, to which the 

amoebae were nominally attached, was dissolved. In future experiments, a wider 

range of amoeba concentrations would provide a better understanding of the 

potential enhanced sensitivity of the alginate swabs in comparison to the other tested 

swabs. 

Whilst helpful in refining methodology, these in vitro models, were not, however, 

realistic. During field sampling, biological fluids are commonly found within clinical 

samples. In the case of N. perurans, due to the high mucus secretion following an 

AGD infection (Roberts & Powell, 2003; Vincent, Morrison & Nowak, 2006; 

Valdenegro-Vega et al., 2014), these complex matrices can interact with the physical 

or chemical properties of the swab materials. Specifically, mucins have been 

considered to reduce non-specific binding of protein and can deter negatively 

charged molecules, like DNA (Hollingsworth & Swanson, 2004). During this study, a 

tendency for lower Ct values was found with the CalgiSwab® swabs, but it was not 

always significant. However, the swabbing of different gill arches showed an 

interesting trend. The second gill arch presented higher Ct values in both 

experiments and with the use of the different swabs meaning that a lower number of 

amoebae are presumably present in the second gill arch. In contrast, the third and 

fourth gill arches offered a better detection of amoebae, presumably due to the 

higher numbers of parasites in these gill arches.  

The common practice of examining the 2nd gill arch when sampling for pathogens 

follows from the frequent observation that this arch is the preferred site for many gill-

inhabiting parasites e.g. the copepod Ergasilus sarsi (Kilian & Avenant-Oldewage, 

2013). One of the principal determining factors for this is the water current over the 

gill surfaces which influences the available attachment surface, level of oxygenation 

and potential for dispersion of disseminules (Suydam, 1971; Hanek & Fernando, 

1978; Turgut, Shinn & Wootten, 2006; Kilian & Avenant-Oldewage, 2013, Crafford, 

Luus-Powell & Avenant-Oldewage, 2014). Hence many gill pathogens tend to 

colonise the areas of the gill where there is more water-flow (e.g., first and second 

gill arches) (Llewellyn, 1956; Davey, 1980; Dzika, 1999; Chapman et al., 2000; 

Matejusová et al., 2003). These factors may not, however, hold true for N. perurans, 
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which, in addition to gaining protection within the host mucus layer, has been 

suggested to have wide environmental tolerances (Crosbie et al. 2012), including 

conditions found in marine sediments, that may allow it to thrive under conditions of 

lower oxygen and flow. 

In the context of the aquaculture industry, the findings of the presented research can 

potentially improve methods employed for routine sampling. While visiting fish farms 

for this experimental study, the general sampling regime consisted of the gill 

swabbing of all the gill arches. However, by sampling only third or fourth gill arches, 

lower relative Ct values within this area were found. Therefore, the sampling of a 

smaller region of the gills could reduce its irritation. When looking at the correlation 

between gill score and Ct values, although correlations were not strong, trend lines 

suggested that higher gill scores lead to lower Ct values detected through qPCR. 

The fact that these correlations are not higher, however, provides a wider caveat, 

supporting previous suggestions that the number of amoebae present does not 

directly reflect the visible pathology (Adams & Nowak, 2001). In part, this may result 

from the fact that pathology may reflect historical events, e.g. tissue scarring, not the 

current location / activity of amoebae. Some studies have even reported the 

presence of N. perurans where gross pathology was not detected (Zilberg & 

Munday, 2000; Dyková & Novoa, 2001; Adams & Nowak, 2004a) and have also 

demonstrated less amoebae in sampled areas with higher visible pathology. The 

weak correlation between higher gill scores and lower Ct scores observed in this 

study warrant further investigation, as they clearly have a bearing on diagnostic 

outcomes, sensitivity and interpretation. 

Conclusions 

In conclusion, although this experimental chapter did not show consistently 

significant differences between different swab materials, there is a trend showing a 

higher sensitivity with the use of CalgiSwab® and Isohelix®, implicating an effect of 

the swab material in the recovery of amoebae. Cotton consistently proved the least 

effective swab material for the detection of amoebae across all experiments. 

However, further work needs to be performed in order to study this material in depth. 

Regarding the gill arch swabbing, it can be concluded that the gill or gill area that is 

chosen for swabbing during sampling, has an impact on the success of detecting 
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parasites. This makes the third and fourth gill arches more appropriate tissue regions 

for detecting N. perurans and therefore swabbing of this region. Ultimately, the 

further study of this calcium alginate material and consideration of the swabbing of 

less gill surface could potentially translate to a timely diagnosis of AGD and could 

potentially lead to more successful treatment outcomes. Additionally, restricting the 

number of gills sampled during non-lethal sampling could reduce gill irritation, 

minimising the exposure of fish to parallel infections or environmental antigens. 

However, the comparison with the sampling of all gill arches and only the fourth gill 

arch should be approached in the future to really consider an enhanced detection of 

amoebae.  
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Chapter 3 : Methacarn preserves mucus integrity and improves 

visualisation of amoebae in gills of Atlantic salmon (Salmo salar 

L.) 

3.1. Introduction  

Amoebic gill disease (AGD) is a major threat that has had significant economic 

impact on the Atlantic salmon (Salmo salar L.) aquaculture industry. In the context of 

gill surface mucus, gross signs of the disease include raised, multifocal white mucoid 

patches on the gills (Adams & Nowak, 2003). Investigations into the pathogenesis of 

AGD, particularly in the early stages of the disease, can be hampered by loss of the 

mucous coat and its pathogen load during fixation and therefore the work described 

here seeks to improve preservation and visualisation of these features. 

Fish mucus provides a protective barrier between the organism and the external 

environment (Shephard, 1994). Components of the gill mucus are similar to those 

found in skin mucus such as antimicrobial peptides (Cole et al., 2000), enzymes i.e. 

lysozyme (Murray & Fletcher, 1976; Costa et al., 2011), antibodies (both IgM and 

IgT) (Xu et al., 2013), mucins (neutral, acid and basic) and other glycoproteins such 

as glycosaminoglycans (Murray & Fletcher, 1976). It can serve as a barrier that 

restricts access of microorganisms to the host, a protective matrix for 

microorganisms and a rich feeding substrate for a range of obligate, facultative and 

opportunistic pathogens. Therefore, mucus plays a key part in mediating the 

interaction between potential pathogens and the host and can thus play an important 

role in disease development. 

 

When choosing the different fixatives, two different types were considered, 

Davidson’s solution and Methacarn solution. Both fixatives present different 

advantages. The first fixative belongs to the category of conventional aqueous 

fixatives, which, whilst providing excellent cytological preservation, often remove the 

overlaying mucus layers (Mays et al., 1984; Leist et al., 1986; Lee et al., 1995). In 

the context of AGD, Davidson’s solution was firstly used in Cadoret et al. (2013) for 

the examination of N. perurans providing a good preservation of the tissue. Later on, 

Chalmers et al. (2017) also used this aqueous based fixative for the examination of 

mucous cells on the gill epithelium. However, these fixatives failed to preserve the 
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mucus layer. Using non-aqueous or other specialised fixatives, can therefore offer 

significant advantages in increasing understanding of target tissue’s structure and 

function and its relationship with its mucous surface. The search for improved 

preservation of mucus layers by a variety of techniques using solvent-based fixatives 

when compared with aqueous based fixatives has been well described in mammals 

e.g. an improved retention of mucus has been demonstrated in bovine and rat 

trachea using light and electron microscopy (Sims et al., 1991). Also, in rat trachea 

and various mucosal surfaces in pig (Allan-Wojtas et al., 1997). However, there is a 

paucity of work focusing on the adaptation of these methods, previously developed 

for mammalian tissue, for use in observing adherent mucus on fixed mucosal tissues 

in fish. In the past, Methacarn solution had been investigated for mucus visualisation 

(Johansson et al., 2012; Wlodarska et al., 2015) as well as conserving mucus 

thickness. The chemical fixation through this solution provided less loss of mucus 

thickness. Additionally, it has been recently used in the study by Röhe et al., (2018) 

to study the mucus layer on the pig’s intestine epithelium. Even though the mucus 

was preserved in patches and not showing a clear thin layer across the pig’s 

epithelium, the nature of this fixative was interesting enough to explore its use in fish. 

Combined with the above techniques, some studies implemented the addition of 

Alcian blue 0.5% (w/v) in different fixatives, i.e. aqueous buffered glutaraldehyde 

(Sims et al., 1997) for the characterisation of the composition and thickness of 

tracheal mucus in rats. In fish, Alcian blue has also been used as an addition to 

routine fixatives for both light and electron microscopy in the gills of rainbow trout 

(Powell et al., 1992). Other non-fish studies have used Alcian blue as a colorimetric 

assay for mucous glycoproteins (Hall et al., 1980) or for the characterisation of 

sialylated, sulphated and mixed mucins (Meyerholz et al., 2009). 

It has already been established that a simple, rapid and inexpensive technique for 

the preservation of the mucus layer for routine histology of gills would be useful for 

disease diagnostic use in fish (Powell et al., 1992). A number of studies have 

attempted to optimise mucus stabilisation in teleost tissue for microscopy e.g. 

oesophageal epithelium in the eel (Anguilla anguilla) (Humbert et al., 1984) through 

scanning electron microscopy (SEM) finding different densities in the layers of the 

anterior and posterior oesophageal epithelium and, similarly to that study, the 

intestinal tract of the goldfish (Carassius auratus (Linnaeus, 1758)) was also 
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investigated to characterise elements of the intestinal epithelium (Caceci, 1984) 

using the same technique. Other studies have investigated different fixatives in order 

to assess the biofilms and surface-associated pathogens often embedded within the 

skin mucus of Rainbow trout (Onchorynchus mykiss) (Speare & Mirsalimi, 1992; 

Sanchez et al., 1997) and the gill mucus of Rainbow trout (Handy & Eddy, 1991; 

Powell et al. 1992; Powell et al., 1994). 

In this chapter, research undertaken to optimise fixation methods is described, 

particularly in the context of investigating mucus stabilisation for gills. A number of 

different fixatives are compared to standard fixation approaches, with the aim of 

enhancing our understanding of parasite interactions with gill mucus during an AGD 

infection. It is envisaged that the development of practical techniques for mucus 

preservation that are also amenable to standard histopathological staining, 

visualisation and interpretation, would also be of benefit not just to studies of AGD 

pathogenesis and amoeba-host interaction, but also serve more generally for 

observing surface associated pathogens in fish. In particular, such an approach 

might help to elucidate relationships affecting mucus secretion in other gill-

associated conditions, where details of boundary layer / surface interactions are 

often obscured due to a loss of mucus coating using generic fixation and processing 

techniques. 

 

3.2. Materials and Methods 

3.2.1. Fish and sampling 

All sampling for the present study was carried out at the MERL under ethics 

application reference number AWERB/1617/173/New ASPA between May and July 

2017. The facility was supplied with flow-through seawater (35 ‰), filtered at 100 

µm. Fish were maintained under ambient temperature (min: 11 °C, max 13 °C) and 

fed with commercial salmon pellets (Inicio Plus, BioMar, UK) equivalent to 1% of 

their body weight per day. 

In order to compare the effect of different fixatives on mucus preservation in the gill, 

samples were taken from six Atlantic salmon (167.7±21.4 (s.d.) g and 25.6±1.6 (s.d.)  

cm body weight and fork length, respectively), taken from a population of stock fish 



63 
 

held in a 13000 L tank. For sampling, fish were euthanised by lethal anaesthesia 

using MS-222 (100 mg/L) (Sigma Aldrich, UK) followed by destruction of the brain, 

according to Home Office Schedule 1 procedures. Gill pathology was visually 

assessed and scored for gill lesion severity according to Taylor et al. (2009). 

Examined fish were found to have a mean gill score of 0.5-1. The third and fourth left 

gill arches were carefully excised, briefly rinsed in PBS, cut into equal sized parts 

and fixed in each of the five fixatives described above. 

In order to examine the relationship between amoebae and mucus during an AGD 

infection, a further five fish (324.2 ± 35.6 g and 30.5 ± 12.2 cm body weight and fork 

length, respectively) were sampled from a 1 m diameter tank (400 L) at the 

termination of an AGD co-habitation challenge experiment (previously described in 

Chapter 2, Section 2.2.5.1). Sampling was also carried out at MERL under ethics 

application reference number AWERB/1718/038/New ASPA between October 2017 

and April 2018, part of a project carried out by Dr. Sophie Fridman. Fish were 

euthanised by Schedule 1 methods as described above and gills similarly visually 

assessed and scored for gill lesion severity. Gills from that study were found to have 

a mean gill score range of 2-3.5. For these fish, the entire second gill arch was 

removed and fixed in MS, which had proven to be the best fixative for the 

preservation of gill mucus (see results). 

Experimental procedures were all approved by the Animal Welfare and Ethical 

Review Body (AWERB) of the University of Stirling and were conducted under UK 

Government Home Office project licence 60/4189. 

3.2.2. Histology processing 

Whole third and fourth left gill arches were dissected out, cut into five pieces and 

each piece fixed in 1:10 tissue fixative in one of the following: 10% Neutral buffered 

formalin (NBF), Modified Davidson’s solution (MDS), methacarn solution (MS), 

Modified Davidson’s supplemented with 2% (w/v) Alcian Blue (MDAB), and 

methacarn solution supplemented with 2% (w/v) Alcian Blue (MSAB) all prepared as 

described in Error! Reference source not found., for histopathological analysis. All 

fixatives were freshly prepared immediately before use. 

Fixation of all the samples was followed by blocking the gill tissues in cassettes. 

Samples fixed in NBF and Davidson’s were placed in a Shandon Citadel 2000 
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automated tissue processor (Thermo Scientific, Epsom, Surrey, UK) in order to 

accomplish the dehydration through a graded alcohol series (30%, 50%, 70%, 90% 

and 100% ethanol) followed by clearing over seven baths of xylene and finally 

infiltration with paraffin wax at 60 °C (Histowax, Sweden). Alternatively, tissues fixed 

in methacarn were processed manually as follows: 2 x 30 min in 100% methanol and 

2 x 20 min in 100% ethanol baths; clearing was performed for 2 x 15 min in xylene 

baths. Last, all tissues were impregnated with paraffin wax with the Leica EG1160 

Histoembedder (Leica Biosystems, Milton Keynes, UK) at 60°C. 

For slide preparation, trimming was undertaken using the Thermo Shandon Finesse 

E Microtome (Leica Biosystems, Milton Keynes, UK) to a thickness of 20 μm until a 

uniform layer of tissue was exposed; followed by decalcification. Trimmed blocks for 

all fixatives were left to soak for 1 h in distilled water. All blocks were then dried and 

chilled face down on a cold plate (5 min) prior to 5 μm sectioning using the Thermo 

Shandon Finesse E Microtome (Leica Biosystems, Milton Keynes, UK) and 

disposable metal blades. Sections were spread using a water bath (37°C), placed, 

12 to a slide, on glass microscope slides and dried overnight in a drying cabinet 

(60°C). 
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Table 3.1. Preparation and maintenance of the distinct fixatives. RT: room temperature. 

Fixative Preparation Maintenance 

10% NBF One part of formaldehyde1 (37-40% stock) and 
nine parts distilled water 

RT 

Modified Davidson’s 
solution 

One part of glacial acetic acid2, two parts of 
formaldehyde1 (37-40% stock), three parts of 
95% ethanol3, and three parts of PBS 

RT; Tissue transferred to 
70% ethanol after 24h 

Methacarn solution 60% Absolute methanol4, 30% chloroform5, and 
10% glacial acetic acid2 

RT 

Modified Davidson’s 
solution + 2% (w/v) 
Alcian blue 

One part of glacial acetic acid2, two parts of 
formaldehyde1 (37-40% stock), three parts of 
95% ethanol3 and three parts of PBS + 2% 
(w/v) Alcian blue 

RT; Tissue transferred to 
70% ethanol after 24h 

Methacarn solution 
+ 2% (w/v) Alcian 
blue 

60% Absolute methanol4, 30% chloroform5, and 
10% glacial acetic acid2 + 2% (w/v) Alcian blue 

RT 

1Formaldehyde (Product number: 10160052; Fisher Scientific); 2Glacial acetic acid (Product number: 

10394970; Fisher Scientific); 3 Absolute ethanol (Product number: 10437341; Fisher Scientific); 

4Methanol (Product number 10675112; Fisher Scientific); 5Chloroform (Product number: 10102190; 

Fisher Scientific); 6Alcian Blue 8GX (Product number: A5268; Sigma Aldrich). 

3.2.3. Staining for mucus layer evaluation 

All sections taken from NBF, MDS and MS fixed samples were stained using three 

types of stain. First, a haematoxylin and eosin staining protocol were performed as a 

control staining. Initially, samples were de-waxed through a 2-step xylene bath 

lasting 3 min and 2 min respectively, after which they were subsequently immersed 

in absolute alcohol for 2 min, methylated spirit for 1 ½ min and rinsed in running tap 

water for 30 s to 1 min. Sections were then immersed in Mayer’s Haematoxylin (2 g 

Haematoxylin, 2 g Citric Acid, 0.4 g Sodium Iodate, 100 g Chloral hydrate, 100 g 

Potassium alum dissolved in 2 L of ddH2O) for 5 min, followed by another rinse in 

running tap water for 30 s to 1 min. Sections were then quickly dipped three times in 

1% acid alcohol (1% hydrochloric acid (HCl 37%) in ethanol (70%)) and rinsed in in 

running tap water for 30 s to1 min. Samples were then placed in eosin (eosin Y 1 g 

dissolved in 1 L of 70% Ethanol and 5 mL of Glacial acetic acid) for 5 min and 

quickly washed in running tap water. Then, sections were briefly immersed for 30 s 

in methylated spirit. Dehydration was performed through a 2-step absolute alcohol 

bath, 2 min and 1 ½ min respectively. 
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Second, for the gill tissues that already contained 2% Alcian blue, Periodic Acid 

Schiff stain (PAS) protocol was performed as a further staining step. The same steps 

were followed as described above until the first wash in running tap water. After this, 

sections were oxidised in 1% periodic acid solution (1 g periodic acid in 100 mL of 

ddH2O) for 5 min, then washed in running tap water for 2 min and placed for 20 min 

in Schiff’s reagent (Product number: J62171.AP, VWR International) at room 

temperature. Sections were then washed again in running tap water for 1 min, 

counterstained in Mayer’s Haematoxylin for 5 min, washed again in tap water for 1 

min and then incubated for an additional minute in Scott’s tap water substitute 

(sodium bicarbonate 3.5 g, magnesium sulphate 20 g, dissolved in 1 L of tap water) 

and finally washed for 1 min in running tap water. Sections were then dehydrated in 

2 steps of absolute ethanol (by quickly dipping). Lastly, clearing was carried out for 

both protocols in a xylene bath for 5 min followed by mounting of the slides using 

Pertex. Slides were then left overnight to allow xylene to evaporate. 

Finally, all gill tissues whose fixatives did not contain 2% Alcian blue were stained 

using a combined Alcian blue-PAS technique (Mowry, 1956; Chalmers et al., 2017). 

Briefly, sections were de-waxed and rehydrated as previously described and 

immersed in Alcian blue solution (pH 2.5) for 5 min. The residual stain was then 

removed by washing in water and sections were then oxidized in 1% (aq) periodic 

acid (5 min), washed (5 min) and immersed in Schiff’s reagent (20 min). Slides were 

then processed further as described above following Schiff’s exposure. 

3.2.4. Comparison of the different fixatives for semi-quantitative 

analysis of mucus and mucous cells 

Tangentially embedded and sectioned gills were assessed in order to quantify the 

presence of mucous cells and inter-lamellar mucus. As the mucus did not present as 

a uniform layer over the lamellae and inter-lamellar area (see Error! Reference 

source not found.A&B), the semi-quantification of mucus was achieved through 

microscopic image acquisition of areas (~1 mm2) of well-preserved gill sections, 

counting the number of times mucus traces were not evident (Error! Reference 

source not found.A) or evident (Error! Reference source not found.B). Twelve 

randomised fields of view of twenty inter-secondary lamellar spaces in the mid-

section of the primary lamella (n=6 control fish) were assessed, using one section 
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per fish. Only one section was used per fish due to the small size of the gill samples, 

therefore more randomised fields were counted in order to assess inter variation 

within different fish rather than intra variation within different sections of the fish. 

Counts and measurements were carried out on filaments which had equal length 

lamellae on both sides and cartilage in the centre, to ensure comparability of 

sections. 

For the quantification of mucous cells, as above, twelve randomised fields of view of 

twenty inter-secondary lamellar spaces in the mid-section of the primary lamella (n=6 

control fish) were assessed, one section per fish. The total number of mucous cells 

were counted. However, only gills that had been fixed in NBF, modified Davidson’s 

solution and methacarn were assessed, since the addition of Alcian blue in the 

fixatives presented an overall blue colouration, making it difficult to specifically 

differentiate mucous cells. 

 

Figure 3.1. Method of semi-quantitative analysis for mucus and mucous cell quantification. Mucus 

was quantified by counting the absence (A) or presence (B, arrows) of mucus traces (blue) in twenty 

inter- lamellar spaces from twelve random mid-sections of the primary lamellae. This method was 

used for all the fixation and staining techniques (e.g. A. NBF fixation with AB/PAS staining. B. 

Methacarn fixation with AB/PAS staining). For the mucous cell counts, the same method was 
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performed by counting the presence (asterisk) of mucous cells in twenty inter- lamellar spaces from 

twelve random mid-sections of the primary lamellae. Images taken by slide scanner, Axio Scan.Z1 

(ZEISS, Cambridge, UK). 

3.2.5. Confirmation of mucus presence with fluorescent lectin 

labelling 

Samples fixed with methacarn were prepared following the haematoxylin and eosin 

stain protocol described in Section 3.2.3. Slides were kept overnight in the 55°C 

oven. Prior to the labelling, lectin wash buffer (LWB; 50 mM Tris, 150mM NaCl, 2mM 

MgCl2, CaCl2) was prepared in 1 L of dH2O and full dissolution of the reagents 

achieved through stirring for 15-20 min with a magnetic stirrer. This buffer was used 

as a control (lectin free). Slides were taken from 55°C oven and were de-waxed 

manually into two changes of xylene for 3 min each and a following dehydration step 

was performed by immersing sections in 100% and 70% ethanol for 2 min each step. 

A final wash in dH2O was performed for 1 min, keeping them immersed until labelled 

by lectins. Prior to the labelling, a circle was drawn around each section using an 

ImmEdge hydrophobic pen (Vector labs, p/n H-4000) to keep the lectin/buffer in 

place. They were then labelled with two types of rhodamine-labelled lectin 

conjugates from the rhodamine lectin kit I (Vector Laboratories, Burlingame, CA, 

U.S.A) (Table 3.2) diluted with LWB to a final concentration of 30 µg mL-1, using a 

slightly higher concentration than that usually recommended (5-20 µg mL-1) (Hsu & 

Mahal, 2006) according to previous in-house experience. A volume of 200 µL of 

lectin solution was pipetted on to the sections and incubated in a dark chamber at 

RT for 2 h. Final washing of the sections was performed three times after incubation 

with LWB for 5 min each time. One control slide was treated the same but only LWB 

was applied, instead of lectin dilutions. For the counterstaining, slides were firstly 

washed with PBS and then a 300nM amount of DAPI solution was added to the 

slides, incubated for 3 min in the dark and then finally mounted in VECTASHIELD® 

(mounting medium for fluorescence with DAPI from Vector Laboratories, Burlingame, 

CA, U.S.A), coverslipped, and sealed with nail polish for long-term storage. Prior to 

the viewing of the slides, they were maintained in the dark for 2 h at 4°C. Slides were 

examined using an Arcturus XT Laser Capture Microdissection System (Applied 

Biosystems, Life technologies, USA) or a TCS SP2 AOBS Laser Scanning Confocal 

Microscope (Leica Microsystems, Wetzlar, Germany). 



69 
 

 

Table 3.2. Lectins used and their specificity to glycoproteins present in gill mucus. 

 

3.2.6. Statistical analysis 

All the results obtained from the semi-quantitative analysis were exported to IBM 

SPSS statistical analysis software (v23, IBM Corporation) and were processed and 

tested to determine significant differences of mucus and mucous cell counts in the 

variety of fixatives. A Shapiro-Wilk test was performed on the data in order to verify 

normality, followed by Levene’s test to determine homogeneity of variance. 

Subsequently a one-way ANOVA (analysis of variance) was performed on the data, 

in order to examine the significance of differences between mean mucous / mucus 

cell values for different fixatives, and post-hoc Tukey HSD test (honestly significance 

difference) was carried out to assess if the groups were significantly different from 

each other. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Lectin Specificity Reference 

WGA (Triticum vulgaris (wheat germ)) N-acetylglucosamine; 
Acetylneuraminic acid 

 

Díaz et al., (2010) 

DBA (Dolichos biflorus agglutinin) N-acetylgalactosamine 
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3.3. Results 

3.3.1. Evaluation of different fixatives for the conservation of gill 

mucus 

Overall both the aqueous and the solvent-based fixatives resulted in good 

maintenance of gill architecture (Error! Reference source not found.). The 

presence of a mucous coating or mucus secretions from mucous cells was not 

evident in the branchial tissue fixed in neutral buffered formalin (NBF) (Figure 

3.2A&B), although the mucous cells were visible due to the PAS/AB staining. There 

was, however, some evidence of patchy/diffuse and weakly stained interlamellar 

mucus in gills fixed with modified Davidson’s solution (Figure 3.2C–F), this being 

slightly more extensive in tissues fixed with modified Davidson’s solution with 2% 

(w/v) Alcian blue, where some apparent secretions from the mucous cells were 

preserved (Figure 3.2E&F). 

With the non-aqueous based fixative an improved stabilisation/preservation of mucus 

was clearly evident. Branchial tissue fixed in methacarn solution displayed mucus as 

a thin attached layer on both interlamellar spaces and on secondary lamellae with 

mucus extending from mucous cells to form a ‘mesh’ between the secondary 

lamellae (Error! Reference source not found.2G&H) which can also be seen in 

transverse sections (Error! Reference source not found.A&B). Fixation in 

methacarn solution with 2% (w/v) Alcian blue did not improve preservation of mucus, 

and the mucous layer was patchy and seemed to lift from the underlying tissue, 

forming more compact streaks of dark blue stained mucus between the secondary 

lamellae (Error! Reference source not found.2I&J). Images taken by slide 

scanner, Axio Scan.Z1 (ZEISS, Cambridge, UK). 
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Figure 3.2.Evaluation of aqueous-based and solvent-based fixatives to preserve mucus layer in 

Atlantic salmon gills. A) Lower magnification and B) higher magnification of gill sample fixed with 10% 

neutral buffered formalin (10% NBF) stained with Alcian blue and Periodic acid-Schiff’s reagent 

(AB/PAS). Note that there is no evidence of overlying mucus on epithelial layers or associated 

secretions from mucous cells (black arrow); C) lower magnification and D) higher magnification of gill 

sample fixed with modified Davidson’s solution, stained with AB/PAS. There is some evidence of 

patchy preservation of mucus between the secondary lamellae (arrow heads) with some mucus 

secretions from mucous cells (black arrows); E) lower magnification and F) higher magnification of gill 

sample fixed with modified Davidson’s and 2% Alcian blue (AB) solution stained with PAS. Note 

increased amount of mucus evident between lamellae (arrow heads) and some mucus secretions 

from mucous cells (black arrows). 
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Figure 3.2. (cont.) Evaluation of aqueous-based and solvent-based fixatives to preserve mucus layer 

in Atlantic salmon gills. G) lower magnification and H) higher magnification of gill sample fixed with 

Methacarn solution stained with 2% AB, stained with PAS showing presence of mucus as a thin 

attached layer on both interlamellar spaces and mucus being secreted from mucous cells (arrow 

heads) and on secondary lamellae (black arrows), I) lower magnification and J) higher magnification 

of gill sample fixed with Methacarn solution and 2% AB, stained with Periodic acid-Schiff’s reagent 

(PAS). Evidence of mucus as a thin attached layer on interlamellar spaces (arrow heads) and also 

presence of mucous cells (black arrows).  
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Figure 3.3. Transverse sections of methacarn fixed Atlantic salmon gills stained with Alcian blue and 

Periodic acid-Schiff reagent (AB/PAS). A) Transverse section of gill from Atlantic salmon showing 

interlamellar mucus) and B) higher magnification of boxed area from A) with mucous cells (black 

arrows) and mucus layer (arrowheads).  

 

3.3.2. Semi-quantitative analysis study for mucus and mucous cells  

Semi-quantitative analysis of the presence of mucus traces in the interlamellar 

regions demonstrated that there was a significant difference in the preservation of 

the mucus between the different fixatives. Methacarn and methacarn with 2% Alcian 

blue showed a significantly higher incidence of mucus traces (one-way ANOVA and 

subsequent post-hoc Tukey HSD test; p=0.0010053) when compared to the aqueous 

fixatives (Error! Reference source not found.A). The fixatives containing Alcian 

blue did not enable mucous cells to be distinguished due to the overall blue 

coloration of the tissue. No significant differences (p>0.05) were found in the 

apparent mucous cell numbers between the examined fixatives (Error! Reference 

source not found.B). Mucus results were presented as proportions of the 

interlamellar spaces containing mucus. 
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Figure 3.4. Effects of different fixation methods on presence of mucus and mucous cells on Atlantic 

salmon gills. A) Graph showing the proportion of examined interlamellar spaces showing mucus 

traces and B) graph showing number of mucous cells in gill fixed with 10% NBF, modified Davidson’s 

solution and methacarn solution. Different superscript letters indicate significant differences between 

fixatives (mean ± s.e.m, n = 6 control fish, 12 random fields of 20 interlamellar spaces; ANOVA test: p 

< 0.05). 
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3.3.3. Examination of the relationship between amoebae and mucus 

during an AGD infection 

Sections of gills from AGD-infected Atlantic salmon that had been fixed in methacarn 

were stained with H&E (Figure 3.5. A&C) and AB/PAS (Figure 3.5. B&D). The 

AB/PAS stain aided differentiation between acid and neutral polysaccharides (Figure 

3.5. B&D), highlighted amoebae with Alcian blue inclusions, and allowed observation 

of the preserved mucus (Figure 3.5. B&D). Hyperplastic lesions were visible with 

both stains, in addition to evident lamellar fusion that led to lacuna formation (lac) 

(Fig. 3.5A&B). These formations have been studied in different studies in which 

Atlantic salmon was infected with AGD (Rodger et al., 2011; Chalmers et al., 2017). 

Images taken by slide scanner, Axio Scan.Z1 (ZEISS, Cambridge, UK). 

 

 

Figure 3.5. Comparison of histological stains of methacarn fixed Atlantic salmon gill infected with 

AGD (gill score 2.5) with H&E and AB/PAS staining. A) & B) Epithelial hyperplastic lesions with lacuna 

formation (lac) from AGD-infected gill stained with A) H&E stain and B) Alcian blue and Periodic acid-

Schiff reagent (AB/PAS); C) & D) advanced hyperplastic lesions with associated amoeba trophozoites 

(arrows) stained with C) routine H&E stain and D) Alcian blue and Periodic acid-Schiff reagent 

(AB/PAS). Amoebae trophozoites (arrows) between lacuna formation (lac) in a hyperplastic lamella. 
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Amoebae were visible at the periphery of the hyperplastic tissue (Error! Reference 

source not found.A–C) often embedded within the mucus layer (Figure 3.6A) and in 

close association with mucous cells (Error! Reference source not found.C). Error! 

Reference source not found.D shows the presence of a single trophozoite between 

a lacuna formation. 

 

Figure 3.6. Gills of Atlantic salmon infected with AGD fixed in methacarn and stained with AB/PAS. A) 

& B) Hyperplastic gill epithelial tissue with mucous cells and mucus throughout (asterisks), in addition 

to numerous amoeba trophozoites (black arrows) associated with the periphery of the lesion surface 

and showing close interaction with overlaying mucus (asterisk); C) trophozoites are found attached to 

the gill epithelium (black arrows) and a mucous cell (arrow head) and D) trophozoite found between a 

lacuna formation (black arrow) surrounded by mucus and mucous cells (arrow heads). 

 

Hyperplastic epithelial lesions associated with amoebic gill disease were clearly 

visible, with lamellar fusion causing additional lacunae formations in which amoebae 

was found between (Error! Reference source not found.A–C). A transverse 

section of the gill shows another lacuna formation and the presence of mucus with 

embedded amoebae (Error! Reference source not found.D). 
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Figure 3.7. Gills of Atlantic salmon infected with AGD fixed in methacarn and stained with AB/PAS. A) 

Lacunae formations (lac) across the hyperplastic epithelial tissue with mucous cells (arrows) and 

amoebae trophozoites (asterisks); B) more lacunae formations (lac) with additional mucus; C) 

trophozoite (arrow) between a lacuna formation (lac) in hyperplastic gill tissue and D) transverse 

section of gill with lacunae formations (lac) and amoebae attached to the epithelium (arrows) 

surrounded by a mucus layer (arrow heads). 

All these images provide valuable information about the importance of preserving the 

mucus layer in gill samples as numerous trophozoites seem to be closely linked to 

the presence of mucus, therefore in the context of gill diseases and mucosal 

responses this technique can be helpful in highlighting the relationship between 

pathogen and mucus. This methodology can therefore provide a platform for the 

study of whether the amoebae are drawn to the mucus or whether the amoebae 

become embedded in the mucus following overproduction during an AGD infection. 
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3.3.4. Confirmation of mucus preservation using lectin 

histochemistry 

Wheat germ agglutinin (WGA) lectin labelling was employed to check the 

preservation of mucus on AGD-infected Atlantic salmon gills (FiguresError! 

Reference source not found. & 3.9). A negative control confirmed that the lectin 

buffer without the lectin did not stain the mucous cells and mucous overlay, showing 

a faint auto florescence of the mucus traces (Figure 3.8A). Gills fixed in 10% neutral 

buffer formalin (NBF) showed only faint traces of mucus streaks visible in inter-

lamellar spaces (Figure 3.9B), whereas gills fixed in methacarn displayed clearly 

visible mucous cells and overlay of mucus (Figure 3.8C&D). Images taken with 

Arcturus (XT) laser capture microdissection instrument (Applied Biosystems, UK) 

using a blue band fluorescence filter. 

 

Figure 3.8. Lectin labelling of Atlantic salmon gills. A) Section of gill fixed in methacarn; negative 

control using lectin wash buffer. Note very faint presence of mucus or mucous cells (arrows); B) 

section of gill fixed in 10% neutral buffered formalin (NBF) labelled with wheat germ agglutinin (WGA); 

faint traces of mucus visible in inter-lamellar spaces (arrows); C) lower magnification and D) higher 

magnification of section of gills fixed in methacarn and labelled with wheat germ agglutinin (WGA); 

visible mucous cells (arrows) and overlay of mucus (asterisks).  
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Gill tissue displaying AGD-associated hyperplastic lesions with lectin labelling 

showed well-preserved mucus (Error! Reference source not found.A–D) and inter-

lamellar vesicles were visible both with (Error! Reference source not found.A) and 

without (Error! Reference source not found.D) an entrapped trophozoite. Images 

taken with Arcturus (XT) laser capture microdissection instrument (Applied 

Biosystems, UK) using a triple band fluorescence filter. 

 

Figure 3.9. Lectin histochemistry using wheat germ agglutinin (WGA) on AGD-infected Atlantic 

salmon gills. A) Section of gill showing an amoeba trophozoite found between a lacuna formation (lac) 

(white arrowhead); visible mucus layer (arrows) and counterstaining with DAPI highlighting host and 

parasite nuclei in blue; B) section of gill showing thick mucus layer in inter-lamellar spaces (arrows) 

and overlying hyperplastic tissue (asterisk); C) transverse section of gill showing interlamellar mucus 

(arrows) and D) section of gill showing lacuna formation within hyperplastic tissue and thick mucus 

layer (arrows).  

Additionally, scanning laser confocal microscopy was employed to provide images of 

greater resolution of the lectin-labelling for the methacarn-fixed samples (Error! 

Reference source not found.A) and for the control samples (NBF fixation) (Error! 

Reference source not found.B). Samples were observed with a TCS SP2 AOBS 
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Laser Scanning Confocal Microscope (Leica Microsystems, Wetzlar, Germany). 

Faint auto fluorescence of the mucus traces is observed when sections were stained 

with H&E for methacarn fixation (Error! Reference source not found.A) and no 

lectin was added. However, in the NBF fixated sample (Error! Reference source 

not found.B), no traces of mucus are observed confirming the lack of capacity of 

this fixation method for mucus preservation. When lectin-labelling was performed on 

the methacarn samples (Error! Reference source not found.C&D), gills displayed 

clearly visible mucous cells and overlay of mucus. Samples were observed and 

constructed with a TCS SP2 AOBS Laser Scanning Confocal Microscope (Leica 

Microsystems, Wetzlar, Germany). 

 

Figure 3.10. Confocal microscopy images of the lectin labelling of non-AGD infected Atlantic salmon 

gills. A) Section of gill fixed in methacarn; negative control using lectin wash buffer; faint traces are 

observed (arrows); B) section of gill fixed in 10% neutral buffered formalin (NBF) labelled with wheat 
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germ agglutinin (WGA); no mucus visible (asterisk); C) and D) gills fixed in methacarn and labelled 

with wheat germ agglutinin (WGA); visible mucous cells (arrowheads) and overlay of mucus (arrows). 

Furthermore, this same technique was used to observe high AGD-infected gills. High 

level of hyperplasia is clear (Error! Reference source not found.A&B) with greater 

level of mucus presence in the inter-lamellar space (Error! Reference source not 

found.A). In addition, large accumulation of mucous cells is noted in the gill 

epithelium exterior (Error! Reference source not found.B).  
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Figure 3.11. Confocal microscopy images of the lectin labelling of high AGD-infected Atlantic salmon 

gills. A) and B) sections of high hyperplastic gills fixed with methacarn solution and labelled with 

wheat germ agglutinin (WGA); high level of mucus traces visible in inter-lamellar spaces (arrows) 

along with high numbers of mucous cells (arrowheads).  

3.4. Discussion 

In the current study it was found that aqueous fixatives provided good cytological 

preservation but that mucus overlying the gill epithelium was lost following fixation. 

This was presumed to be due to the loss of most of the proteoglycan content, as 

reported by Toledo et al. (1996). The non-aqueous, solvent-based fixatives, 

however, demonstrated a significant improvement in the preservation of mucus 

traces in the studied gill samples. Despite this, no preservation method employed in 

the current study gave rise to the appearance of a clear and uniform mucous layer 

as previously observed for rat gut (Sims et al., 1997) or rat colon (Bollard et al., 

1986), pig intestine (Allan-Wojtas et al., 1997), and, more recently, human intestine 

(Swidsinski et al., 2005). This suggests either that the mucus covering of the gills of 

Atlantic salmon is less uniformly structured or pronounced than that of mammalian 

gastric mucosae or that aspects of the sampling and fixation process still need to be 

optimised. 

Davidson’s solution has been previously used for demonstration of N. perurans 

presence in infected gills (Cadoret et al., 2013), as well as for other tissues and 

species (Black et al., 1991; Latendresse et al., 2002). Although the modified 

Davidson’s fixative used in the current study was useful for assessing the number of 

mucous cells, it was found to be less successful in preserving the mucous coat of the 

epithelium. Although some patchy mucus could be observed associated with the 

interlamellar epithelium, the aqueous nature of this fixative allowed most of the 

mucus to be washed away during the sampling process. 

The use of the methacarn solutions in the present study proved to be significantly 

more successful in stabilising the structure of the mucous layer during fixation and 

retaining it during subsequent processing, as has been seen in previous 

investigations involving gut and intestinal tissue in mammals (Johansson et al., 2008; 

Johansson & Hansson, 2012). In particular, this fixation method has previously given 

positive results for the immunofluorescent imaging of mucins in pig gut (Earle et al., 
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2015) showing that there is a greater conservation of the mucous layer structure 

compared to traditional formaldehyde-based fixatives in which the mucus collapses.  

In terms of logistics and sampling, methacarn presents a disadvantage due to its 

chemical nature. Tissues had to be placed in glass tubes instead of the plastic ones, 

that are typically used in this kind of procedures, and it’s also more dangerous to 

handle compared to the other two fixatives used during this work. In addition, as the 

tissues were processed right after they were sampled, there is no actual knowledge 

about the effects in a long-term storage of the tisse in this fixative. This aspect 

should then be studied further. Apart from these facts, methacarn solution has 

provided a good histological maintenance as it has been previously reported in a 

study by Howat & Wilson (2014) in which different kind of fixatives were compared. 

They reported no key differences between the fixatives and, also, an ehanced quality 

while performing molecular techniques such as immunohistochemistry and 

DNA/RNA analysis.  

Overall, the present results conclude that both methacarn solution and methacarn 

solution with 2% (w/v) Alcian blue enhanced preservation of mucus. One challenge 

that was encountered when quantifying the mucus was that it was not present as a 

uniform layer over the gill epithelium; therefore, the presence of mucus was 

determined by the enumeration of mucus traces that were still in contact with the 

originating mucous cells or were fixed in situ across the gill epithelium. This clearly 

underlines the necessity of an improved mucus quantification method. Perhaps a 

more automated technique should be developed in order to provide a better 

quantification of mucus. 

The lectin-binding study confirmed the fixation results, indicating that the apparent 

mucus observed using basic histological techniques was indeed mucus or mucin-like 

glycoproteins. This was achieved using a WGA (Triticum vulgaris (wheat germ)) 

lectin, which is one of the best studied plant lectins and specifically targets 

glycoproteins (GlcNAc (N-Acetylglucosamine), its β-(1, 4)-oligomers, and N-acetyl 

neuraminic acid). Its specificity for GlcNAc-carrying ligands has been investigated 

through fluorescence methods which were applied to study the interactions of 

carbohydrate-binding lectins with glycopolymers, where clustering glycopolymers 

were shown to induce a much-enhanced binding affinity compared to the 
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corresponding mono- and oligosaccharides (Nishimura et al., 1994). Therefore, 

some investigations (Fischer et al., 1984; Madrid et al., 1989; Ferri & Liquori, 1992; 

Coet-Zee et al., 1995) hypothesised the possibility of this lectin binding to 

mucopolysaccharides found within the mucus and mucosal cells. They described 

lectin-binding in goblet cells of both the small and large intestines of animals 

belonging to at least five different classes of vertebrates studied, i.e. sea bream, 

frog, tortoise, chicken, rat, hamster, elephant, monkey and human. Regarding fish, 

the WGA lectin has been used in several studies, including examination of bony fish 

olfactory epithelium mucus (Wolfe et al., 1998; Ferrando et al., 2006), skin mucus 

(Guardiola et al., 2014) and GlcNAc and acetylneuraminic acid residues in the gill 

epithelium of Argentinian silverside Odontesthes bonariensis (Valenciennes, 1835) 

(Teleostei, Atherinopsidae) (Diaz et al., 2010). 

Unsurprisingly, observation of AGD-affected gills in this study demonstrated the 

presence of amoebae closely associated with the gill epithelium. However, using the 

mucus-targeted fixation approaches explored and optimised in this study, amoebae 

were also observed within the retained mucous layers that would normally be lost 

during standard fixation. Observed pathology was characterized by hyperplasia and 

hypertrophy of the epithelial cells, inducing lamellar fusion and the consequent 

emergence of apparent lacunae or vesicles in the gill lamellae with associated 

amoebae, as previously observed by other authors (Munday et al., 2001; Adams & 

Nowak, 2001; Chalmers et al., 2017). Along with these formations, amoebae are 

found embedded within the mucus which acts as an essential first host barrier 

against them and prevents, to some degree, pathogen invasion and subsequent 

infection. The ability to observe mucus presence and distribution provides 

considerable scope for improving the understanding of the relationship between 

amoebae and the former. Preservation and labelling of mucus in histological sections 

also allows direct observation/confirmation of levels of mucus production and of 

adherence of mucus to gills, which may also reflect changes in mucus composition 

and function. 

Teleost mucus plays a protective role by inhibiting pathogen binding, but also by 

acting as a vehicle for mucins and humoral immune factors (Dash et al., 2018). 

Mucus contains high molecular weight glycoproteins that can potentially trap 

pathogens, acting as a physical barrier (Johansson & Hansson, 2016). Many studies 
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have verified this statement by researching the relationship between pathogens, 

mucus and mucins. A study by Nagashima et al. (2003) indicated that some 

pathogenic bacteria could be found attached to the mucous layer and developed 

biofilms to protect themselves against the host mucosal immunity. Similar 

observations were made in other studies in which they investigated the interactions 

of mucosal surfaces and pathogens such as bacteria affecting the respiratory organs 

(Zanin et al., 2016), the pathogen interactions with the mucus in the gastrointestinal 

tract of farmed animals (Quintana-Hayashi et al., 2018) and also bacteriophages, 

whose adherence to host mucus has been shown to provide a preventive protection 

against other pathogenic bacteria (Almeida et al., 2019). 

Other studies have pointed out that pathogenic microorganisms, such as some 

Vibrio strains, are capable of utilising mucus as a carbon source, helping the 

colonisation of these pathogens and eventually supporting the initiation of infection in 

fish (Bordas et al., 1996). More recently, study of immunological responses within 

the gill has highlighted the potential role of secreted IgT, which is involved in B cell 

recruitment and humoral response, in part delivered through mucus, as well as gene 

expression reflecting production of other defensins carried in mucus and acting 

against gill pathogens (Xu et al., 2016; Brinchmann, 2016) and their correlated 

pathology (Hishida et al., 1997; Benhamed et al., 2014). Additionally, mucins have 

been investigated as reliable markers of prognostic and diagnostic value of fish 

intestinal health (Estensoro et al., 2013; Marcos-López et al., 2018). There is, 

therefore, a need to maintain the mucous coat in order to identify the pathogens 

embedded in it and potentially study their relationship to the mucus secretions. 

While the maintenance of the mucous coat has been improved through the 

techniques employed in this chapter, the precise composition of the gill mucus was 

not investigated. In the past, the relationship between AGD presence and the gill 

ionoregulatory response was investigated by Roberts & Powell (2005) defining the 

negative effect of this disease on ion transport. Additional studies have also 

determined differences between the viscosity and glycoprotein biochemistry of 

salmonid mucus within salmonids species and disease presence, like AGD (Roberts 

& Powell, 2005). Also in the context of AGD infection and response to treatment, the 

decreased activities of peroxidase, esterase, lysozyme, protease, and IgM levels in 

the gill mucus were well defined in the study by Marcos-López et al. (2017). Although 
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the full composition of gill mucus is not investigated throughout this thesis, the 

following chapter will effectively investigate one aspect, looking at mucin expression 

and its variability within hydrogen peroxide treated fish and AGD-infected fish, in 

addition to those of other genes involved in gill mucosal immunity. 

Conclusions 

In conclusion, the work presented in this chapter has explored several mucus fixation 

approaches in the context of studying AGD in Atlantic salmon and has identified an 

optimal protocol involving methacarn fixation. The study demonstrated the utility of 

taking deliberate steps to preserve mucus integrity and provides evidence that 

retention of mucus, particularly in the context of gill diseases, such as AGD or 

complex gill disease, can provide useful data that would be lost under normal fixation 

and processing procedures. 
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Chapter 4 : H2O2 treatment impacts on the T-cell response in 

Atlantic salmon gills and causes similar mucin disruption to 

fish during a late stage AGD-infection 

 

4.1. Introduction 

Gill diseases have become a consistent problem in salmonid aquaculture worldwide 

through the actions of infectious and non-infectious agents (Mitchell & Rodger, 2011; 

Gjessing et al., 2017; Gunnarsson et al., 2017). One of the most important 

challenges at present is amoebic gill disease (AGD), caused by the marine 

ectoparasite Neoparamoeba perurans (Young et al., 2008). Due to an expansion of 

its geographic distribution and its host range, this disease has had a great impact on 

the Atlantic salmon industry (Rodger, 2014; Shinn et al., 2015; Oldham et al., 2016). 

Hyperplasia and fusion of the lamellar epithelium are the most obvious outcomes 

during the course of infection in fish (Munday et al., 1990; Adams & Nowak, 2001, 

2003, 2004a,b; Adams et al., 2004; Powell et al., 2008). In addition, an increased 

number of mucous cells and mucus secretion have also been described in AGD-

infected fish (Nowak & Munday, 1994; Zilberg & Munday, 2000; Adams & Nowak, 

2003; Roberts & Powell, 2003; Chalmers et al., 2017). 

For treatment, two different approaches are generally employed within the salmon 

industry. Freshwater baths are used where freshwater is readily available (Parsons 

et al., 2001; Powell et al., 2015). This treatment creates an osmotic shock for the 

amoebae and a subsequent reduction of gill mucus viscosity (Adams & Novak, 2004; 

Roberts & Powell, 2008). However, when not easily accesible, hydrogen peroxide 

(H2O2) is used as an alternative treatment due to its amoebicidal efficacy (Adams et 

al., 2012). At present, the general H2O2 concentration ranges and timings that are 

used within the industry range between 800-1300 ppm for 12-20 minutes for AGD 

(Rodger, 2014). Even though, this treatment has shown success when used on sea 

lice (Lepeophtheirus salmonis) and N. perurans, secondary effects have been 

observed such as gill irritation (Powell & Clark, 2014) and, also, higher water 

temperatures (>13.5°C) at the time of treatment have been found to be an added risk 

(Rodger, 2014). In a more recent study, different temperatures were tested during a 

treatment with hydrogen peroxide on AGD-infected salmon and it was found that the 
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lower the temperature (8°C), the more effective the treatment was (Martinsen et al., 

2018).  

In addition, secondary effects of H2O2 have also been investigated in other fish 

species. A study by Avendaño-Herrera et al. (2006) demonstrated that treating with 

this chemical, provoked intense signs of respiratory distress and accelerated 

mortality of the affected turbot (Scophthalmus maximus (Linnaeus, 1758)) when high 

concentrations of this chemical were used. The same acute effects were observed 

on kingfish (Seriola lalandi Valenciennes, 1833) health, although implications for the 

health of the fish were much less than that caused by chronic infection with the 

pathogen that was being targeted by treatment, the monogean Zeuxapta seriolae 

(Meserve, 1938) (see Mansell et al., 2005). Most recently, another study revealed 

that increasing the concentration of H2O2 for treatment against sea lice on Atlantic 

salmon did not improve delousing and instead, increased mortalities (Overton et al., 

2018). Another species of fish, olive flounder Paralichthys olivaeceus, was 

investigated after its treatment with hydrogen peroxide. They found some secondary 

effects on mucous cells and lysozyme in gill tissue, showing an increase in the 

number of mucous cells as well as an up-regulation of lysozyme, which was linked to 

an innate immune response modulation when a concentration of 500 mg L-1 was 

used (Hwang et al., 2014). These impacts on the fish are potentially due to the 

strong oxidising nature of H2O2 which causes peroxidation of lipid and cellular 

membranes, inhibition of DNA replication and inactivation of enzymes (Sies et al., 

2017). Also, in the study mentioned before by Martinsen et al., (2018) all the Atlantic 

salmon were susceptible to re-infection due to the high level of AGD fish had prior to 

the treatment. This showed that conditions prior treatment might also have an impact 

in its success. 

On a molecular level, different studies have evaluated the effects on the immune and 

mucin response of fish gills subject to AGD infection (Young et al., 2008; Pennacchi 

et al., 2014; Benedicenti et al., 2015; Marcos-López et al., 2017, 2018). However, 

there are observable differences between the different stages of the infection. These 

studies have found many different results making the characterisation of the host-

response a challenging task. Young et al. (2008) was the first to show that there was 

a downregulation of the major histocompatibility complex I (MHC‐I) pathway related 

genes at the later stages of infection, as well as in AGD lesions. Therefore, the 



89 
 

differences in cell type and the non-affected areas caused different responses. Also, 

different outcomes were observed through the studies by Benedicenti et al. (2015) 

and Pennacchi et al. (2014), which presented differences in time dose, infectious 

dose and sampling times, as well as for different fish sizes and seawater 

temperatures. Both of these studies studied the role of T helper cells during the 

development of the immune response, specifically through the analysis of gene 

expression profiles of cytokines produced by this T helper subsets (Th1, Th2, Th17 

and Treg). Each pathway assumes a different function. While Th1 cells activate 

macrophages and permit phagocytosis to destroy intracellular pathogens, Th17 cells 

secrete interleukins which recruit neutrophils to the site of infection and Th2 cells 

regulate humoral immunity. Lastly, Treg cell subsets produce molecules such as 

TGF-β and IL-10 which modulates immune responses, regulating the overall immune 

response (Castro et al., 2011). In the study by Benedicenti et al. (2015), gill tissue 

from the last stage of the disease (21 dpi) showed a downregulation across different 

markers from the Th1, Th17 and Treg cell subsets, while Th2 pathway was found to 

be upregulated. The authors therefore proposed that either an immune evasion 

strategy or an allergic reaction was caused by the amoebae.In the most recent AGD 

study, whilst a number of Th1 cytokines and pro-apoptotic genes were down-

regulated, up-regulation of Th2 cytokine IL4/13 was reported in addition to several 

genes related to mucin secretion and cell proliferation (Marcos-López et al., 2018). 

These results support the findings of Benedicenti et al. (2015). The correlation 

between these two pathways has been studied in humans, where the over 

stimulation of Th2 cytokines induces hyperplasia in goblet cells making mucins 

(Muc5ac/Muc5B) which show up-regulation (Yu et al., 2010; Zeng et al., 2011).  

Mucus is recognised as playing a very significant role during the course of infection. 

Mucus is composed of mucins, which are known to play a key role in innate 

immunity, accommodating the natural commensal flora overlying mucosal tissue and 

restraining infectious disease (Linden et al., 2008). Most of the databases include 

predicted mucin sequences based on homology with other species; however, the 

detection of mucin expression in mucosal tissue (i.e. skin, pyloric cecae, gills and 

intestine) has been largely carried out through gene expression analysis (Sveen et 

al., 2017). During the study by Marcos-López et al. (2018), mucins muc5 (secreted 

and gel-forming) and muc18 (membrane-bound) were consistently detected in gills of 
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Atlantic salmon. Whilst muc5 was significantly up-regulated in fish with AGD lesions, 

muc18 was significantly down-regulated at 21 days post-infection (dpi). It is 

understood that muc5-type mucins are the principal components of the distinctive 

mucus patches observed during an AGD infection (Marcos-López et al., 2018), 

making them a potential biomarker for this disease. Previous studies investigating 

mucous cells during an AGD infection (Munday et al., 2001), observed an increase in 

numbers containing neutral and carboxylated mucins, although subsequent studies 

showed lower numbers (Roberts & Powell, 2008). This could imply different mucus 

expression due to their different glycoprotein compositions making them more acidic 

or neutral; however, this aspect of the mucin-mucus relationship hasn’t been 

investigated in detail. 

Although many studies have investigated mucin and immune responses to AGD, the 

effects of treatment with H2O2 on mucins have not been evaluated in salmon. 

Aspects of H2O2 impacts on Atlantic salmon health have however been studied 

including the response of various stress markers (e.g. glucose, lactate, cortisol gpx1, 

cat, Mn-sod and hsp70) which increased as a result of sublethal toxic effects in 

Atlantic salmon (Vera & Migaud, 2016). Therefore, in this Chapter, an investigation 

of the potential effects of H2O2 on the gills of non AGD-infected Atlantic salmon was 

carried out by evaluating three different types of mucins (muc5ac, muc1 and muc17), 

in addition to eleven genes related to T-cell (CD4-α, Cd8α,TCRα chain and 

CD3γδB), B-cell (IgT and mIgM), and Th1/Th17 and Th2 (TNF-α2, IFN-γ, IL-3/13β2, 

IL-22, IL-10) pathways. Additional early (7 days dpi; 1-2 scores) and late AGD-

infected fish (28 dpi; 3-4 scores) were also subjected to the same analysis. 
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4.2. Material and Methods 

4.2.1. Experimental fish 

For the H2O2 treatment experiment, Atlantic salmon were randomly allocated into 8 x 

250 L tanks (n=6 fish per tank; 48 in total) at MERL. One group of 24 fish were 

previously challenged with AGD by cohabitation with infected adult Atlantic salmon 

over a period of 6 weeks prior to the start of H2O2 treatment and sampling (AGD 

challenged groups); the remaining group of 24 fish were not challenged with AGD 

and were used as control fish (Non-AGD challenged groups) (Table 4.1). 

Table 4.1. Table representing means ± s.e.m of the weight (kg), fork length (length; cm) of each fish 

used for the H2O2 treatment experiment (n= 48 fish). The Table shows data from the non-AGD 

challenged group. Time 0 sub-groups are H2O2 untreated Atlantic salmon, whilst time 4 h, 24 h and 14 

d are the post-H2O2 treatment sub-groups named after the time point at which they were sampled. 

Group Fish (n) Weight (kg) Length (cm) AGD score 

Time 0 Non-AGD 

challenged group 

6 0.177 ± 0.014 23.3 ± 2.1 0 ± 0 

Time 4 h Non-AGD 

challenged group 

6 0.155 ± 0.011 25.3 ± 0.677 0 ± 0 

Time 24 h Non-AGD 

challenged group 

6 0.166 ± 0.011 26.16 ± 0.54       0 ± 0 

Time 14 d Non-AGD 

challenged group 

6 0.190 ± 0.008 26.8 ± 0.360       0 ± 0 

 

The cohabitation challenge was undertaken as described in Chapter 2, Section 

2.2.5.1. All groups were held at a temperature of 11±1°C, in full-strength seawater 

taken from pipes opening 50 m from the shore (ca. 35 ‰), and at a concentration of 

dissolved oxygen (DO) equal to 8.6-8.8 ppm. Fish were fed daily with commercial 

salmon pellets (Inicio Plus, BioMar, UK) at 1% of their body weight. 

As the AGD challenge failed and qPCR analysis did not detect the presence of N. 

perurans amoeba DNA in nominally AGD-infected gills, samples from a previous 

cohabitation challenge undertaken using the same experimental parameters 

(Chalmers et al., 2017) were used to investigate transcript expression. In that study, 

five fish (0.176 ± 0.007 kg; 24.73 ± 0.754 cm) were sampled 7 dpi  to characterise 

the immune and mucin expression during an early stage of AGD infection and the 

same analysis was conducted for an additional five fish (0.168 ± 0.010 kg; 24.63 ± 

0.823 cm) sampled at 28 dpi during a later stage of AGD infection. Gill scores from 
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the early AGD-infected fish were low (1-2) and the ones concerning the late AGD-

infected fish were high (3-4). 

4.2.2. Sampling collection and hydrogen peroxide treatment 

Fish belonging to AGD challenged groups and Non-AGD challenged groups were 

treated with H2O2. For the treatment, tank volume was decreased to 200 L and the 

treatment was administered at a concentration of 1250 mg L-1 for 15 min, same 

concentration used in the study by Adams, Crosbie & Nowak (2012). Water 

chemistry parameters such as oxygen concentration (7.4 ± 0.5 mg L-1) and pH (7.1 ± 

0.2) were monitored and logged every 3 min during the entire duration of the H2O2 

treatment. As mentioned before, water temperature was monitored to keep at 

11±1°C. In addition, samples of water were taken at 1, 8- and 15-min post-treatment 

to determine H2O2 concentration by the cerium sulphate titration method (Reichert et 

al. 1939). In brief, for this titration, 5 mL of 5N sulphuric acid and 7.5 mL of cerium IV 

sulphate were mixed in a conical flask. A burette was filled with 50 mL of the water 

sample and was slowly added to the mixture. Once the solution turned completely 

transparent, the amount of water added was read and H2O2 concentration was 

calculated according to the formula described in Error! Reference source not 

found.. At the end of the treatment period, the tanks were flushed, and water 

replaced. 

𝑯𝟐 𝑶𝟐 𝒄𝒐𝒏𝒄𝒆𝒏𝒕𝒓𝒂𝒕𝒊𝒐𝒏 =
(𝟕.𝟓 𝒙 𝟎.𝟏 𝒙 𝟏𝟎𝟎𝟎 𝒙𝟑𝟒)

𝟐
 𝒙 𝒘𝒂𝒕𝒆𝒓 𝒂𝒅𝒅𝒆𝒅  

Figure 4.1. Formula for the calculation of H2O2 concentration prior to the treatment. 

A total of eight groups of six fish were sampled at 0 h (left untreated), 4 h, 24 h and 

14 days post treatment (dpt), in AGD-challenged and control groups (total n=48). 

Fish were subject to anaesthetic overdose using MS-222 (100 mg L-1) and 

destruction of the brain according to UK Home Office Schedule 1 methods and each 

individual gill arch was scored in accordance to Taylor et al. (2009). When subjecting 

the fish to anaesthetic they were taken two by two and instantly sampled. Swabbing 

of the right gill arches was performed following lethal anaesthesia to collect mucus 

for downstream qPCR quantification of amoeba load. Cotton swabs were preserved 

in 95% ethanol. 

For tissue collection, samples were taken from the second left gill arch for further 

processing. One eighth was preserved in RNAlater (0.45 M ammonium sulphate, 2 
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mM EDTA, and 25 mM sodium citrate, pH 5.2) for RNA extraction and subsequent 

qPCR analysis for assessing gene expression. An additional one eighth of tissue 

was placed in 95% ethanol for DNA extraction and qPCR analysis for assessing N. 

perurans load. A record of the fish fork lengths and weights was taken immediately 

following euthanasia. 

4.2.3. TaqMan RT-qPCR analysis for N. perurans quantification 

4.2.3.1. DNA extraction 

All the samples from both groups, non-AGD challenged and AGD-challenged, were 

preserved in 95% ethanol and processed for DNA extraction using a DNeasy Blood 

& Tissue Kit (QIAGEN, Manchester, UK). The tissue was transferred to 1.5 mL 

Eppendorf tubes; 180 μL of Buffer ATL and 20 μL of proteinase K were added. 

Samples were quickly vortexed and incubated at 56°C until complete lysis of the 

tissue was achieved. Samples were vortexed again, incubated at 56°C for 10 min, 

and 200 μL of 100% ethanol was added to each sample. This solution was then 

pipetted into a DNeasy Mini spin column and placed within a 2 mL collection tube 

and centrifuged at 600 x g for 1 min. After centrifugation, the flow-through was 

discarded, and the spin column was placed into a new 2 mL collection tube; 500 μL 

of Buffer AW1 was added to each tube. Samples were then centrifuged at 20,000 x g 

for 3 min. Again, the flow through was discarded and spin columns were transferred 

to 1.5 mL Eppendorf tubes. Next 20 μL of Buffer AE was added to the spin column 

membrane to elute the DNA. 

The final DNA concentration and purity were measured using a NanoDrop 1000 

Spectrophotometer. DNA concentration was standardised to 50 ng μL-1 using 

Ambion® RT-PCR grade water and then samples were stored at 4°C. All samples 

were sent to the Marine Institute Fish Health Unit (Galway, Ireland) for analysis of N. 

perurans amoeba loads. Analysis by RT-qPCR was carried out in triplicate according 

to Downes et al. (2015). 



94 
 

4.2.4. SYBR® green RT-qPCR analysis for gene expression on gill 

tissue 

4.2.4.1. RNA extraction from gill tissue and cDNA synthesis  

RNAlater preserved gill tissues from every time point (0 h, 4 h, 24 h and 14 dpt) and 

control groups were processed for RNA extraction and subsequent cDNA synthesis. 

First, tissue was cut into small pieces and 1 mL of TRI Reagent was added (approx. 

per 100 mg of tissue (maximum of 1.5 mL in screw cap tubes)). Samples were 

incubated on ice for 60 min. 

Homogenised samples were incubated at RT for 5 min. Following centrifugation at 

12,000 x g for 10 min at 4°C, supernatant was transferred to a 1.5 mL fresh 

Eppendorf tube. A volume of 100 µL 1-Bromo-3-chloropropane (BCP) (per 1 mL TRI 

Reagent used) was to the tube and shaken vigorously by hand for 15 s. Tubes were 

incubated at RT for 15 min, followed by centrifugation at 20,000 × g for 15 min at 

4ºC. The aqueous (upper) phase was tipped slowly from the top and transferred to a 

new 1.5 mL Eppendorf tube. 

For precipitation of the RNA, RNA precipitation solution (1M NaCl, 1M C6H6Na2O7) 

and isopropanol were added at 50% volume (per aqueous phase volume) of the final 

sample solution. Then, the samples were gently inverted 4-6 times and incubated for 

10 min at RT. Samples were centrifuged at 20,000 × g for 10 min at 4°C. RNA 

precipitate formed a gel like pellet on the side/bottom of the tube. 

For the RNA wash, the supernatant was removed by pipetting and the pellet washed 

for 15 min at RT with 1 mL of 75% ethanol. The pellet was re-suspended by flicking 

the bottom of the tube and inverting it a few times so that the entire surface of the 

pellet and tube were washed. Centrifugation at 20,000xg for 5 min at RT was 

performed, followed by removal of most of the supernatant. Samples were pulsed (2 

s) and all remaining ethanol was removed, before air drying the RNA pellets at RT 

for 3-5 min, until all visible traces of ethanol were gone. Finally, the pellet was re-

suspended in 100 µL of RNase free water. The samples were incubated at RT for 

30-60 min with gentle flicking of the tubes every 10 min to aid resuspension. RNA 

concentration was measured using a NanoDrop 1000 Spectrophotometer. Dilutions 
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of the RNA samples (1:10) were made for a final total RNA concentration of 2 µg in 

10 µL. The remainder of RNA samples were stored at -70°C. 

DNase treatment of the samples was performed prior to cDNA synthesis with 

Ambion ® DNA-free™ DNase Treatment and Removal Reagents. Volumes of 0.1 μL 

10X DNase I Buffer and 1 μL rDNase I were added to the RNA and mixed gently. 

Samples were incubated for 20 min at 37ºC in the LightCycler 480 thermocycler 

(Roche, UK). Following this, 2 μL of resuspended DNase Inactivation Reagent were 

added and mixed well, followed by an incubation of 2 min at RT, mixing occasionally. 

A final centrifugation at 10,000 × g for 1.5 min was performed and total treated RNA 

was transferred to a fresh tube. 

cDNA synthesis was performed using the High Capacity cDNA Reverse 

Transcription Kits (Applied Biosystems, Cheshire, UK). Master Mix (10✕ RT Buffer, 

100 mM 25✕ dNTP Mix, 10✕ RT Random Primers, Oligo dT primers (5’ TTTT 

TTTTTTT VN 3’), MultiScribe™ Reverse Transcriptase (R.T.), and Nuclease-free 

water) was prepared following manufacturer’s protocol. A volume of 10 μL of 2✕ RT 

master mix was pipetted into each individual tube, already containing 10 µL of diluted 

RNA (2 µg/10 µL). Finally, all samples were reverse transcribed in a thermocycler 

under the conditions described in Table 4.2. Thermocycler conditions for cDNA 

synthesis of the RNA samples. 

Table 4.2. Thermocycler conditions for cDNA synthesis of the RNA samples. 

 Step 1 Step 2 Step 3  Step 4 

Temperature (°C) 25 37 85 4 

Time (min) 10 120 5 ∞ 

 

RNA samples were stored at -70ºC. cDNA samples were diluted by pipetting 10 µL 

from the stock solution to a volume of 90 µL of ddH2O (1:10 dilution). Dilutions and 

stock cDNA samples were stored at -20ºC. RNA samples were visualised via 

electrophoresis through 1% agarose/tris–borate EDTA buffer and bands were 

visualized by staining with a final concentration of 0.5 μg mL-1 from a 10 mg mL-1 

ethidium bromide stock. After cDNA synthesis was performed, conventional PCR 

was performed with the samples with housekeeping transcript ELF-1α primers (FW: 

5’ CTGCCCCTCCAGGACGTTTACAA 3’ and RV: 5’ CACCGGGCATAGCCGATTCC 
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3’; NCBI accession number: AF321836) to assess Atlantic salmon cDNA quality. 

These primers were designed and validated by laboratory technicians prior this 

experimental work, in the Molecular laboratory at the Institute of Aquaculture 

(Scotland, UK). Cycle conditions were 95ºC for 5 min; 95ºC for 30 s, 58ºC for 30 s 

and 73ºC for 2 min, for 35 cycles; and 73ºC for 8 min. The PCR reaction products 

were subjected to electrophoresis through 1% agarose/tris–borate EDTA buffer and 

bands were visualized by staining with a final concentration of 0.5 μg mL-1 from a 10 

mg mL-1 ethidium bromide stock. 

4.2.4.2. Quantitative RT-qPCR and data analysis 

Quantitative RT-PCR was performed on a qTOWER3 (Analytik Jena, Germany) 

using SYBR green chemistry to measure the differential expression of the target 

genes and primer sequences listed in Table 4.3. Each PCR reaction consisted of 15 

µL of the SYBR® master mix (Thermo Scientific, Epsom, Surrey, UK) along with the 

forward and reverse primers (final concentration 0.2 µM each) and 5 µL cDNA 

template in molecular grade water to a final volume of 20 µL. Samples were assayed 

in duplicates and cycling conditions consisted of an initial activation of DNA 

polymerase at 95°C for 3 min, followed by 40 cycles of 5 s at 95°C, 10 s at 60°C, and 

10 s at 72°C. The mRNA transcripts / gene expression was calculated relative to the 

geometric mean of three reference genes ELF1-α, β-actin and β-tubulin which were 

previously described as valid reference genes in Atlantic salmon (Ingerslev et al., 

2006a). All the primers described in Table 4.3 were designed and validated in-house 

prior to the initiation of this work. Primers were designed over splice sites to ensure 

no amplification of contaminating DNA and the efficiency of the qPCR was always 

checked by performing a standard curve with every pair of primers each time a target 

was investigated. 
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Table 4.3. List of primers (5’ → 3’) used for the immune and mucin gene expression analysis in control fish treated with hydrogen peroxide and fish infected 

with AGD. 

Gene target 

name 

LOC ID (NCBI) Accession number (NCBI) Oligonucleotides (5’ → 3’) Product size (bp) Tm (°C) Efficien

cy (%) 

Housekeeping       

ELF-1α LOC100136525 AF321836 FW: CTGCCCCTCCAGGACGTTTACAA 

RV: CACCGGGCATAGCCGATTCC 

176 60 

60 

97.57 

β-actin LOC100136352 XM_014194537 FW: CCCATCTACGAGGGTTACGC 

RV: TGAAACTGTAACCGCGCTCT 

112 60 

61 

86.21 

β-tubulin LOC100136483 DQ367888.1 FW: CCGTGCTTGTGGACTTGGAG 

RV: CAGCGCCCTCTGTGTAGTGC 

144 60 

62 

91.92 

Immune 

response 

      

CD3γδ-B LOC100137057 NM_001123721 FW: CCGGCAAGAAAACATCTACCAAA 

RV: GCTGATAGTGGCCAATGGGG 

81 59 

61 

98.15 

CD4-2α LOC100169853 XM_014163618 FW: GCCCCTGAAGTCCAACGA 

RV: AGGCTTCTCTCACTGCGTCC 

79 61 

63 

88.58 

CD8α LOC100136450 XM_014167443 FW: ACTTGCTGGGCCAGCC 

RV: CACGACTTGGCAGTT 

96 62 

58 

81.76 

IL-4/13 β2 HG794525 HG794525.1 FW: GCATCATCTACTGAGGAGGATCATGAT 

RV: GCAGTTGCAAGGGTGAAGCATATTGT 

63 60 

63 

95.07 

IL-10 LOC106594794 XM_014186180 FW: GGGTGTCACGCTATGGACAG 

RV: TGTTTCGGATGGAGTCGATG 

118 

 

61 

57 

80.17 

IL-22 HQ664669 HQ664669.1 FW: CCAGACATCGATACTAAAAAGAACCACA 

RV: TGTGGTGGTGGTCAGTGTAGTGTT 

110 59 

63 

99.24 

IFN-γ LOC100329178 NM_001171804 FW: TCTCCCTCTAACGGTGAAGGT 

RV: TGGCCAGTTGAGGCATTTTGT 

148 60 

62 

99.7 
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IgT ACX50291 ACX50291.1 FW: CAACACTGACTGGAACAACAAGGT 

RV: CGTCAGCGGTTCTGTTTTGGA 

121 60 

61 

99.8 

m IgM AAB24064 AAB24064.1 FW: TGCGCTGTAGATCACTTGGAA 

RV: ATGGTGTTGCTGCATGGACA 

134 59 

60 

86.21 

TCRα LOC106569062 XM_014140002 FW: AACTGGTATTTTGACACAGATGC 

RV: ATCAGCAGGTTGAAAACGAT 

146 56 

54 

88.89 

TNF-α2 LOC100136458 NM_001123590 FW: ACTGGCAACGATGCAGGATGG 

RV: 

GCGGTAAGATTAGGATTGTATTCACCCTCT 

144 64 

62 

98.25 

Mucin response       

Muc1 LOC106580087 XM_014160723 FW: TCACGTCCAGAAACCAGGAAG 

RV: GTCGCAGGCTGAGAAAACCT 

101 60 

61 

82.52 

Muc17 LOC106585310 XM_014171406 FW: TTTCCCGACTTCCCAGTTTCC 

RV: CTGGCATCTTGATTAACCGCTG 

163 60 

59 

89.16 

Muc5ac LOC106597903 XM_014189016 FW: TTTTCTCAGTTGCCGCTTTT 

RV: AGTCGGAGCCCATAAGACGT 

92 58 

61 

82.37 
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4.2.5. Mucous cell semi-quantitative analysis 

For this analysis, only the non-AGD challenged group was used, with fish sampled 

from the different timepoints (0 h -untreated-, 4 h, 24 h and 14 dpt). Slides obtained 

from samples fixed in Davidson’s (prepared as explained in Chapter 3, Section 3.2.1 

and 3.2.3), were analysed to quantify the presence of mucous cells. All sections 

were scanned for any signs of histopathological events. Davidson’s fixed tissue 

sections were all scanned using a 10x objective, selecting an area with at least 3 

whole primary lamellae, and an image of ~ 1mm2 was acquired from each sample. 

On each of the 3 primary lamellae present in the micrograph, one mid-section 

comprising 10 inter-secondary lamellar spaces on each side of the primary lamellae 

was chosen and used for standardised mucous cell counts. Slides were observed 

under a compound microscope (Olympus BX53M) and images were taken with an 

Olympus SC100 camera. 

Selected fields of primary lamellae were limited to only primary lamellae that 

appeared to be equally transversally sectioned with limited cutting or folding 

secondary lamellar artefacts. The 3 resulting counts from each section were then 

exported to Microsoft Excel and a mean count for each sample was obtained. In 

addition, a mean was also calculated for each sampling group. 

4.2.6. Immunohistochemistry (IHC) for evaluation of CD3+ cells 

expression and localisation in sampled gill tissue 

The same fish described in the previous section (4.2.5) were employed for the 

following work. Sections obtained from samples fixed in Methacarn (prepared as 

explained in Chapter 3, Section 3.2.1 and 3.2.3), with the modification of using 

SuperFrost Plus™ Adhesion slides (Fisher scientific, UK) were dewaxed in 2 steps 

of xylene for 5 min each, then in 100% ethanol for 5 min and 70% ethanol for 3 min. 

After dewaxing, sections were rinsed in TBS (2.42 g L-1 Tris Base (10 mM), 24.24 g 

L-1 NaCl (0.5 mM), pH 7.5 in distilled water). A wax circle was drawn around the 

tissue with a PAP pen (Merck, UK) and sections were transferred to a humidifying 

chamber. DAKO Peroxidase block (DAKO EnVision System kit, Agilent, US) was 

added, just enough to cover the tissue, and slides were incubated for 5 min. After 

incubation, a rinse was performed for 5 min with TBST (same as TBS recipe but 

adding 0.5 mL/ L Tween-20). Following this, sections were processed for antigen 
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retrieval; this procedure was carried out by immersing the slides in 500 mL of tri-

sodium citrate solution (2.94 g L-1 Tri-sodium citrate, pH 6) and heating twice at 

900W in a microwave for 2 min, with a cooling step of 5 min in between. 

Non-specific antibody blocking was performed by covering the tissue with 2% bovine 

serum albumin (BSA) in TBST. Sections were incubated for 30 min at RT in a 

humidifying chamber. After this, the BSA-TBST blocker was dabbed off and sections 

were covered with 10% goat serum diluted in the TBST. Another 30 min of 

incubation followed at RT in the same chamber. Primary antibodies (previously 

developed in-house by a scientific colleague) and negative control (TBS and Koi 

herpesvirus; KHV – isotype control) were prepared by preparing 1/5 dilutions of 

antibodies in 1% BSA in TBS. Without washing the slides, the primary antibodies 

and controls were added to the sections by covering the tissue. An overnight 

incubation was followed at 4°C in the humidifying chamber. 

The following day, sections were washed in TBST three times for 3 min. DAKO 

Labelled polymer HRP Anti-mouse (DAKO EnVision System kit, Agilent, US) was 

added to the sections in sufficient volume to cover the tissue and incubated for 30 

min at RT in the chamber. Sections were then washed in TBST three time for 3 min. 

After this, DAKO AEC+ Substrate chromogen (DAKO EnVision System kit, Agilent, 

US) was added the same way as before and sections were incubated between 5-30 

min until a signal was evident in the positive control without any background in the 

negative controls. The reaction was stopped by dipping of the slides in distilled 

water. 

Slides were then counterstained by immersing in haematoxylin for 3-4 min. Excess 

stain was washed away by submerging in a running tap water bath for 10 min. 

Sections were coverslipped and left to dry for 1h or overnight. 

4.2.7. Image analysis for CD3+ cell expression quantification 

Quantification of the expression of CD3+ cells in the gill tissue was undertaken using 

ImageJ 1.8v software. Twelve randomised fields of view of 10 inter-secondary 

lamellar spaces in the mid-section of the primary lamella (n=6 control fish and n = 6 

14 dpt fish) were assessed, one section per fish and six different images taken within 

the section. Fields of view were chosen by moving the slide randomly across the 

areas of interest. Control slides (Error! Reference source not found.A) show no 
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red colouration due to the use of buffer instead of CD3 antibodies. The method 

followed the splitting of the colour channels of the original images. Blue channel was 

selected because it provided best highlighting of the CD3+ marked cells (Error! 

Reference source not found.C). This image was then adjusted to a threshold of 0 – 

121 (Error! Reference source not found.D). The same parameters were used for 

all images. The threshold adjustment masked labelled cells which belonged to the 

CD3+ cell population (Error! Reference source not found.D; asterisks). After this, 

the analysis feature was used to measure the area of the image that was stained 

with colour red. The expression ratio was calculated following the equation shown in 

Error! Reference source not found.. Slides were observed under the microscope 

Olympus BX53M and images were taken with Olympus SC100 camera. Image 

analysis was performed using ImageJ 1.8v software. 

 

 

Figure 4.2. Image analysis for the semi-quantitative analysis of CD3+ cells expression in control and 

14 dpt A. salmon gills. A) Control slide without CD3 antibodies. Note no red coloured cells were 

observed within the selected 10 lamellae inside the red rectangle. B) Antibody labelled slide showing 

CD3 antibody labelling (red coloured cells) within the selected 10 lamellae described inside the red 

rectangle (arrows). C) Selection of the blue channel image after separation of the image into different 
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channels for image analysis. Arrows show the intense black coloured cells (positive for CD3 

antibodies). D) Resulting image after applying a 0 – 120 threshold range, masking the CD3+ cells in 

red (arrows).  

𝑪𝑫𝟑 +  𝒄𝒆𝒍𝒍 𝒆𝒙𝒑𝒓𝒆𝒔𝒔𝒊𝒐𝒏 𝒓𝒂𝒕𝒊𝒐 =
% 𝐞𝐱𝐩𝐞𝐫𝐢𝐦𝐞𝐧𝐭𝐚𝐥 𝐭𝐢𝐦𝐞 𝐩𝐨𝐢𝐧𝐭𝐬 𝐚𝐫𝐞𝐚 𝐬𝐭𝐚𝐢𝐧𝐞𝐝

% 𝐜𝐨𝐧𝐭𝐫𝐨𝐥 𝐬𝐥𝐢𝐝𝐞𝐬 𝐚𝐫𝐞𝐚 𝐬𝐭𝐚𝐢𝐧𝐞𝐝
 

Figure 4.3. Equation used for the calculation of the CD3+ cell expression. 

 

4.2.8. Statistical analysis 

All the results obtained from the semi-quantitative analysis and image analysis for 

CD3+ cell expression quantification were exported to IBM SPSS statistical analysis 

software (v23, IBM Corporation) and were all processed and tested to determine 

significant differences between mucous cell counts and cell expression within the 

different time points and fish. Kolmogorov-Smirnov test was first performed on the 

data, in order to verify normality. As a result of non-normalised data, a Kruskal-Wallis 

was performed on the data, in order to examine the significance between medians 

(time-point after treatment vs semi-quantification of mucous cells; time 0 fish vs time 

14d fish for the CD3+ cell expression quantification). Mann Whitney test was 

performed between the two sets of data from time 0 fish and 14d fish to investigate 

significant differences between fish. 

Regarding the qPCR results, Kolmogorov-Smirnov test was performed on the data, 

in order to verify normality again. Data were then subjected to a one-way ANOVA to 

examine the significance between means (untreated fish (0 h) vs different time points 

post-treatment; untreated fish (0 h) vs high and low AGD-fish) for the gene 

expression. A further post-hoc Tukey HSD test was conducted to confirm the 

differences between groups. 
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4.3. Results 

4.3.1. Macroscopic analysis of gill pathology 

No signs of gross pathology were observed in AGD-challenged fish. Likewise, the 

macroscopic examination of the gills of the 24 h control groups, showed no signs of 

pathology associated with N. perurans colonisation. According to the modified AGD 

grading criteria of Taylor et al. (2009) no fish proved to have scores higher than 0.5. 

Slides were observed under the microscope Olympus BX53M and images were 

taken with Olympus SC100 camera. Control fish presented no pathological signs 

(Figure 4.4. ). The H2O2 treated fish were screened (at 4 h, 24 h and 14 d after 

treatment). All these fish revealed similar signs of pathology: most of them showed 

focal epithelial lifting, with signs of light to more pronounced areas of interstitial 

oedema (Figures Error! Reference source not found., Figure 4.6.  & Error! 

Reference source not found.). The samples taken 4 h post-treatment also revealed 

the occasional presence of aneurism of the secondary lamellae tips (Error! 

Reference source not found.). No trophozoites of N. perurans were found in any of 

the tissue sections. 
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Figure 4.4. Light micrograph of PAS staining of Davidson’s fixed gills. Control (0h) non-AGD- 

challenged fish presenting no signs of pathology.  

 

Figure 4.5. Light micrograph of PAS staining of Davidson’s fixed gills. H2O2 treated fish from the non-

AGD- challenged group 4 h post-treatment presenting some epithelial lifting and oedema (arrows) and 

some aneurism in secondary lamellae tips (arrow heads).  
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Figure 4.6. Light micrograph of PAS staining of Davidson’s fixed gills. H2O2 treated fish from the non-

AGD- challenged group 24 h post-treatment presenting some epithelial lifting and oedema (arrows).  

 
 
Figure 4.7. Light micrograph of PAS staining of Davidson’s fixed gills. H2O2 treated fish from the non-

AGD- challenged group 14 dpt presenting some epithelial lifting and oedema (arrows).  
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4.3.2. TaqMan RT-qPCR: N. perurans load quantification 

The results from the RT-qPCR performed on the DNA samples were negative and/or 

inconclusive. Therefore, RT-qPCR provided no evidence that AGD was present 

during the treatment of the fish. 

4.3.3. Gill gene expression 

Gene expression was quantified in relation to the geometric mean of the three 

reference genes EF1-α, β-actin and β-tubulin. This was performed using the 

untreated fish (timepoint 0 h) as a control group against the non-AGD challenged fish 

after hydrogen peroxide treatment and the additional AGD-affected fish (fish with low 

(scores 1-2) and high grade AGD (scores 3-4)). The Ct values of the reference 

genes were tested for differences between time points (4h, 24h, 14d). This was 

performed to confirm that the treatment had no effect on their constitutive expression 

levels, and that they were suitable for standardising the expression of the genes of 

interest. 

4.3.3.1. Expression in non-AGD challenged fish after hydrogen 

peroxide treatment 

Quantitative RT-PCR results showed that T-cell activity appeared significantly up-

regulated 14 d post-H2O2 treatment, in TCRα chain (p < 0.001, n = 5), CD8α (p < 

0.001, n = 5) and CD3γδ-B (p < 0.05, n = 5) transcripts. Up-regulation of the IL-

4/13β2 cytokine was also observed after 14 d post-treatment (p < 0.05, n = 5) 

(Figure 4.8. A&C). This was supported by the lack of changes observed in TNF-α2 (p 

> 0.05; n = 5) response (Figure 4.8. C). No significant B-cell response was observed 

at any of the timepoints (Figure 4.8. B). 

Significant down-regulation was, however, observed in IL-22 (p < 0.001, n = 5) 

across all time points. (Figure 4.8. C) and in the three mucin genes after 14 d post-

treatment (p < 0.001, n = 5) (Figure 4.9. ). 
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Figure 4.8. Quantitative RT-PCR analysis of (A) T-cell, (B) B-cell, and (C) Th1/Th17 and Th2 

pathway-related transcript expression in gill samples from non-AGD-infected Atlantic salmon after 

hydrogen peroxide treatment at different time points (0h, 4h, 24h and 14 d). Statistical differences 

were determined by a one-way ANOVA and subsequent post-hoc Tukey HSD test. Results are 

normalized expression ratios (mean ± s.e.m, n = 5) of the expression of these transcripts in relation to 

untreated fish time point 0h. Asterisk (*) denotes statistically significant regulation in target transcript 

expression relative to the time zero fish (p < 0.05) while double asterisks (**) represent highly 

significant regulation (p < 0.001). 
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Figure 4.9. Quantitative RT-PCR analysis of mucin-related transcript expression in gill samples from 

non-AGD-infected Atlantic salmon after hydrogen peroxide treatment within different time points (0h, 

4h, 24h and 14 d). Statistical differences were determined by a one-way ANOVA and subsequent 

post-hoc Tukey HSD test. Results are normalized expression ratios (mean ± s.e.m, n = 5) of the 

expression of these transcripts in relation to untreated fish time point 0h. Asterisk (*) denotes 

statistically significant regulation in target transcript expression relative to the time zero fish (p < 0.05) 

while double asterisks (**) represent highly significant regulation (p < 0.001). 

 

4.3.3.2. Expression in AGD-challenged fish 

Additional AGD-affected fish from an experimental challenge in a previous trial 

(Chalmers et al., 2017) were used. Five fish were sampled after 7 dpi presenting low 

scores (1-2) and additional five fish were sampled after 28 dpi which presented high 

scores (3-4). This was performed to assess the immune and mucin response during 

an early (Low AGD) and late stage (High AGD) of an AGD-infection. To compare the 

transcript expression, the AGD fish were compared to the untreated fish (timepoint 0 

h) from the H2O2 trial. 

There were no changes observed for nearly all tested immune-related transcript 

expression after 7 dpi, during the early stage of the disease. Only IL-10 was 

significantly up-regulated (p < 0.001, n = 5). Some T-cell activity was observed 

through elevated levels of transcripts of CD8α and TCRα chain transcripts, but this 

was not significant (p > 0.001; n = 5) (Error! Reference source not found.A). 

Additionally, decreased levels of CD3γδ-B and IL-4/13β2 transcript mRNA was 

observed but again was not significant (p > 0.001; n = 5) (Error! Reference source 
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not found.A&C). Finally, no significant mucin expression changes were observed (

 

). 
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Figure 4.10. Quantitative RT-PCR analysis of (A) T-cell, (B) B-cell, and (C) Th1/Th17 and Th2 

pathway related transcript expression in gill samples from fish during an early AGD infection stage (7 

dpi) (Low AGD; scores 1-2) and control fish. Statistical differences were determined by a one-way 

ANOVA and subsequent post-hoc Tukey HSD test. Results are normalized expression ratios (mean ± 

s.e.m, n = 5) of the expression of these genes in relation to untreated fish time point 0h. Asterisk (*) 

denotes statistically significant regulation in target gene expression relative to the time zero fish (p < 

0.05) while double asterisks (**) represent highly significant regulation (p < 0.001). 
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Figure 4.11. Quantitative RT-PCR analysis of mucin-related transcript expression in gill samples from 

fish during an early AGD infection stage (7 dpi) (Low AGD; scores 1-2) and untreated fish time point 

0h. Statistical differences were determined by a one-way ANOVA and subsequent post-hoc Tukey 

HSD test. Results are normalized expression ratios (mean ± s.e.m, n = 5) of the expression of these 

genes in relation to untreated fish time point 0h. Asterisk (*) denotes statistically significant regulation 

in target gene expression relative to the time zero fish (p < 0.05) while double asterisks (**) represent 

highly significant regulation (p < 0.001). 

Unlike the analysed fish during the early stage of AGD infection, fish from the 28 dpi 

time point exhibited significant expression changes within the studied immune 

genes. This could be potentially due to the level of progression of the disease after 

28 dpi, in comparison to the 7 dpi time point, during which no general response is 

detected. T-cell activity was down-regulated, CD4-2α (p < 0.001, n = 5), TCR-α2, 

CD8α and CD3γδ-B (p < 0.05, n = 5) (Error! Reference source not found.A). 

Regarding the B-cell response, m IgM appeared down regulated (p < 0.01, n = 5). 

Additionally, genes associated with both inflammatory and anti-inflammatory 

responses showed a general down-regulation in IFN-γ (p < 0.001, n = 5), IL-4/13β2 

(p < 0.05, n = 5), IL-22 (p < 0.001, n = 5) and IL-10 (p < 0.05, n = 5) (Error! 

Reference source not found.B&C). Elevated levels of TNF-α2 transcripts were 

apparent but not significantly differently (p > 0.001; n = 5) (Error! Reference source 

not found.C). The mucin response was down-regulated as noted for all three 

mucins analysed (p < 0.001, n = 5) (Error! Reference source not found.).  
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Figure 4.12. Quantitative RT-PCR analysis of (A) T-cell, (B) B-cell, and (C) Th1/Th17 and Th2 

pathway related transcript expression in gill samples from fish during a late AGD infection stage (28 

dpi) (High AGD; scores 3-4) and control fish. Statistical differences were determined by a one-way 

ANOVA and subsequent post-hoc Tukey HSD test. Results are normalized expression ratios (mean ± 

s.e.m, n = 5) of the expression of these genes in relation to untreated fish time point 0h. Asterisk (*) 

denotes statistically significant regulation in target gene expression relative to the time zero fish (p < 

0.05) while double asterisks (**) represent highly significant regulation (p < 0.001). 
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Figure 4.13. Quantitative RT-PCR analysis of mucin related transcript expression in gill samples from 

late AGD-infected fish (High AGD; scores 3-4) and control fish. Statistical differences were 

determined by a one-way ANOVA and subsequent post-hoc Tukey HSD test. Results are normalized 

expression ratios (mean ± s.e.m, n = 5) of the expression of these genes in relation to untreated fish 

time point 0h. Asterisk (*) denotes statistically significant regulation in target gene expression relative 

to the time zero fish (p < 0.05) while double asterisks (**) represent highly significant regulation (p < 

0.001). 
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4.3.4. Mucous cells semi-quantitative analysis and qualitative 

assessment of mucus production 

Fish treated with H2O2 were used for this analysis looking at the differences in 

mucous cell numbers in all the time points (0h -untreated-, 4h, 24h and 14 dpt). 

Different distributions were observed when an ANOVA test was performed on the 

data (p < 0.05). Results for the semi-quantification of the mucous cells showed a 

significant decrease in mucous cell number 14 dpt compared to the untreated fish 

(0h) (post-hoc Tukey HSD test; p < 0.001; n = 6) (Figure 4.14. ).  

 

 

Figure 4.14. Mucous cells semi-quantitative analysis. Graph showing the mucous cell counts across 

all the time points 0 h, 4 h, 24 h and 14 d. Bars represent mean mucous cell counts ± s. e. m, n = 6, 3 

random fields of 10 interlamellar spaces; post-hoc Tukey HSD test: p < 0.001**). 

Mucous cell counts for AGD-challenged fish were performed during the investigation 

described in Chalmers et al. (2017). Fish showed higher numbers of mucous cells in 

the 28 dpi fish (343·0 ± 2·0) in comparison to the 7 dpi fish (288·0 ± 38·0), although 

with no statistically significant change (Chalmers et al., 2017).  

In addition to this semi-quantitative analysis some representative images from the 

H2O2 trial fish treated with hydrogen peroxide control (0h) and 14 dpt fish were 

captured to assess the differences in mucus production. As we can observe in 

Figures 4.15 and 4.16Error! Reference source not found., higher mucus traces 
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are seen in the control fish in comparison to the 14 dpt fish where less presence of 

mucus traces can be perceived. Due to the size of the tissue sample and the intense 

use of the histological blocks, no mucus quantification could be assessed, hence use 

of representative images of the slides. Tissue sections presented also mucous cells 

(empty and full of mucus), apart from the presence of additional mucus traces; 

however a higher umber of mucous cells were observed in the gills from time point 

0h as the graph from Figure 4.14 shows. 
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Figure 4.15. Qualitative assesment of mucus production in untreated fish (timepoint 0 h) (A & B). 

Mucus traces can be observed in bright pink between the secondary lamellae. Methacarn fixed gill 

sections from control fish were stained with PAS staining.  
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Figure 4.16. Qualitative assesment of mucus production in 14 dpt fish (A & B). Less mucus traces 

can be observed in bright pink between the secondary lamellae. Methacarn fixed gill sections from 14 

dpt fish were stained with PAS staining.  
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4.3.5. Immunohistochemistry for CD3+ cell expression 

quantification 

Expression of CD3+ cells was found to be higher in the group of fish 14 dpt (Error! 

Reference source not found.), although this was not statistically significant (p = 

0.1203256) when compared to the untreated fish (T0 fish) (Figure 4.17). This was 

likely due to the high variation between individual fish. 

 

Figure 4.17. Quantification of the CD3+ cell expression on the gills of Atlantic salmon in untreated fish 

(T0 fish) and 14 dpt fish (T14d fish). Error bars show s.e.m No statistical differences were observed 

between the two groups (p > 0.05). 

Slides were observed under a compound microscope (Olympus BX53M) and 

representative images from this immunohistochemistry experiment were taken using 

an Olympus SC100 camera. Control slides with no CD3 antibody can be observed in 

Error! Reference source not found., where no red colouration is observed. For the 

time 0h fish, red coloured cells can be observed (Error! Reference source not 

found.) but in less quantity than in the 14d fish (Figure 4.20. ). However, not all fish 

showed the very obvious colouration, there was a lot of variation between slides and 

fish. This could be due to the different responses to the treatment between fish. Also, 
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different cell distributions along the primary and secondary lamellae could be the 

reason for high variability.  

 

 

Figure 4.18. Representative images from control gill sections with no CD3+ primary antibody added. 

A. Control slide with the washing buffer and no antibody added. B. Higher magnification of detailed 

area in Figure 4.18A. 
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Figure 4.19. Representative images from time 0h fish slides with CD3+ primary antibody added. A. 

Time 0h fish slide with antibody added. Arrows indicate the presence of CD3+ cells along the primary 

and second lamellae. B & C. Higher magnification of detailed area in figure 4.19A.  
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Figure 4.20. Representative images from time 14d fish slides with CD3+ primary antibody added. A. 

Time 14d fish slides with antibody added. Arrows indicate the presence of CD3+ cells along the 

primary and second lamellae. B & C. Higher magnification of detailed area in figure 4.20A.  
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4.4. Discussion 

In this experimental chapter, the impact of the commonly used treatment H2O2 on the 

salmon gill was investigated to determine if its use would have implications for the 

fish immune and mucin response. During the current study, the use of H2O2 as a 

treatment for AGD caused several changes in the fish gills throughout the course of 

the treatment. Even though dramatic changes in the gills were not observed 

histologically at the time points examined (i.e. 0 h, 4 h, 24 h and 14 dpt), mild clinical 

signs were observed. Overall, mostly epithelial lifting was observed throughout the 

different time points, with no obvious signs of pathology within the control fish. This 

light damage to the gill tissue corresponded to some degree to the pathology 

observed in previous studies. The effect of longer exposures (over 20 min) and high 

temperatures (14°C) on the gills was investigated by Kiemer & Black (1997) proving 

that these factors caused gill damage and indeed mortality. During another study by 

Speare & Arsenault (1997), an assessment of the gills was performed after a 

treatment with hydrogen peroxide. The first sampling point was performed at 7 dpt, 

followed by 14 dpt. At 14 dpt, greater pathological effects (i.e. lamellar fusion, 

epithelial layer destruction) were reported, which differs to our experiment where 

only light evidence of epithelial lifting were observed. These differences might have 

been due to the different sizes of the fish used in the trials, and/or the species 

investigated (in our case Atlantic salmon instead of Rainbow trout (Onchoryncus 

mykiss)) as well as the different environmental conditions (e.g. seawater instead of 

freshwater, different temperatures etc.). All these factors are known to result in 

different outcomes when using hydrogen peroxide as a treatment (Rach et al. 1997). 

Other studies also evaluated the potentially harmful effects of different doses of 

H2O2. For example, fish held at a 1500 mg L-1 concentration for 20 min and 

temperatures between the optimal range (9-11°C) lead to the fish gills exhibiting 

different degrees of necrosis and epithelial lifting depending on the sampling point 

(Johnson et al. 1993; Bowers et al. 2002). Such a high concentration of H2O2 was 

not used in the current study (1250 mg L-1), therefore the differences in severity of 

gill pathology might be due to the use of this lower dose as well as a shorter 

exposure to the chemical (15 min). In addition, temperature plays an important role 

in the course of hydrogen peroxide treatment. This has been investigated in different 

studies in which they determined that lower temperatures (8-12°C) tends to lead to a 
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higher level of treatment success (Powell et al., 2005; Hytterød et al. 2017; 

Martinsen et al., 2018). However, treatments at higher temperatures, particularly in 

excess of 15°C have major impacts for fish, particularly if gills are already 

compromised. Therefore, the temperature used during this trial was always between 

the range of 10-12°C which has been stated to be optimal for this kind of treatment. 

In addition to studying the histopathological effect of H2O2 treatment, a semi-

quantitative analysis of mucous cells was performed throughout the different time 

points. Results indicated a slow decrease in the number of mucous cells, with the 

lowest number of cells observed at 14 dpt. This correlates with the reduced 

expression of mucins that was observed during gene expression analysis. Thus, it 

could be speculated that H2O2 had an impact on the gill’s ability to regenerate 

mucous cells and mucus production, as has been previously shown in olive flounder 

Paralichthys olivaeceus in the study by Hwang,  et al. (2014). That study investigated 

the effect of low and high doses of hydrogen peroxide on gill mucus and lysozyme 

activity. The results showed a decrease of mucous cell numbers when the highest 

dose was used (500 mg L−1) at 12 dpt with H2O2. Previous to these studies, a study 

by Fast et al., 2002 showed that the variation in mucus lysozyme activity could be 

related to epidermal thickness and mucus lysosome activities, thus the use of 

hydrogen peroxide on salmon gills could have critical impact on these activities 

affecting the mucus production and composition. 

The decrease of mucus production and mucous cell numbers translates into the loss 

of the mucosal coat and therefore, impaired protective covering of the gill epithelium 

leaving the fish more exposed to the external environment, including invading 

organisms and antigen exposure (Linden et al., 2008). A consequence of this would 

be stimulation of immune responsiveness in the gills and may explain the induction 

of immune gene expression observed using qPCR analysis in this study. Whilst 

studying transcript markers of the different B, T, Th1/Th17 and Th2 cellular subsets, 

significant up-regulation of T-cell markers (i.e. CD8α, TCRα chain and CD3γδ-B) 

was observed at 14 dpt, providing strong evidence for the infiltration and involvement 

of a cellular response (Nakanishi et al., 2011) to potential antigens that the fish gills 

might have been exposed to due to the loss of the protective mucosal coat. In the 

work by Takizawa et al. (2011), a high number of CD8α+ cells was observed in 

mucosal tissues such as intestine and gills. This was investigated in another study 
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and they described how, in order to provide an efficient gas exchange with the 

aqueous environment, gill epithelia and the protecting mucus layer are relatively thin. 

Therefore, the risk of pathogen entry is higher and this is probably the reason for the 

high abundance of T lymphocytes in the teleost gill (Jiang et al., 2009). Closely 

related to CD8α transcript, there are TCRα chain, CD3γδ-B and IFN-γ. The latter 

target does not show a significant up-regulation, however, there is a tendency for 

increase, just like the other closely-related targets. Ultimately, all these complexes 

can functionally interact with MHC molecules on antigen presenting cells culminating 

in T cell activation. The same up-regulation of the CD8 gene was also observed in a 

study by Henriksen et al. (2015) in which gills from rainbow trout were exposed to 

H2O2. The difference between this study and the one described in this chapter is the 

fact that treatment and infection were studied together, therefore they could 

determine if the treatment affected the immune response to the pathogen. The 

present work could only conclude there are evident differences in response which 

could be attributed to the physical effect of H2O2 on the gills, related to stress or 

maybe both. 

An additional up-regulation of the Th2 cytokine IL-4/13β2, which is known to have an 

anti-inflammatory capacity (Fallon et al., 2002), may be induced to prevent extensive 

inflammatory responses that may occur beyond pathogen/agent clearance. This will 

avoid further damage to healthy gill tissue by chronic inflammation, causing down-

regulation of the immune response till homeostasis is reached (Vigano et al., 2012; 

Wang et al. 2016). In addition to this cytokine, a down regulation was observed in the 

IL-22 cytokine, which has been studied and characterised as having a role in 

activating antimicrobial peptide genes and antibacterial immunity (Liang et al., 2006; 

Aujla et al., 2007; Aujla et al., 2008; Sang & Blecha, 2008; Khader et al., 2009; 

Monte et al., 2011; Qi et al., 2015). Hence, its down-regulation may have 

implications for the presence of bacterial pathogens in the gill and the ability of 

salmon to resist a potential pathogen/agent such as N. perurans. 

In addition to the gene expression analysis, immunohistochemical analyses were 

performed to support immune transcript expression observations. T-cells are found 

to be distributed in many tissues of the fish, however, accumulations of these cells 

are greater in the thymus, spleen and, have more recently been reported gill in 

tissue, where lymphoid structures were characterised (Jiang et al., 2009; Koppang et 
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al., 2010). As the development of the CD3 antibody applied for IHC in the current 

study was not undertaken till after this trial, and the targeted T cell analysis was only 

decided following qPCR analysis (which revealed T cell activity), sampling of the 

interbranchial lymphoid tissue was not initially undertaken for the gills. Therefore, the 

distribution of the CD3+ cells were only assessed along the primary and secondary 

lamellae through image analysis (ImageJ software). This kind of pathological 

analysis remains, however, a time-consuming and somewhat subjective procedure. 

Usually, antibody staining is manually conducted and therefore the scoring decision 

is directly influenced by visual bias. This manner encouraged us to develop a simple 

method of automated IHC image analysis technique to provide a minimally biased, 

quantitative assessment of antibody staining intensity in tissue sections. As 

explained before, a higher expression of CD3-γδ gene was observed in the fish at 14 

dpt in comparison to the control fish (0h). Although the gene expression analysed the 

regulation of a CD3 variant, the immunohistochemistry revealed a higher expression 

of CD3+ cells within the 14 dpt group of fish. However, fish had to be looked at 

individually due to the high variation between individuals. This variation was 

therefore not statistically significant, but this could be due to the small number of 

replicates counted on only the 3rd gill arch. Therefore, increasing the replicates on 

different gill arches could reveal whether the trend observed is statistically 

significant. Perhaps, future work could also focus on investigating these differences 

specifically within the ILT of the gill. However, there was a high expression of CD3 

cells in a few of the positive fish, indicating an obvious effect on these cells 14 dpt. 

In contrast to the response to H2O2, AGD-infected fish showed different outcomes in 

terms of immune and mucin response. During the study by Chalmers et al. (2017), 

Atlantic salmon gills showed no apparent signs of inflammation nor parasite 

presence at 7 dpi (scores 1-2); however, at 28 dpi (scores 3-4), although a high 

degree of hyperplasia and hypertrophy of the gill epithelial cells was observed. In 

addition to histopathological assessment Chalmers et al. (2017) also performed a 

quantification of the mucous cells. Although the method used here was different to 

that implemented in the Chalmers et al. study, the number of mucous cells were 

significantly higher in the long-term infection high score (3-4) AGD-infected gills in 

comparison to the shorter infection low score (1-2) AGD-infected individuals. In the 

present study, a differential mucin response was absent when fish from the early 
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stage of AGD infection were compared to the control fish. Nevertheless, a trend was 

observed in Muc17 showing a slight up regulation. This differs to the response found 

within the fish from the late stage of AGD infection, whereby all mucins were down 

regulated. Our results differ from those described in the study by Marcos-Lopez et al. 

(2018), where Muc5ac was found to be highly up regulated in the gills of AGD-

infected fish. However, our results could be explained through different assumptions. 

When the histopathology of gills from the high AGD-infected fish were assessed, 

high levels of hyperplasia and hypertrophy were reported. Although the total number 

of mucous cells was higher in the gill tissue, the number of gill epithelial cells also 

proliferated. Thus, the ratio of epithelial cells and mucous cells could have had an 

impact on tissue sampling and subsequent RNA extraction. Therefore, the 

hyperplasia of these cells in the infected tissue could have affected the ratio of mucin 

transcripts thus diluting the total number of mucin-specific RNA transcripts resulting 

in a decrease in their expression profile. Therefore, the level of gill damage could 

potentially be playing a key role in the context of gene/transcript expression profiles. 

With respect to the cytokine TNF-α2, although its up-regulation was not statistically 

significant, its expression was higher than in the untreated fish. In humans, TNF-α2 

has been observed to induce necrosis, among other processes such as cell survival 

and apoptosis (Chu, 2013). Although the variation was not significant, an elevated 

TNF-α2 expression profile could be interpreted as a response to developing necrotic 

tissue due to the high amoebic load and the immunosuppression of the high AGD-

infected tissue, although further work would be needed to confirm this. However, the 

TNF-α2 isoform has been previously studied in rainbow trout during an 

Ichthyophthirius multifiliis infection and vaccination trial (Akbari et al., 2017). They 

showed how this isoform was present in gills, however its homologue TNF-α1 was 

more highly expressed in the gills. This pro-inflammatory cytokine has already been 

investigated in the context of AGD (Benedicenti et al., 2015; Marcos-Lopez et al., 

2018), thus, it may be playing a role in the recruitment and maintenance of 

inflammatory cells in the gills. 

Along with these results, the immune response differed significantly between the fish 

from the early and late stage AGD infection. Shorter infection low score (1-2) AGD-

infected individuals did not exhibit a stimulated cellular immune response (i.e. no 

significant up-regulation of TCRα chain and CD8α). This correlates with the 
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histopathological assessment of the sections which presented no clinical changes. 

Notably, there was an up-regulation of the Th2 cytokine IL-10, which is known to be 

anti-inflammatory, playing critical inhibitory roles in a wide range of immune 

responses including production of cytokines and chemokines, pathogen resistance 

and immune cell activation. Even though the work was carried out in vitro, Cano et 

al. (2019) also described an up-regulation of this IL-10 during early stages of 

infection of RT gill cells with N. perurans. Prior to this, in a study by Gorgoglione et 

al., 2013, this cytokine was found to have a specific response to the parasite 

Tetracapsuloides bryosalmonae in rainbow trout during a natural outbreak of 

proliferative kidney disease (PKD). Therefore, it may be an immunomodulatory 

response which can be exploited by some pathogens, leading to a decrease in 

antigen-specific and proinflammatory responses that are generally essential to 

control or end infection as investigated in several studies (Nieuwenhuizen et al., 

2006; Forlenza et al., 2008; Saraiva & O’Garra, 2010; Buchmann, 2012). Last, the 

general response observed within the high AGD-infected fish was a down-regulation 

in all the markers related to cellular immune responses and B-cell markers (m IgM) 

and in addition, all the genes related to these Th1/Th17 pathways were found down-

regulated (i.e. IL-4/13β2, IL-22, IFN-γ and IL-10). This response may imply a 

possible immunosuppression mechanism being performed by the ectoparasite on 

the host’s immune system, similar to what has been previously reported in the study 

by Steinel & Bolnick (2018) in the stickleback (Gasterosteus aculeatus) by its 

parasitic helminth, Schistocephalus solidus. An additional study also investigated this 

phenomenon in Trypanosoma cruzi during a certain phase of Chagas’ infection 

(Ouaissi, et al., 2001). These authors proved the presence of immunosuppressive 

protein (Tc52) through a gene targeting approach, to further explore the biological 

function, which elicited a complex series of cellular interactions, resulting in specific 

immune responses, or suppression. 

Conclusions 

In conclusion, results suggest that H2O2 activates a T-cell response in the gills of 

treated fish due to the decrease of mucous cell numbers at 14 dpt, translating into 

loss of the protective mucosal coat normally found in healthy fish. These findings 

underline the importance of preservation of the mucosal surface, which represents a 

barrier against different agents and pathogens potentially capable of affecting gill 
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health. These results were supported by the CD3+ cell IHC assessment, which 

although highly variable, presents generally higher numbers in the fish gills at 14 dpt. 

Contrasting results were found in the AGD-infected fish during different stages of the 

disease. 

Fish with low scores after 7 dpi presented no significant T-cell response, perhaps 

due to the low level of infection. However, a novel response against a N. perurans 

infection was identified. A specific IL-10 response, possibly parasite specific, was 

detected causing potential host immunomodulation, i.e. a response combating the 

emerging amoebal infection. Although no significant difference was observed in 

mucin response, an increasing trend of Muc17 was observed in response to the 

developing infection.  

In contrast, fish showing higher scores after 28 dpi presented a general down-

regulation of most T cell associated transcripts, Th1, Th17, Th2 and B cell markers 

with an increased trend of TNF-α2 transcripts that although not significant, may be 

associated with the advanced severity of pathology, potentially reflecting 

development of necrotic tissue and immunosuppression in heavily-infected gills. In 

terms of mucin response, down regulation was observed. High levels of hyperplasic 

infected tissue presenting higher number of epithelial cells could be potentially led to 

a lower detection of mucin transcripts. 

Ultimately, this study suggests that H2O2 treatment does not immunocompromise 

Atlantic salmon but does disrupt the mucus covering of the gills, which may have 

implications for fish susceptibility to AGD and other pathogens and for responses to 

a range of other environmental factors. This provides a platform for future research 

focusing on the mucosal health in salmon.  
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Chapter 5 : Characterisation of N. perurans transcriptome for 

the in-silico prediction of potential vaccine candidates 

 

5.1. Introduction 

There remains an urgent need for alternative treatments against amoebic gill disease 

(AGD). It is considered one of the most threatening diseases in world aquaculture 

due to high mortality, broad host range, and abundant distribution (Oldham et al., 

2016). Recently, the development of effective vaccines to prevent this ectoparasitic 

disease has been one of the key approaches that aquaculture research has been 

interested in. This alternative would potentially aid in restricting the use of chemical 

treatments (e.g. hydrogen peroxide) in fish farming, subsequently reducing 

environmental impact and economic losses within the aquaculture industry. As the 

repeated use of chemotherapeutants can lead to the development of resistance 

against them (Burridge et al., 2010), use of vaccines can also prolong the lifetime of 

chemotherapeutants. In addition, the use of some treatments e.g. hydrogen peroxide 

has a potentially long-lasting impact on the treated fish, as demonstrated in Chapter 

4. The development of a vaccine could reduce the impact of chemotherapeutant 

stress on fish, leading to a more effective long-term solution. 

The use of effective vaccines has proven to be one of the key factors aiding the 

success when culturing salmonids (Brudeseth et al., 2013). Approaches such as the 

injection of antigens with oil adjuvants have been the most effective ones in the past 

(Brudeseth et al., 2013). However, the strategies against fish parasites have 

remained unsuccessful (Crampton & Vanniasinkam, 2007) with no available vaccine, 

only viral and bacterial vaccines remain licensed (Ma et al., 2019). These licensed 

fish vaccines have mostly comprised inactivated organisms formulated with 

adjuvants and delivered via immersion / injection (Ulmer et al., 2012). However, 

there are more methods used such as modified live vaccines, where pathogens are 

attenuated/low virulence (Desmettre & Martinod, 1997). This approach is generally 

more successful due to the greater ability of the host to proliferate an effective 

immune response, both innate and adaptive (Levine & Sztein, 2004). More recently, 

vaccine development has been focused on the targeting of specific pathogen 

components and virulence factors (Hansson, Nygren & Ståhl, 2000). Even though is 
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not as successful as the other approaches, due to weaker immune responses, the 

production of a subunit vaccine through the development of recombinant proteins 

presents potential advantages for pathogens that are difficult to cultivate (Alvarez-

Pellitero, 2008). 

For the production of subunit vaccines, a more novel tool has been recently adopted. 

The implementation of a reverse vaccinology / computational approach involves the 

use of genome information for the in-silico discovery of potential antigens/targets 

within the pathogen (Del Tordello et al., 2017). In addition to genome analysis, 

transcriptomic and proteomic tools have provided further information about host-

pathogen interactions in fish, helping with the identification of potential virulence 

factors, conserved antigens within a heterogeneous pathogen population and also, 

antigens that are unique to pathogenic isolates but not present in commensal strains 

(Duchaud et al., 2007; Want et al., 2009; Morita et al., 2011; Touchon et al., 2011; 

Nho et al., 2011; Naka et al., 2011; Jiang et al., 2013; Bohle et al., 2014). The results 

of these investigations have helped to build lists of candidate antigens that could 

potentially be tested in animal models, reducing the costs and time of downstream 

analyses (Andreoni et al., 2013; Chiang et al., 2015; Andreoni et al., 2016). 

A platform for future studies in vaccines against AGD was set during the study by 

Findlay et al. (1995) in which consecutive infections with Paramoeba spp. developed 

antibody responses in serum samples. In the following years, multiple studies would 

apply different vaccine methods such as the use of live amoebae, sonicated 

antigens, glycoproteins and DNA vaccines (Akhlaghi et al., 2001; Zilberg & Munday, 

2001; Villavedra et al., 2010; Cook et al., 2008; Cook et al., 2012). However, there 

were no successful results and some of these studies did not even target the actual 

causative agent, Neoparamaoeba perurans. More recently, a recombinant 

attachment protein (r22C03) was produced by Valdenegro et al. (2014a) which was 

identified using transcriptomics data from N. perurans. Investigators observed an 

induction of both, systemic and mucosal antibodies capable of binding to the surface 

of the parasite. Thus, by blocking this putative attachment factor using functional 

antibodies present in the mucosal surfaces it would potentially reduce AGD severity. 

However, previous studies (Valdenegro et al., 2014a) showed no IgM antibodies and 

IgT involvement couldn’t be assessed neither. Following these results, another and 

last study on AGD vaccine development was performed by using this recombinant 
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protein, and even though there was a very strong antibody response in serum and 

mucosal surfaces, there was no protection to the subsequent challenge with the 

parasite (Valdenegro et al., 2015). The fact that this target provoked an antibody 

response and was pulled out of the transcriptome from N. perurans and was 

produced as a recombinant protein, opens the possibility for in-silico searching to 

provide a good tool to yield a list of vaccine candidates from genome / transcriptome 

data without the need of grow large numbers of the pathogen. 

In order to select the proper vaccine targets, it is important to know as much as 

possible about the virulence characteristics within the pathogen. In the case of N. 

perurans, (Young et al., 2007; Crosbie et al., 2012) although often free-living, it can 

colonise the gills of a wide range of species causing the appearance of white, 

multifocal lesions on the gill surface. At the histopathological level, the effects of 

AGD are critical to the gill epithelium, causing hyperplasia and, generally, an 

increase of size and numbers of mucous cells. These clinical signs are often found 

along with attached amoebae and lamellar fusion (Adams et al., 2004). It is believed 

that one of the virulence factors of this species is associated with its capacity to 

attach to the gill epithelium (Adams & Nowak, 2004) and it can subsequently cause 

cytopathic effect (CPE) through production of cytolytic products (Butler & Nowak, 

2004). Other studies have investigated a range of other pathogenic amoebic 

species, proving the presence of additional virulence factors such as proteases in 

Entamoeba histolytica (Serrano et al., 2013), extracellular vesicles (EVs) in 

Acanthamoeba castellanii (Gonçalves et al., 2019) and N-acetyl-D-galactosamine 

(GaINac) in E. histolytica (Ravdin et al., 1985; Connaris & Greenwell, 1997; 

Moncada et al., 2005). Recently, studies have also pointed out the pathogenic role of 

the GaINac and other mucin associated products in E. histolytica and Naegleria 

fowleri infections in relation to the protective mucus layer. In the former species, 

GalNac was found strongly binding to mucins within the mucus layer of mice 

intestines. This binding was achieved through the Gal/GalNAc-lectin, which has high 

affinity for galactose and N-acetyl-D-galactosamine glycans present on the O-linked 

sugar side chains of the MUC2 molecule (Leon-Coria et al., 2019). The latter species 

was also investigated and produced secretory products that played an important role 

in mucus and mucin degradation (MUC5AC) during the invasion (Martínez-Castillo et 

al., 2017). 
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In addition, not only is the function important while choosing these targets, but there 

should not, ideally, be any homology between the selected sequences and the host, 

in this case Atlantic salmon. This avoids generation of a potential autoimmune 

response (Bertholet et al., 2014). In addition, the location of these proteins in the cell 

is relevant. Extracellular/secreted or cell membrane proteins are considered good 

vaccine candidates due to their accessibility to the immune system (Chaudhuri et al., 

2014; Bertholet et al., 2014). These characteristics, in addition to these proteins 

presenting antigenic and adhesion properties, would increase the probabilities of 

developing protection within the host. The quality of the sample also plays an 

important role when the different targets are being pulled out of the transcriptome / 

genome data. During this work, this was a constant problem as no axenic culture 

was developed in the end and there was a lot of contamination from bacteria or 

salmon tissue.  

Transcriptomes of cultured N. perurans and AGD-infected gills were, nevertheless, 

sequenced, and resultant assemblies analysed to provide a final list of potential 

vaccine candidates. Transcriptome assemblies were studied individually and also 

previously described vaccine candidates in various other protistan species were 

searched in silico using a range of bioinformatics tools to select additional 

candidates. Only extracellular/secreted proteins and cell surface proteins were 

considered throughout our search and characteristics such as adhesion, protease 

activity and mucin degradation were taken into consideration when examining the 

transcriptome analysis. The final list of vaccine candidates provides a rational 

starting point for the construction of recombinant proteins for in vivo testing and will 

ultimately assist the process of vaccine development against AGD. 
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5.2. Materials and Methods 

5.2.1. Preparation of N. perurans cultures for transcriptomic 

analysis 

Two monoclonal cultures of N. perurans were developed as explained in Section 

2.2.2 of Chapter 2. These monoclonal cultures were less than six months old, in 

order to preserve the virulence. Prior to the preparation of cell pellets for RNA 

extraction, several FSW washes were performed in order to reduce the high bacterial 

contamination. Harvest of the cells was executed as explained in Section 2.2.2 of 

Chapter 2. Small volumes were centrifuged at 1,000 x g and pellets were snap-

frozen on dry ice. Approximately 2.5 million cells were harvested and stored at –

80ºC. Lastly, samples were sent to Future Genomics Technologies B.V. (Leiden, 

Netherlands) where transcriptomic library preparation, sequencing and initial quality 

analyses were carried out. 

5.2.2. Sampling of high infected AGD fish for transcriptomic 

analysis 

All gills were excised and kept in 95% ethanol from three AGD-infected fish (gill 

scores of 2.5) (following cohabitation challenge as described in Chapter 2, Section 

2.2.5.1), which had been previously humanely euthanised by overdose of the 

anaesthetic MS-222 (100 ppm) and subsequent destruction of the brain, at MERL 

(Institute of Aquaculture, Machrihanish, Scotland, UK). Work was conducted under 

the same regulations already specified in Chapter 2, Section 2.2.5.1. 

 

5.2.3. RNA extraction and quality control 

RNA was isolated from homogenized and snap-frozen N. perurans samples 

(TissueRuptor, Qiagen, Venlo, Netherlands), as well as from the gill tissue of the 

AGD-infected fish, using the miRNeasy mini kit (Qiagen). Quality and integrity of the 

isolated RNA were checked on an Agilent Bioanalyzer 2100 total RNA Nano series II 

chip (Agilent, Amstelveen, Netherlands). 
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5.2.4. RNAseq libraries preparation, sequencing data processing 

and de novo assembly 

For both, cultured N. perurans and AGD-infected gills, Illumina multiplexed RNAseq 

libraries were prepared from 0.5 µg total RNA using the Illumina TruSeq stranded 

mRNA LT Kit according to the manufacturer’s instructions (Illumina Inc.). RNAseq 

libraries were sequenced on an Illumina NovaSeq6000 sequencer as 2 × 150 

nucleotides paired-end (PE2x150) reads according to the manufacturer’s protocol. 

Image analysis and base calling were done by the Illumina pipeline. 

In the case of cultured N. perurans, reads of low quality (i.e., with an average quality 

score less than 20), those having ambiguous bases, those that were too short or 

those comprising PCR duplicates were discarded using PRINSEQ v0.20.4 

(Schmieder & Edwards, 2011), and adaptors were clipped using Trimmomatic v0.38 

(Bolger, Lohse & Usadel, 2014) as standard pre-processing methods. Reads 

aligning to N. perurans’ symbiont genome Perkinsela sp. (NCBI assembly 

GCA_001235845.1) or any bacterial genomes were also removed using BWA 

v0.7.17 (Li & Durbin, 2009). Ribosomal RNA was further removed using SortMeRNA 

v3.0.2 (Kopylova et al., 2012) against the Silva version 119 rRNA databases (Quast 

et al., 2012). The remaining reads were assembled using Trinity v2.8.4 (Grabherr et 

al., 2011). The raw assembly was filtered for a minimum transcript length of 300 

nucleotides and a detectable CDS with TransDecoder v5.5.0 

(https://transdecoder.github.io/). Completeness of the assembly was assessed using 

BUSCO v3.1.0 (Waterhouse et al., 2017) using the Metazoa dataset. 

Regarding the transcriptome from the AGD-infected gills, different approaches were 

performed. For quality control and trimming of the sequencing reads the 

bbmap/bbduk suite program was employed (Bushnell, 2017). Then, raw reads were 

aligned back to the assembled contigs using Bowtie2 (Langmead & Salzberg, 2012) 

against the Atlantic salmon reference transcriptome 

(GCF_000233375.1_ICSASG_v2_ rna_from_genomic.fna). For the collection of the 

unaligned read Samtools was used (Ramirez-Gonzalez et al., 2012). CLC assembly 

cell v4.4.1 (http://www.clcbio.com/products/clc-assembly-cell/) was used at multiple 

settings for de novo contig assembly from the unaligned reads. 
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5.2.5. Annotation and functional classification 

5.2.5.1. Cultured N. perurans transcriptome 

The resulting de novo transcriptome was annotated using InterProscan v5.33-72.0 

(Jones et al., 2014; Mitchell et al., 2018), Swiss-Prot release 2018_11 and Pfam 

release 32.0 database (El-Gebali et al., 2018). For classification, the transcripts were 

handled as queries using BLAST+/BLASTP v2.8.1 (Altschul et al., 1990), E-value 

threshold of 10-5, against Kyoto Encyclopedia of Genes and Genomes (KEGG) 

release 89.0 (Kanehisa et al., 2019). Gene Ontology (GO) (Ashburner et al., 2000) 

were recovered from InterPro, KEGG and SwissProt annotations. Subsequently, 

classification was performed using R v3.5.1 (R Team, 2018). Protein subcellular 

localisation predictions were produced using DeepLoc v1.0 (Almagro et al., 2017). 

5.2.5.2. AGD-infected gill transcriptome 

In this case, Diamond-BLASTX alignment (Buchfink et al., 2015) was performed 

against NCBI-NR (Non-redundant RefSeq proteins) and then the same alignment 

was performed against NCBI-Taxon_554915 (Amoebozoa). 

5.2.6. Selection of potential vaccine candidates through in-silico 

search 

Transcripts for proteins found to contain domains related to cell membrane location 

or secretion / extracellular domains were identified using the online tool WoLF 

PSORT (Protein Subcellular Localization Prediction) (https://wolfpsort.hgc.jp/). All 

transcripts that matched by homology those identified as extracellular/secreted and 

cell membrane proteins, were ranked by E-values. When E-values were ≤ 10-40, the 

contig ID was used to find the correct sequence using BioEdit v7.0.5 software and 

the sequence was subjected to TBLASTX against all Eukaryota in NCBI. From this 

latter homology search, only proteins presenting low E-values (≤ 10-40) from 

organisms genetically closer to amoebic species (Amoebozoa (taxid:554915)) were 

selected as potential candidates. This E-value was set to 10-40 due to most studies in 

transcriptomics setting values to at most 10-20 to avoid strong homologies with other 

sequences (Song et al., 2017; Yue et al., 2018). 

Additionally, Signal-P v5.0 web tool (Almagro-Armenteros et al., 2019) was used to 

check for the presence of signal peptides (SPs) in the protein sequences and 
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VaxiJen v2.0 web tool (Doytchinova & Flower, 2008) was applied to check for 

antigenicity with a threshold of 0.5 as used in previous studies (Pallavi et al., 2016). 

Also, Dot Plots from the Basic local alignment search tool (BLAST) (Altschul et al., 

1990) of the mRNA sequences alignments were used to interpret homology visually 

(Figure 5.1. ). Additional alignments of all the sequences were also performed with 

BioEdit Sequence Alignment Editor (Hall, 1999) (Appendix III). 

 

Figure 5.1. Schematic outline of distinctive configurations appearing in Dot Plots; a) one continuous 

main diagonal shows perfect match for two sequences; b) parallels to the main diagonal indicate 

repeated regions in the same reading direction on different parts of the sequences (D1, D2: 

duplications); c) lines perpendicular to the main diagonal indicate palindromic areas; d) partially 

palindromic sequence; e) bold blocks on the main diagonal indicate repetition of the same symbol in 

both sequences; f) parallel lines indicate tandem repeats so minisatellite patterns; g) when the 

diagonal is a discontinuous line this indicates that the sequences T1 and T2 share a common source 

and the number of interruptions increases with modifications on the text or the time of independent 

evolution and mutation rate; h) partial deletion in sequence 1 or insertion in sequence 2, so called 

‘indel’ (Source from web article by Jan Schulz (2008), “Introduction to Dot Plots”). 

Additional sequences, relating to other better characterised protistan pathogens 

described in previous studies, were blasted against both new N. perurans 

transcriptome assemblies to investigate if homologues to formerly identified vaccine 

candidates/virulence factors could be discovered. As described in previous chapters, 

some aspects of the mucosal immunity and mucus-pathogen interactions were 

investigated. Therefore, we decided to look for previously described and 

characterised proteins involved in these processes, in addition to some proteins 

involved in epithelial attachment and immunomodulation 
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5.3. Results 

5.3.1. RNA isolation and quality control 

In vitro cultured N. perurans 

Two tubes (FG1837_01 and FG1837_02) containing approximately 2.5 million 

cultured N. perurans cells were processed and quality control showed reasonable 

RNA quality for both samples although some degradation of RNA could be seen; this 

was observed in a corresponding RNA gel (Figure 5.2. ). 

 

Figure 5.2. RNA quality control virtual gel (Agilent Bioanalyzer) of the cultured N. perurans samples. 

Presenting the ladder, two samples (FG1837_01 and FG1837_02) and a control sample 

(FG1813_28Ro). Black arrow indicates band corresponding the 28S and grey arrow corresponds to 

18S. Tested samples present both 28S and 18S bands as the control sample. 

In vivo host-infecting N. perurans 

Three tubes with highly AGD-infected gill tissue (FG1904_01, FG1904_02 and 

FG1904_03) were also processed and quality control showed reasonable RNA 

quality for two of the samples (FG1904_01 and FG1904_02) although some 

degradation of RNA could be seen; this was observed in a corresponding RNA gel 

(Error! Reference source not found.). The third sample FG1904_03 was seen to 

be highly degraded (Error! Reference source not found.). 
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Figure 5.3. RNA quality control virtual gel (Agilent Bioanalyzer) of the infected AGD gills samples. 

Presenting the ladder, the two successful samples (FG1904_01 and FG1904_02), the highly 

degraded sample (FG1904_03) and a control sample (FG1813_28Ro). Black arrow indicates band 

corresponding the 28S and grey arrow corresponds to 18S. The two first samples present both 28S 

and 18S bands as the control sample, indicating good RNA quality. 

5.3.2. RNAseq libraries preparation 

RNAseq library quality control indicated all samples to be of acceptable quality 

(Error! Reference source not found.). This is demonstrated by the lack of 

degradation of the intact mRNA that can be observed in the gel (black arrow). During 

RNAseq library preparation, mRNA is fragmented to a certain size, in this case is 

between 300-400 bp as shown in the gel. A heavily degraded mRNA sample would 

present numerous bands across the gel. 
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Figure 5.4. RNAseq quality control virtual gel (Agilent Bioanalyzer) for the Cultured N. perurans 

samples and the infected gills samples. Presenting the ladder, two samples from the cultured N. 

perurans (D2 and E2) and the infected gills samples (F1 and G1). Black arrow indicates where the 

amoebal cell mRNA is in the gel. 

5.3.3. Illumina sequencing and de novo assembly of the cultured N. 

perurans transcriptome 

The Illumina sequencing of the sample generated 62,178,179 raw paired-end reads. 

A total of 40,526,555 paired-end reads (65.2%) passed the pre-processing filters; 

and a final 38,157,716 (61.3%) passed the mRNA cleaning (i.e. bacterial genomes) 

and Perkinsela sp. genome removal step and were used during the de novo 

assembly process (Error! Reference source not found.). 

The final assembly reconstructed a total of 103,385 transcripts with an average 

length of 976.46 nt and an N50 length of 1,213 nt (Figure 5.5. A). A recall of the 

filtered reads mapped 94.66% of the reads to the transcriptome. 

A BUSCO completeness assessment recovered 80.6% of near-universal single-copy 

orthologues selected from the Metazoa database (Figure 5.5. B). The clustering of 

the transcripts generated 75,558 unigenes with a mean length of 913.06 nt and an 

N50 length of 1129 nt (Error! Reference source not found.). 
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Table 5.1. Summary statistics of sequencing and assembly of cultured N. perurans transcriptome. 

*based of the longest transcript for each unigene. 

Category Number/length 

Total number of raw PE reads 62,178,179 

Maximum read length (nt) 150 

Pre-process PE reads 40,526,555 

Filtering out rRNA reads  39,346,872 

Filtering out Perkinsela sp. sequences 38,157,716 

Clean bases 5.7 Gb 

Transcripts generated (raw) 128,817 

Percentage of read assembled 94.74% 

Transcripts (filtered) 68,447 

GC content 50.28% 

Maximum transcript length 13,585 

Minimum transcript length 300 

Transcripts > 500 bp 50,807 

Transcripts > 1 Kb 24,200 

Transcripts > 10 Kb 18 

N50 length (bp) 1213 

Mean length (bp) 976.46 

Unigenes 50,461 

N50 length (bp) 1,129* 

Mean length (bp) 913.06* 

 

 

Figure 5.5. N. perurans transcript assessments. A. Length distribution of assembled N. perurans 

transcripts. Clean reads for N. perurans were assembled and resulted in 68,447 transcripts. B. 

BUSCO assessment (Metazoa database) number of BUSCO orthologues equals 978. 
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5.3.4. Annotation and functional characterisation of the cultured N. 

perurans transcriptome 

The reconstructed transcripts were subjected to BLASTP similarity searches against 

SwissProt, Pfam, InterPro, KEGG and GO databases. Of the total of 103,385 

transcripts, 67,999 (99.3%) were annotated by at least one database, and 26,062 

(38.1%) were annotated in all five databases (Table 5.2. ; Error! Reference source 

not found.). 

Table 5.2. Statistics of annotation results for N. perurans unigenes. *Interpro covers 12 databases 

(CATH-Gene3D, CDD, HAMAP, PANTHER, PIRSF, PRINTS, ProDom, PROSITE (patterns and 

profiles), SFLD, SMART, SUPERFAMILY, TIGRFAMs). 

Database Number annotated 

PfamA 54,965 

Interpro* 41,562 

SwissProt 59,209 

KEGG 59,209 

GO 38,311 

All 26,062 

Total 67,999 

 

 

Figure 5.6. A five-way Venn diagram. The figure shows the unique and overlapped transcripts 

showing protein sequence similarity with one or more databases (details in Table 5.2). 
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Additionally, GO analysis (gene ontology analysis) of biological process, cellular 

component and molecular function were performed for the assembled transcriptome 

of the cultured amoebae, with the top 15 GO terms for each category shown in 

Figure 5.7. . In regards to the biological process (Figure 5.7. ; BP), GO analysis 

revealed higher proportions within proteins related to signal transduction, protein 

phosphorylation and the oxidation-reduction processes. When observing the cellular 

components (Figure 5.7. ; CC), higher proportion of transcripts relate to proteins 

found within the plasma membrane, nucleus, membrane, intermembrane and 

cytoplasm. More specifically, in terms of molecular function, the GO analysis shown 

a very high proportion of protein binding function in comparison to the rest of 

transcripts (Figure 5.7. ; MF). 

 

Figure 5.7. Top 15 GO terms associated with transcripts in the cultured amoeba transcriptome. 

Biological process GO (BP), cellular components GO (CC) and molecular function (MF). 
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5.3.5. Illumina sequencing and de novo assembly of the AGD-

infected gill transcriptome 

The Illumina sequencing of the sample generated approximately 21 Gb of Ilumina 

RNAseq data. In total, about 86% of the raw data was derived from salmon and the 

remaining RNAseq data (~3 Gb) was used for de novo cDNA contig assembly. This 

resulted in 108,188 contigs with an N50 of 429 pb and a total assembly length of 

45.59 Mb (Table 5.3. ). Diamond-BLASTX alignment of the 108,188 contigs against 

NCBI-NR (Non-redundant RefSeq proteins) reference database resulted in 8,055 

hits (E-value < 0.00001). Of those hits, 42 were hits to Amoebozoan species (taxon 

ID = 554915). 

A total of 8,055 contigs (~7.5%) had a BLASTX hit in the NCBI-NR (Non-redundant 

RefSeq proteins) reference database, 42 of which were Amoebozoan sequences 

(taxon ID = 554915). Additional Diamond-BLASTX alignment of the total of contigs 

against NCBI-Taxon_554915 (Amoebozoa) resulted in 614 hits (E-value < 0.00001). 

Table 5.3. Summary statistics of sequencing and assembly of AGD-infected gill transcriptome 

Category Number/length 

#Contigs 108,188 

N50 length (bp) 429 pb 

Assembly length 45.59 Mb 

Max contig length 6,946 bp 

Min contig length 200  

 

5.3.6. Selection of potential vaccine candidates from the cultured N. 

perurans 

The in-silico search resulted in a total of 823 transcripts previously described as 

extracellular/secreted proteins and a total of 543 transcripts previously described as 

cell membrane proteins in other organisms. To select the best matching proteins, E-

values were assessed as well as the coverage of the sequence. The cut-off values 

for the E-value were set at < 10-40 and coverage at > 70 %. From this assessment, 

only 73 transcripts from cellular membrane proteins were selected (best ten shown in  

Cell 

Localisation 

Transcript ID Matched organism Protein name E-valuea Protein ID 

(UniProt) 

mRNA sequence AN 

(NCBI) 
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Table 5.4. List of the best twenty selected proteins from the in-silico search of the cultured N. 

perurans transcriptome from low to high E-values. 

Table 5.5. Summary of the best vaccine candidates from the in-silico search of the 

cultured N. perurans transcriptome. These candidates were selected after blasting 

the sequences against the host’s transcriptome, S. salar; the remaining four proteins 

presented no homology with the host and the rest described in Appendix II) and from 

the extracellular/secreted proteins, a total of 62 transcripts were chosen (best ten 

shown in  

 

 

 

 

 

 

 

 

Membrane 

Trans_g13033_i1 Dictyostelium 

purpureum 

Hypothetical protein <1e-200 F0ZR69 XM_003289861.1 

Trans_g16976_i3 Entamoeba invadens Myosin I <1e-200 A0A0A1UGM3 XM_004259540.1 

Trans_g9352_i1 Polysphondylium 

pallidum 

PN500 P-type ATPase 1e-167 D3B4A2 XM_020573502.1 

Trans_g9529_i1 Acanthamoeba 

castellanii 

P-type ATPase family protein 3e-105 L8GVH2 XM_004338036.1 

Trans_g9010_i1 A. castellanii Transporter, major facilitator subfamily 

protein 

2e-111 L8GHX2 XM_004334424.1 

Trans_g8324_i1 Dictyostelium 

fasciculatum 

Putative integrin alpha FG-GAP repeat-

containing protein 

1e-97 F4Q5F1 XM_004355641.1 

Trans_g8073_i1 D.  purpureum Guanine nucleotide-binding protein 1e-87 F0ZF11 XM_003285972.1 

Trans_g13993_i2 Monosiga brevicollis ABC transporter protein 4e-82 A9VCE9 XM_001750336.1 

Trans_g6724_i1 Trypanosoma 

conorhini 

Cystinosin  5e-75 A0A3R7JRY5 XM_029376667.1 

Trans_g1674_i2 A. castellanii Solute carrier family 35, member E3, putative 8e-54 L8GU22 XM_004338639.1 

 

 

 

 

 

Extracellular/ 

secreted 

Trans_g8925_i1 P. pallidum PN500 ubiquinone oxidoreductase <1e-200 D3BLC0 XM_020580149.1 

Trans_g4530_i1 D. purpureum Homogentisate 1,2-dioxygenase 1e-174 F1A3P0 XM_003294234.1 

Trans_g15791_i1 A. castellanii Phosphoglucomutase 2e-143 L8GKT1 XM_004335635.1 

Trans_g1428_i2 A. castellanii Papain family cysteine protease 1e-123 L8HJH5 XM_004358251.1 

Trans_g16658_i1 A. castellanii Prokumamolisin, activation domain containing 

protein 

9e-115 L8H2I7  XM_004341758.1 

Trans_g5068_i1 A. castellanii Carboxypeptidase 2e-97 L8H6Y6 XM_004342287.1 

Trans_g4459_i1 D. fasciculatum Carboxylic ester hydrolase 2e-93 F4PJY9 XM_004361707.1 

Trans_g7829_i1 A. castellanii Prokumamolisin, activation domain containing 

protein 

5e-89 L8H2I7 XM_004341758.1 

Trans_g8922_i1 D. purpureum Hypothetical protein 2e-86 F0ZSA3 XM_003290254.1 

Trans_g542_i1 A. castellanii Deoxyribonuclease II, putative 2e-81 L8GV23 XM_004338820.1 

Cell 

Localisation 

Transcript ID Matched organism Protein name E-valuea Protein ID 

(UniProt) 

mRNA sequence AN 

(NCBI) 

 

 

 

 

 

 

 

 

Membrane 

Trans_g13033_i1 Dictyostelium 

purpureum 

Hypothetical protein <1e-200 F0ZR69 XM_003289861.1 

Trans_g16976_i3 Entamoeba invadens Myosin I <1e-200 A0A0A1UGM3 XM_004259540.1 

Trans_g9352_i1 Polysphondylium 

pallidum 

PN500 P-type ATPase 1e-167 D3B4A2 XM_020573502.1 

Trans_g9529_i1 Acanthamoeba 

castellanii 

P-type ATPase family protein 3e-105 L8GVH2 XM_004338036.1 

Trans_g9010_i1 A. castellanii Transporter, major facilitator subfamily 

protein 

2e-111 L8GHX2 XM_004334424.1 
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Table 5.4. List of the best twenty selected proteins from the in-silico search of the cultured N. 

perurans transcriptome from low to high E-values. 

Table 5.5. Summary of the best vaccine candidates from the in-silico search of the 

cultured N. perurans transcriptome. These candidates were selected after blasting 

the sequences against the host’s transcriptome, S. salar; the remaining four proteins 

presented no homology with the host and the rest described in Appendix II). 

A more rigorous assessment was followed by setting the cut off E-values even lower 

(≤ 10-80) and blasting the selected transcripts against Eukaryote transcripts from the 

NCBI database through the BLASTx tool. Four sequences from the cell membrane 

proteins and seven sequences for the extracellular/secreted proteins provided very 

good levels of homology (E-values: ≤ 10-80). However, when these sequences were 

blasted against the host transcriptome (S. salar) only two sequences from the cell 

membrane proteins and two sequences from the extracellular/secreted proteins 

presented sufficiently low homology to S. salar sequences to provide feasible 

candidates (cut off values: E-values ≥ 10 -50; Coverage < 50%) (Table 5.5). 

Trans_g8324_i1 Dictyostelium 

fasciculatum 

Putative integrin alpha FG-GAP repeat-

containing protein 

1e-97 F4Q5F1 XM_004355641.1 

Trans_g8073_i1 D.  purpureum Guanine nucleotide-binding protein 1e-87 F0ZF11 XM_003285972.1 

Trans_g13993_i2 Monosiga brevicollis ABC transporter protein 4e-82 A9VCE9 XM_001750336.1 

Trans_g6724_i1 Trypanosoma 

conorhini 

Cystinosin  5e-75 A0A3R7JRY5 XM_029376667.1 

Trans_g1674_i2 A. castellanii Solute carrier family 35, member E3, putative 8e-54 L8GU22 XM_004338639.1 

 

 

 

 

 

Extracellular/ 

secreted 

Trans_g8925_i1 P. pallidum PN500 ubiquinone oxidoreductase <1e-200 D3BLC0 XM_020580149.1 

Trans_g4530_i1 D. purpureum Homogentisate 1,2-dioxygenase 1e-174 F1A3P0 XM_003294234.1 

Trans_g15791_i1 A. castellanii Phosphoglucomutase 2e-143 L8GKT1 XM_004335635.1 

Trans_g1428_i2 A. castellanii Papain family cysteine protease 1e-123 L8HJH5 XM_004358251.1 

Trans_g16658_i1 A. castellanii Prokumamolisin, activation domain containing 

protein 

9e-115 L8H2I7  XM_004341758.1 

Trans_g5068_i1 A. castellanii Carboxypeptidase 2e-97 L8H6Y6 XM_004342287.1 

Trans_g4459_i1 D. fasciculatum Carboxylic ester hydrolase 2e-93 F4PJY9 XM_004361707.1 

Trans_g7829_i1 A. castellanii Prokumamolisin, activation domain containing 

protein 

5e-89 L8H2I7 XM_004341758.1 

Trans_g8922_i1 D. purpureum Hypothetical protein 2e-86 F0ZSA3 XM_003290254.1 

Trans_g542_i1 A. castellanii Deoxyribonuclease II, putative 2e-81 L8GV23 XM_004338820.1 
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Table 5.4. List of the best twenty selected proteins from the in-silico search of the cultured N. perurans transcriptome from low to high E-values. 

Cell 

Localisation 

Transcript ID Matched organism Protein name E-valuea Protein ID 

(UniProt) 

mRNA sequence AN 

(NCBI) 

 

 

 

 

 

 

 

 

Membrane 

Trans_g13033_i1 Dictyostelium 

purpureum 

Hypothetical protein <1e-200 F0ZR69 XM_003289861.1 

Trans_g16976_i3 Entamoeba invadens Myosin I <1e-200 A0A0A1UGM3 XM_004259540.1 

Trans_g9352_i1 Polysphondylium 

pallidum 

PN500 P-type ATPase 1e-167 D3B4A2 XM_020573502.1 

Trans_g9529_i1 Acanthamoeba 

castellanii 

P-type ATPase family protein 3e-105 L8GVH2 XM_004338036.1 

Trans_g9010_i1 A. castellanii Transporter, major facilitator subfamily 

protein 

2e-111 L8GHX2 XM_004334424.1 

Trans_g8324_i1 Dictyostelium 

fasciculatum 

Putative integrin alpha FG-GAP repeat-

containing protein 

1e-97 F4Q5F1 XM_004355641.1 

Trans_g8073_i1 D.  purpureum Guanine nucleotide-binding protein 1e-87 F0ZF11 XM_003285972.1 

Trans_g13993_i2 Monosiga brevicollis ABC transporter protein 4e-82 A9VCE9 XM_001750336.1 

Trans_g6724_i1 Trypanosoma 

conorhini 

Cystinosin  5e-75 A0A3R7JRY5 XM_029376667.1 

Trans_g1674_i2 A. castellanii Solute carrier family 35, member E3, putative 8e-54 L8GU22 XM_004338639.1 

 

 

 

 

 

Extracellular/ 

secreted 

Trans_g8925_i1 P. pallidum PN500 ubiquinone oxidoreductase <1e-200 D3BLC0 XM_020580149.1 

Trans_g4530_i1 D. purpureum Homogentisate 1,2-dioxygenase 1e-174 F1A3P0 XM_003294234.1 

Trans_g15791_i1 A. castellanii Phosphoglucomutase 2e-143 L8GKT1 XM_004335635.1 

Trans_g1428_i2 A. castellanii Papain family cysteine protease 1e-123 L8HJH5 XM_004358251.1 

Trans_g16658_i1 A. castellanii Prokumamolisin, activation domain containing 

protein 

9e-115 L8H2I7  XM_004341758.1 

Trans_g5068_i1 A. castellanii Carboxypeptidase 2e-97 L8H6Y6 XM_004342287.1 

Trans_g4459_i1 D. fasciculatum Carboxylic ester hydrolase 2e-93 F4PJY9 XM_004361707.1 

Trans_g7829_i1 A. castellanii Prokumamolisin, activation domain containing 

protein 

5e-89 L8H2I7 XM_004341758.1 

Trans_g8922_i1 D. purpureum Hypothetical protein 2e-86 F0ZSA3 XM_003290254.1 

Trans_g542_i1 A. castellanii Deoxyribonuclease II, putative 2e-81 L8GV23 XM_004338820.1 
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Table 5.5. Summary of the best vaccine candidates from the in-silico search of the cultured N. perurans transcriptome. These candidates were selected after 

blasting the sequences against the host’s transcriptome, S. salar; the remaining four proteins presented no homology with the host 

 

aE-value is the number of distinct alignments, with a score equivalent to or better than bit-score S, that are expected to occur in a database search by chance. 

The lower the E-value, the more significant the score is. 

 

 

Cell 

Localisation 

Transcript ID Matched organism Protein name E-

valuea 

Protein ID 

(UniProt) 

mRNA sequence 

AN (NCBI) 

 

 

Membrane 

Trans_g9010_i1 A. castellanii Transporter, major facilitator subfamily 

protein 

2e-111 L8GHX2 XM_004334424.1 

Trans_g8324_i1 D. fasciculatum Putative integrin alpha FG-GAP repeat-

containing protein 

1e-97 F4Q5F1 XM_004355641.1 

Extracellular/ 

secreted 

Trans_g1428_i2 A. castellanii Papain family cysteine protease 1e-123 L8HJH5 XM_004358251.1 

Trans_g5068_i1 A. castellanii Carboxypeptidase Y 2e-97 L8H6Y6 XM_004342287.1 
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Only four transcripts from the annotated transcriptome presented good hits, therefore 

showing a good level of homology (E-values: ≤ 10-80; homology additionally shown 

with Dot Plots in Figure 5.8 with previously characterised proteins from two different 

amoebic species: Acanthamoeba castellanii and Dictyostelium fasciculatum. Also, no 

homology was found for these targets when sequences were blasted against S. salar 

transcripts. As explained in the material and methods, the presence of signal peptide 

and the potential antigenicity were investigated and annotated in Table 5.6. 

 

Table 5.6. Summary of the remaining proteins from the cultured N. perurans transcriptome with the 

details of signal peptide presence and antigenicity. 

 

 

 

 

 

. 

Cell 

Localisation 

Matched 

organism 

Protein name Signal Peptide 

presence (≥ 0.5) 

Antigenicity  

(≥ 0.5) 

 

 

 

Membrane 

 
A. castellanii 

Transporter, major 
facilitator subfamily 

protein 

 
No (0.0077) 

 
Yes (0.58) 

 
D. 

fasciculatum 

Putative integrin 
alpha FG-GAP 

repeat-containing 
protein 

 
No (0.1479) 

 
Yes (0.6) 

 

Extracellular/ 

secreted 

 
A. castellanii 

Papain- 
family  

cysteine protease 

 
Yes (0.9937) 

 
Yes (0.51) 

A. castellanii Carboxypeptidase Y Yes (0.9675) No (0.48) 
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Figure 5.8. Dot Plot of the TBLASTx alignment of the cultured N. perurans transcriptome assembly with the known mRNA sequences. (A) Trans_g9010_i1 

vs.  A. castellanii transporter, major facilitation subfamily protein (XM_004334424.1). (B) Trans_g8324_i1 vs. D. fasciculatum integrin alpha FG-GAP 

(XM_004355641.1). (C) Trans_g1428_i2 vs. A. castellanii Papain family cysteine protease (XM_004358251.1). (D) Trans_g5068_i1 vs. A.castellanii 

Carboxypeptidase Y (XM_004342287.1). Source: Basic local alignment search tool (BLAST) (Altschul et al., 1990). 
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5.3.7. Selection of the potential vaccine candidates from the salmon 

AGD- infected gills 

Due to the high quantity of salmon RNA, the in-silico search resulted only in a total of 

614 transcripts that matched with the taxon Amoebozoa. After looking at the E-

values (< 10-40) for this list of transcripts, 60 transcripts were selected (top ten 

proteins described in Table 5.7. However, when these transcripts were blasted 

against the host transcriptome (S. salar) only two of them presented very low 

homology to S. salar sequences (contig_58495 and contig_5081) (E-values: < 10-50; 

Coverage: < 50%) (Table 5.8. ). Visual representation of homology (E-values: ≤ 10-

80) shown with Dot Plots in Error! Reference source not found.. 
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Table 5.7. List of the best ten proteins from the in-silico search of the AGD-infected gill transcriptome from low to high E-values. 

Cell Localisation Transcript ID Matched organism Protein name E-valuea Protein ID 

(UniProt) 

mRNA sequence AN 

(NCBI) 

Extracellular/secreted contig_2104 Paramoeba 

pemaquidensis 

Elongation factor 1α 2.6e-145 C1K9W2 KF772980.1 

Mitochondria  contig_28 Phalansterium sp. 

PJK-2012 

Apocytochrome b 

(mitochondrion) 

4.7e-103 T1QDX4 --- 

Membrane contig_58495 Tieghemostelium 

lacteum (syn.  

Dictyostelium lacteum) 

 

Actin bundling protein 

 

1.2e-97 

 

A0A152A7V9 

 

XM_004355841.1 

Extracellular/secreted contig_5081 Acanthamoeba 

castellanii 

Reverse transcriptase 1.8e-48 L8HG65 XM_004353194.1 

 

Cytoplasm 

 

contig_27790 

 

Acanthamoeba 

castellanii 

Ribosomal proteins l2, 

RNA binding domain 

containing protein 

 

3.8e-97 

 

L8H292 

 

XM_004341389.1 

 

Extracellular/secreted 

 

contig_4134 

 

Entamoeba nuttalli 

MiaB family tRNA 

modifying enzyme, 

archaeal-type protein 

 

9.1e-92 

 

K2H631 

 

XM_008857531.1 

Cytoplasm contig_28521 T. lacteum (syn.  

Dictyostelium lacteum) 

Ribosomal protein L10 5.7e-81 A0A151ZG94 --- 

 

Mitochondria 

 

contig_98 

 

P. pemaquidensis 

NADH dehydrogenase 

subunit 5 

(mitochondrion) 

 

5.2e-80 

 

A0A1D8D5F2 

 

--- 

 

Cytoplasm 

 

 

contig_51944 

 

Planoprotostelium 

fungivorum 

Ribosomal protein 

S3a, component of 

cytosolic 80S ribosome 

and 40S small subunit 

 

8.2e-78 

 

A0A2P6NHG3 

 

--- 

 

Cytoplasm 

 

 

contig_14689 

Acytostelium 

subglobosum 

Hypothetical protein 

SAMD00019534_1258

20, partial 

 

1.2e-76 

 

UPI000644D7C7 

 

XM_012892195.1 
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Table 5.8. Summary of the best vaccine candidates from the in-silico search of the AGD-infected gill transcriptome. These candidates were selected after 

blasting the sequences against the host’s transcriptome S. salar; the remaining two proteins presented no homology with the host. 

 aE-value is the number of distinct alignments, with a score equivalent to or better than bit-score S, that are expected to occur in a database search by 

chance. The lower the E-value, the more significant the score is. 

 

 

 

 

 

 

 

 

Cell Localisation Transcript 

ID 

Matched organism Protein name E-valuea Protein ID 

(UniProt) 

mRNA sequence AN 

(NCBI) 

Membrane contig_58495 T. lacteum (syn.  

Dictyostelium lacteum) 

Actin bundling protein 1.2e-97 A0A152A7V9 XM_004355841.1 

Extracellular/secreted contig_5081 A. castellanii Reverse transcriptase 1.8e-48 L8HG65 XM_004353194.1 
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Table 5.9. Summary of the remaining proteins from the AGD-infected gill transcriptome with the 

details of signal peptide presence and antigenicity. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.9. Dot Plot of the TBLASTx alignment of the AGD-infected gill transcriptome assembly with 

the known mRNA sequences. (A) contig_58495 vs. D. lacteum Actin bundling protein 

(XM_004355841.1). (B) contig_5081 vs. A. castellanii Reverse transcriptase (XM_004353194.1). 

Source: Basic local alignment search tool (BLAST) (Altschul et al., 1990). 

 

 

 

Cell 

Localisation 

Matched 

organism 

Protein name Signal Peptide 

presence (≥ 0.5) 

Antigenicity  

(≥ 0.5) 

Membrane T. lacteum (syn.  

Dictyostelium 

lacteum) 

Actin bundling 

protein 

No (0.0011) Yes (0.63) 

Extracellular

/secreted 

A. castellanii Reverse 

transcriptase 

No (0.2304) Yes (0.55) 
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5.3.8. Selection of potential vaccine candidates from literature 

survey 

 

Sequences of previous amoebic proteins were retrieved from the UniProt Database 

and blasted against both transcriptome assemblies. Subsequently, only the 

sequences which presented no homologies with the host were selected (Table 

5.11.). 

Table 5.10. List of proteins investigated within both transcriptome assemblies (cultured N. perurans  

and AGD-infected gills) 

 

 

 

Organism Proteins/Enzymes Biological process Ref. 

 

E. histolytica 

 

Cysteine proteinases 

 

Mucin degradation 

Moncada, Keller & 

Chadee (2000, 2003 

& 2005); Que & 

Reed (2000) 

Naegleria fowleri 

Tritrichomonas foetus 

T. vaginalis 

Giardia lamblia 

E. histolytica 

Leishmania donovani 

Trypanosoma brucei  

T. cruzi 

 

 

 

Glycosidases 

 

 

 

 

 

Mucin degradation 

Connaris & 

Greenwell (1997); 

Cervantes-Sandoval 

et al., (2008); 

Martínez-Castillo et 

al. (2017) 

 

E. histolytica 

N. fowleri 

Acanthamoeba spp. 

Adhesins  

Proteases 

Amoebapores 

Prostaglandin 

Occludin-like proteins 

Proteinases 

Epithelial attachment 

Host tissue 

destruction 

Pathogenesis 

Digestion of 

phagocytosed food 

 

Moon et al. (2008); 

Betanzos et al. 

(2019) 

 

Plasmodium 

berghei NK65 

Histamine 

releasing factor (HRF) 

Elongation factor 1α 

(EF‐1α) 

 

Immunomodulation 

functions 

 

Demarta‐Gatsi et al. 

(2019) 
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Table 5.11. Summary of the best vaccine candidates from the in-silico search of the cultured N. perurans and AGD-infected gill transcriptome assemblies. 

These candidates were selected after blasting the sequences against the host’s transcriptome, S. salar. 

aE-value is the number of distinct alignments, with a score equivalent to or better than bit-score S, that are expected to occur in a database search by chance. 

The lower the E-value, the more significant the score is.

Cell Localisation Transcript ID Matched 

organism 

Protein name E-

valuea 

Protein ID 

(UniProt) 

mRNA sequence 

AN (NCBI) 

Ref. 

 

 

Membrane  

Trans_g22727_i2 

 

 

 

 

D. discoideum 

GlcNAc transferase 1e-130 Q54QB2 XM_633740.1 Eichinger et al. 

(2005); 

Whitney et al. 

(2010) 

 

Trans_g1976_i1 

Autocrine proliferation 

repressor protein 

A 

 

2e-92 

 

Q5XM24 
 

XM_635474.1 
 

Tang et al. 
(2018) 

 

 

 

Cytoplasm 

Trans_g42616_i1 Perkinsela sp. 

CCAP 1560/4 

IgE-dependent 

histamine-releasing 

factor 

2e-085 A0A0L1KJC5 LFNC01000427.1 David et al. 

(2015) 

 

Trans_g18920_i1 

(cultured amoebae) 

>contig_2104 

(AGD-infected gills) 

 

 

Paramoeba 

pemaquidensis 

 

 

 

 

Elongation factor 1 

alpha 

 

 

<1e-200 

 

1e-148 

 

 
C1K9W2 

 
 

KF772980.1 

 
 

Lima et al. 
(2014) 

 

Extracellular/ 

secreted 

 

Trans_g35334_i1 A. castellani Encystation-mediating 

serine proteinase 

1e-62 B0FYM2 XM_004355393.1 Moon et al. 
(2008) 

Trans_g15171_i1 Acytostelium 

subglobosum 

Extracellular matrix 

protein A 

<1e-200 R4X5L8 AB743580.1 Urushihara et 
al. (2015) 
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Table 5.12. Summary of the remaining proteins from both transcriptome assemblies (cultured 

amoebae and AGD-infected gills) with the details of signal peptide presence and antigenicity. 

 

Visual representation of homology (E-values: ≤ 10-80) shown with Dot Plots in Figure 

5.10. 

 

Cell 

Localisation 

Matched 

organism 

Protein name Signal Peptide presence  

(≥ 0.5) 

Antigenicity  

(≥ 0.5) 

 

 

 

Membrane 

 

 

 

D. discoideum 

 

GlcNAc 

transferase 

 

No (0.0023) 

 

 

No (0.44) 

 Autocrine 

proliferation 

repressor protein 

A 

 

Yes (0.99) 

 

Yes (0.53) 

 

 

 

Cytoplasm 

Perkinsela sp. 

CCAP 1560/4 

IgE-dependent 

histamine-

releasing factor 

 

No (0.004) 

 

Yes (0.56) 

 

Paramoeba 

pemaquidensis 

 

Elongation factor 

1 alpha 

 

No (0.0008) 

 

No (0.4) 

 

 

Extracellular/

secreted 

 

A. castellani 

Encystation-

mediating serine 

proteinase 

 

Yes (0.99) 

 

Yes (0.59) 

Acytostelium 

subglobosum 

Extracellular 

matrix protein A 

Yes (0.99) Yes (1.02) 
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Figure 5.10. Dot Plot of the TBLASTX alignment of the cultured N. perurans transcriptome assembly 

with the known mRNA sequences. (A) Trans_g35334_i1 vs A. castellani Encystation-mediating serine 

proteinase (XM_004355393.1). (B) Trans_g15171_i1 vs A. subglobosum Extracellular matrix protein 

A (AB743580.1). Source: Basic local alignment search tool (BLAST) (Altschul et al., 1990). 

The ranking of all the proteins is summarised in Error! Reference source not 

found.. The selection was performed by taking into consideration the homology to 

known proteins, level of antigenicity, signal peptide presence and proposed function 

of the proteins. 

Table 5.13. Summary of the six best vaccine candidates identified in this experimental chapter 

according to their homology to known proteins, antigenicity, presence of signal peptide and proposed 

function. 

 

Rank Protein Protein ID (Uniprot) 

1 Extracellular matrix protein A (EMPA) R4X5L8 

2 Actin bundling protein (ABP) A0A152A7V9 

3 Papain-family cysteine protease L8HJH5 

4 Carboxypeptidase Y L8H6Y6 

5 Autocrine proliferation repressor protein A (APRP-A) Q5XM24 

6 Putative integrin alpha FG-GAP repeat-containing protein F4Q5F1 
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5.4. Discussion 

Reverse vaccinology (RV) has proven to be a very efficient tool for identifying 

potential vaccine candidates within different fish pathogens (Chiang et al., 2015; 

Andreoni et al., 2016; Liu et al., 2017; Liu et al., 2017a; Baliga et al., 2018). The 

greatest benefit from this technology is the ability to find vaccine targets rapidly and 

efficiently, whereas traditional methods might take longer as they require a better 

understanding of host-pathogen interactions and immunity, as in vivo and in vitro  

have to be performed in order to characterise different immune responses and the 

interactions between the pathogen and the host (Rappuoli & Aderem, 2011). In 

contrast to more traditional methods, RV allows the identification of new vaccine 

candidates and their subsequent testing in considerably less time, employing 

recombinant antigen or DNA-vaccine strategies to allow more rapid test antigen 

production. In the context of bacterial diseases, the use of antibiotics has given rise 

to some concerns among the aquaculture industry, due to the continuing appearance 

of more and more antibiotic-resistant bacterial strains (Vincent et al., 2019). 

However, a difference is observed from the parasitic disease perspective. Even 

though antibiotics are not being applied when treating parasitic diseases, 

chemicals/therapeutants are used and increasing risks to the environment and 

consumers can be associated. Therefore, the need for alternative treatments for 

parasitic diseases is increasing sharply within this industry. This experimental 

chapter attempts the application of this RV technology by characterising the genome 

/ transcriptome of N. perurans and using the acquired knowledge to screen for and 

identify potential vaccine candidates. 

 

This is not the first attempt to perform transcriptomic analysis on a N. perurans 

close-related species. The work by Tanifuji et al. (2017) revealed that there is cell 

biological and biochemical obligate relationship between N. pemaquidensis and its 

endosymbiont Perkinsela spp. However, the work undertaken during this thesis 

counts as the first attempt at elucidating the transcriptome of N. perurans. This 
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investigation has provided some information about potential functions and virulence 

traits. As explained briefly in the results section, some of the proteins found matching 

the N. perurans transcriptome qualified as potential targets for drug testing. 

However, the ultimate goal of this experimental chapter was to identify potential 

vaccine candidates, thus the successful selection of a final list of six best competent 

proteins according to its potential antigenicity and the presence of signal peptide 

(section 5.3.8; Table 5.12). 

First in the final list, the extracellular protein (Extracellular matrix protein A) was 

identified in the study of the the social amoeba Acytostelium subglobosum by 

Urushihara et al. (2015) as performing a key role during slug formation. This could 

be a relevant vaccine candidate as it could be actively expressing in N. perurans 

during its trophozoite stage while attaching to the gill epithelia during extension of the 

pseudopodia. Moreover, it presented the highest antigenicity score of all the proteins 

that were investigated, and its extracellular nature also makes it very accessible and 

therefore, an ideal vaccine candidate. Next, actin bundling proteins have been 

previously characterised in studies involving Dictyostelium discoideum in which it 

was shown that these proteins are regulated by signal transduction during 

chemotaxis (Okazaki & Yumura, 1995). They have additionally been described in 

Acanthamoeba spp. (Alafag et al., 2006) and genomic and cDNA actin sequences 

were also found within the virulent strain of E. histolytica (Edman et al., 1987; López-

Camarillo et al., 2009). The fact that this protein was upregulated during a high AGD 

infection, suggests it as a potential virulence factor as it has been described in 

bacterial strains of Vibrio parahaemolyticus (Hiyoshi et al., 2011) in which these 

proteins caused cytotoxicity and enterotoxicity in the infected human cells. 

The next two proteins of the list also presented good E-values (≤ 10-80) when the 

transcriptome assembly was blasted and they have been previously characterised as 

extracellular or secreted products (Papain family cysteine protease and 

Carboxypeptidase Y) in A. castellanii (Clarke et al., 2013). Papain-like cysteine 

proteases have been described from a wide range of organisms such as virus, 

bacteria, yeast, plants, animals and, more specifically, protozoa (Rawlings et al., 
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1992, 2010; Enenkel & Wolf, 1993; Kantyka et al., 2011; Novinec & Lenarcic, 2013). 

Apart from the catabolic functions that these proteins present, this family of 

proteases may also play a key role in parasite immunoevasion, 

excystment/encystment, exsheathing and cell and tissue invasion (Sajid & 

McKerrow, 2002). For these characteristics, this specific protein could be a useful 

potential vaccine target as described in previous studies (Engel et al., 1998; Caffrey 

et al., 2000; Mottram et al., 2004). The second protein which matched the 

transcriptome of N. perurans was a Carboxypeptidase, which has been previously 

described not only in the genome of A. castellani (Clarke et al., 2013) but in various 

species of protozoan parasites such as Trypanosoma cruzi (Hemerly et al., 2003; 

Parussini et al., 2003; Niemirowicz et al., 2008) and Leishmania spp. (Judice et al., 

2004; Isaza et al., 2008). This protein presents serine-type carboxypeptidase activity, 

which catalyses the hydrolysis of a peptide bond from the C-terminus. These studies 

suggest that these activities present a specific role in these pathogenic protozoa, 

making them suitable targets for vaccine development or immunotherapy. 

The last two proteins of the final vaccine candidate list have been identified in the 

cell membrane of Dictyostelium spp. The most recent characterised protein within 

this species was the Autocrine proliferation repressor protein A (AprA) as an inhibitor 

for cell density sensing and chemorepulsion limiting slug formation (Brock & Gomer, 

2005; Bakthavatsalam et al., 2008). It was observed that D. discoideum cells were 

able to sense this AprA protein using G proteins, therefore the existence of a G 

protein-coupled AprA receptor was postulated. Thus, this protein could be a good 

vaccine candidate against AGD as it could be presenting a similar growth-limiting 

function in N. perurans, therefore the exposure of this protein to the salmon immune 

system could potentially stimulate an immune response. The second protein, 

Putative integrin alpha FG-GAP repeat-containing protein, has been characterised 

not only in D. fasciculatum but in P. pallidum, another parasitic species. This protein 

has been found to be in the plasma membrane and mediates cell-to-cell adhesions 

and also adhesions to particles (Heidel et al., 2011). Due to its adhesin nature, this 

protein may also be considered as a potential vaccine candidate. 
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In addition to this list of potential vaccine candidates, another two interesting proteins 

matched our assembled transcriptome. Elongation factor 1 alpha and IgE-dependent 

histamine-releasing factor (IgE-HRF) presented very low E-values but are located in 

the cytoplasm. Cytoplasmic proteins are normally used as drug targets, whereas 

extracellular and membrane bound proteins are appropriate for vaccine targets due 

to greater accessibility to the immune system (Butt et al., 2012; Sudha et al., 2019). 

Although these proteins may not represent good vaccine candidates, they are still 

interesting to investigate when taking into consideration their potential role during an 

immune response. As is well-known, the Elongation factor 1 alpha gene (elfα1) has 

been established as a housekeeping gene for use in the normalisation of relative 

reverse transcription real-time-PCR (RT-PCR) data in salmon (Ingerslev et al., 

2006). The protein form acts as a cytoplasmic translation factor and it is implicated in 

the nuclear export of tRNA species in lower eukaryotes; however, it has been 

demonstrated that these proteins play an essential role in nuclear export of proteins 

in mammalian cells (Khacho et al., 2008). However, in the context of parasitic 

diseases, a recent study by Demarta-Gatsi et al. (2019) discovered a potential new 

function of ELF-1α during an infection of mice with malaria parasites (Plasmodium 

berghei). During the infection, these parasites produce extracellular vesicles (EVs) to 

facilitate their survival and chronic infection (Feng et al., 2013; Ramakrishnaiah et 

al., 2013) and they are known to contain a wide range of molecules, including 

proteins (Simpson et al., 2009; Torrecilhas et al., 2012), which can be delivered to 

target host cells. These proteins have been shown to modulate immune responses in 

some pathogenic protozoan parasites (Schorey & Harding, 2016; Szempruch et al., 

2016; Ofir‐Birin et al., 2018). During the experiment by Demarta-Gatsi et al. (2019), 

they found that HRF and EF‐1α proteins were localised in P. berghei parasites and 

potentially interacted with each other leading to the inhibition of T cell activation due 

to the EVs and the presence of these two proteins, acting either independently or 

together. To verify these findings, the authors performed an immunisation trial with 

derived EVs to protect the mice against the infection and they acquired a long‐lasting 

antiparasite immune memory. 
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Within our transcriptome, both assemblies of cultured amoebae and AGD-infected 

gills presented the ELF-1α transcript for this protein, but in addition an IgE-HRF 

homology sequence from endosymbiont (Perkinsela spp.) that the amoeba contains. 

This protein was first characterised in atopic children, where lymphocytes produced 

this IgE-HRF in response to histamine release. Through the development of 

recombinant proteins with this specific immunoglobulin, results showed that they 

caused histamine release from the human basophils and this release was dependent 

on the presence of IgE (MacDonald et al., 1995). A More recent study determined 

that some parasitic pathogens like T. cruzi present this IgE-HRF and induce 

histamine production by the host basophils or mast cells, facilitating a successful 

infection (Menna-Barreto et al., 2010). However, only IgM, IgD, and IgT/Z have been 

identified in teleost fish (Rombout et al., 2014). Perhaps IgM and IgT, which are 

known to be linked to AGD infections (Penacchi et al., 2014), act as substitutes for 

the absent IgE in teleost fish, although neither IgM nor IgT have been reported to be 

associated with allergic immunity to date.  

However, one of the main problems that was encountered during the assembly was 

the quality of the samples. This was due to the difficult task of growing axenic 

cultures of N. perurans. First, this species’ high demands in terms of its culture 

conditions (e.g. temperature and salinity) led to a very slow growth rate which limited 

the bulking up of the cultures for the ultimate DNA/RNA extraction. In addition, the 

development of an axenic culture (i.e. lacking any bacterial associates or any other 

metabolising cells) was impossible to accomplish (as it has been for other groups), 

as this amoebic species was only successfully grown at sufficient numbers when live 

bacteria were present as a nutrient source. Consequently, due to the high bacterial 

contamination and the very low DNA yields, the genome characterisation of this 

parasitic species was not successfully achieved, and the main focus was therefore 

placed on transcriptome assembly instead. The annotation of the transcriptome was 

less challenging due to the possibility of filtering out the bacterial transcripts from the 

parasitic transcripts regarding the presence of shorter poly (A) tails in prokaryote 

mRNA compared to the ones found in eukaryotic mRNA (Sarkar, 1997). These poly 

(A) tails are added to the mRNA sequences during a process defined as 
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polyadenylation culminating in the maturation of the mRNA (Proudfoot et al., 2002; 

Régnier & Narujo, 2013). However, this transcriptome assembly produced a high 

number of transcripts (approx. 103,400) in comparison to the transcriptome 

assembly from the AGD-infected gills which comprised ~90% of raw data from 

salmon RNA, leaving roughly 8,000 contigs which matched species other than 

salmon. Thus, the results from the AGD-infected gills did not deliver abundant 

information about the expression of potential virulence genes during an intense AGD 

infection. This should have been expected as RNA extraction was performed with a 

high quantity of gill tissue from salmon, thus a more efficient method should have 

been explored to achieve a better sample for transcriptomic analysis. Even though 

the amoebae cultures provided better results and higher number of transcripts, the 

virulence of this amoebae should have been tested prior to proceeding with posterior 

RNA extraction and transcriptome assembly. However, during the development of 

this work experiments with fish were very restricted and, therefore, only cultured 

amoebae was available to work with. Virulence was not checked but it was supposed 

to still present virulence as they were less than six months old, which is the time limit 

that has been described in the past (Bridle et al., 2015). Also, in future work, the 

endosymbiont present in N. perurans should not be pulled put from the genomic data 

and perhaps better methods and approaches should be taken place such as the 

work described in Tanifuji et al. (2017). During this work, an evident relationship was 

observed between N. permaquidensis and Perkinsela spp. with close-linked 

metabolic pathways. Thus, a deeper investigation when applying RV to these two 

organisms together, could help understand more about their common biological and 

biochemical pathways.  

Conclusions 

In summary, the work described in this chapter has proven that the use of RV for 

successful in-silico screening and identification of potential vaccine candidates is 

possible. Although there were many difficulties encountered during the assembly of 

the N. perurans transcriptome, the results from this first attempt has delivered some 

valuable data about, not only novel vaccine candidates, but also potential virulence 
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traits such as the possible immunomodulation of the host’s protective response or 

the presence of specific enzymes potentially targeting mucins. Ultimately, the 

investigation of these proteins during in vivo challenges might provide a hope of 

providing protection against N. perurans, confirming the level of in silico antigenicity 

that was described when selecting vaccine candidates. 
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Chapter 6 : Discussion 

Aquaculture is a growing industry that is providing solutions to difficulties such as 

overfishing, by reducing the pressure on wild stocks, which remain under pressure 

(Anderson, 1985; Frankic & Hershner, 2003; Valderrama & Anderson, 2010), but 

also plays a key role in food security and provides a source of income and social 

improvement in developing countries (FAO, 2018). By 2013 approximately 90% of 

global fisheries were considered to be fished to maximum capacity (FAO, 2018) and 

with the global demand for food increasing every year due to growing populations 

(York & Gossard, 2004; Garcia & Rosenberg, 2010; Béné et al., 2015) this is leading 

to an expansion of the aquaculture industry. Aquaculture has now outgrown fisheries 

production (FAO, 2018), with salmonids being one of the most valued cultured fish 

groups, contributing 17% of total global exports by worth to the aquaculture sector. In 

addition, farmed Atlantic salmon production already exceeds 2 million tonnes per 

year compared to the 700,000 tonnes obtained from the wild (FAO, 2018). The 

continuous growth and intensification of this industry can, however, provide 

conditions that suit the emergence and spread of infectious disease, causing 

substantial economic losses (Lafferty et al., 2015), linked to negative effects on 

animal welfare (Folkledal et al., 2016). In this context, gill diseases comprise one of 

the main problems affecting fish farms and, more specifically, amoebic gill disease 

(AGD) represents one of the most important challenges for marine fish farms 

worldwide, affecting not only salmon farming but also a wide range of other fish 

species (Oldham et al., 2016). Gills represent an easy target for the ectoparasitic 

agent of this disease, Neoparamoeba perurans, due to the gills being in continuous 

contact with the environment (Rodger, 2007). A compromised gill translates to 

decreased growth performance and affects gas exchange; this potentially being 

followed by direct mortalities and the high cost of treating this threat incurs indirect 

economic losses (Rozas-Serri, 2019). Therefore, there is a clear need for better 

understanding of the immune systems of fish, more particularly mucosal health, in 

the context of gill diseases. 
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Timely treatment of AGD can offer the opportunity to decrease mortalities, and this 

may be achieved in part through investigation of new methods for molecular 

detection coupled with the implementation of non-destructive methodologies 

(Downes et al., 2017). One of the most commonly used treatments against AGD is 

hydrogen peroxide (H2O2), which has been used since the preliminary success 

demonstrated in a study by Adams et al., 2012. In parallel, when available, 

freshwater bathing remains a highly effective treatment against this disease 

(Parsons et al., 2001). However, both treatments have been proven to have some 

negative effects on salmon. Regarding the freshwater baths, fish showed 

physiological effects with reduced gill enzyme activity, more specifically Na+/K+ 

ATPase and succinic dehydrogenase (SDH) (Powell et al., 2001). Additionally, 

treatment with H2O2 induced stress and a detoxification response in infected salmon 

(Vera & Migaud, 2016). Therefore, the search for alternative treatments for AGD is 

one of the main objectives within the industry. Vaccines could provide an ideal 

solution and are considered to be environmentally friendly (Lieke et al., 2019). 

Reverse vaccinology (RV), which is a genome/transcriptome-based approach, has 

been used extensively to identify potential vaccine candidates for other pathogens, 

facilitating development of protein subunit vaccines and allowing a faster vaccine 

design process, which reduces animal testing (Rashid et al., 2019). This approach 

hence appears a highly applicable approach for targeting the causative pathogen for 

AGD. 

During this work, the development of improved methods for handling, culture, 

visualisation and measurement of amoebae from the fish were approached. 

However, one of the most challenging aspects of this work has been the culture of N. 

perurans, due to its very slow growth and high maintenance requirements. Thus, in 

vitro work was regularly very limited leading to many experiments having to be 

discontinued. Also, while optimising the amoebal culture, numerous additional 

experiments were performed (not reported here but described briefly in Appendix I) 

with a focus on the cryopreservation of this parasite. The loss of virulence during in 

vitro culture has been previously reported (Bridle et al., 2015); therefore, the ability to 

cryopreserve stocks / isolates at different points in culture was considered to be 
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important. Previous studies have already accomplished the successful 

cryopreservation of several species of amoeba (e.g. Acanthamoeba spp. and 

Naegleria spp.), however the survival rates generally did not reach numbers higher 

than ~40% in most experiments (Kilvington & White, 1991; Seo et al. 1992; John & 

John, 2006). Similar methods were tested on N. perurans throughout this study and 

although there were some initially positive results, they were impossible to replicate 

hence this work was not further developed. Notably, the strain Neoparamoeba 

pemaquidensis (ATCC® 30735™) which is being held in the ATCC (American Type 

Culture Collection) has a successful method developed for its cryopreservation and 

has already been tested providing good results. However, no researchers have been 

able to replicate this success for N. perurans, suggesting fundamental differences in 

physiology / cryotolerance. Nonetheless, N. perurans presents a pseudocyst form 

that provides short-term survival under salinity and temperature variations (Lima et 

al., 2017; Collins et al., 2019). These properties provide a possible basis for future 

research regarding its cryopreservation. Thus, even though the results during this 

study were not replicable, there is still optimism for this parasite being 

cryopreserved. 

This definitely affected the in vitro work, as high numbers of amoebae could not be 

produced for the experiments with the different swab materials and transcriptomic 

analysis. Although It did help us to understand the characteristics of the materials 

such as capacity of retrieval and absorption of the different swab materials, the 

quality of the cultured amoebae for the characterisation of the amoebae 

transcriptome was not optimal, as an axenic culture was never achieved. This also 

limited genomic analysis, which was never performed due to the low numbers of 

amoebae. Another issue that was not explored prior to this analysis was the 

possibility of loss of virulence in these cultures, which has been reported in the past 

(Bridle et al., 2015). To compensate for this, the following work focused on producing 

some transcriptome data from AGD-infected gills with high scores (2.5) to investigate 

the potential amoebal transcripts that could be down- or up-regulated during a high 

level of infection. However, the separation of tissue and amoebae could not be 

performed, leading to samples with high salmon RNA yields. Different approaches, 
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potentially with the tools developed through this study, should be explored for the 

proper characterisation of the transcriptome of amoebae during the course of 

infection. As explored in one of the experimental chapters, the relevance of mucus 

preservation is a key step forward because mucus plays an important role during 

AGD infections due to its increased secretion from the parallel increase of mucous 

cells (Nowak & Munday, 1994; Zilberg & Munday, 2000; Adams & Nowak, 2003; 

Roberts & Powell, 2003; Chalmers et al., 2017). The methacarn fixation proved to be 

an enhanced method for the preservation of mucus. It did also allow the observation 

of amoebae trophozoites, that were found in close contact with the mucus coating 

the gill epithelium. Thus, future work could be focus on the development of a method 

for the recovery of these parasites for transcriptomic analysis that are strongly 

related to mucus. Mucus extraction methods like the one described in the study by 

Hellio et al. (2002) could provide enough biological material such as mucus and the 

pathogens that might be present within. The method follows the scraping with a 

scalp of the fish’s skin mucus and the posterior treatment for RNA / DNA extraction. 

This would limit the presence of salmon during the genomic / transcriptomic analysis.  

Thus, the knowledge of fish mucosal immunity is key to understand host-pathogen 

interactions. The gill mucosal surface encounters many antigens as fish live in 

congruence with commensal microorganisms (i.e. microbiota) (Boutin et al., 2013). 

Regarding the mucosal immune response, immunoglobulins (i.e. IgM and IgT) are 

usually found within the mucus layer. These molecules play an important role in 

adaptive immunity and are produced by B cells in response to an immunogen (Uribe 

et al., 2011). Along with these molecules antimicrobial peptides (AMPs) are present. 

The AMPs include defensins and cathelicidins and contribute to the first line of 

defence against microbes in the skin and at mucosal surfaces (Boman, 1991). Fish 

mucus present many substances and macromolecules which also exist in the fish gill 

mucus and for which presence or absence is influenced by the kind of stress / 

disease that the fish is experiencing (Harrell et al., 1976; Louis-Comier et al., 1984; 

Ellis, 2001; Easy & Ross, 2009; Nigam et al., 2012). The innate response initially 

involves the AMPs which trap and eliminate pathogens posing a threat to the fish’s 

health. Furthermore, components such as antimicrobial lectins (Russell et al., 2009) 
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and pro-inflammatory cytokines (Ingerslev et al., 2006) have also been found in the 

gill epithelium. Therefore, the preservation of the mucus trough the developed 

techniques in this work, in addition to the application of transcriptomic / genomic 

analysis could enlighten some of the specific immunity of the fish to N. perurans if gill 

mucus is extracted in a more efficient way so the high numbers of transcripts from 

the host do not diminished the amount of sequenced amoeba transcripts. 

Nevertheless, Chapter 5 aided in characterising the host-pathogen interactions in the 

context of mucosal health through the identification of some interesting proteins. 

Peptidases such as the Papain-family cysteine protease and Carboxypeptidase Y 

have been previously described in other parasitic infections (Engel et al., 1998; 

Caffrey et al., 2000; Mottram et al., 2004; Hemerly et al., 2003; Parussini et al., 2003; 

Judice et al., 2004; Isaza et al., 2008; Niemirowicz et al., 2008). Apart from their 

potential role in mucus degradation, other virulence traits such as parasite 

immunoevasion and cell and tissue invasion (Sajid & McKerrow, 2002), qualify them 

as good vaccine candidates. Additional proteins were identified and have also been 

investigated in other studies. Different specific functions were presented such as 

movement and chemotaxis (Actin bundling protein) (Okazaki & Yumura, 1995), 

attachment (Extracellular matrix protein A) (Urushihara et al., 2015), chemorepulsion 

(Autocrine proliferation repressor protein A) (Bakthavatsalam et al., 2008) and 

mediation of cell-to-cell adhesions (Putative integrin alpha FG-GAP repeat-

containing protein) (Heidel et al., 2011). 

While trying to understand the host-pathogen interactions and the response to 

treatment, the examination of some of these immune and mucin transcripts was 

performed through qPCR and the validation of these results was also achieved 

through the use of immunohistochemistry. H2O2 is widely used for the removal of this 

excess mucus and although several studies have covered the possible effects of this 

on fish at a histopathological level (Martinsen, 2018), and in terms of oxidative stress 

(Vera & Migaud, 2016), the potential effect on the mucosal health of salmon has not 

been directly explored. Thus, in Chapter 4, a study was performed with the main 

objective of focusing on the effect of this oxidative agent on the gills of AGD-infected 

and non AGD-infected fish through a a limited targeted aspect of the immune 
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response to treatment in salmon. To achieve this, the analysis was focused in 

particular on gene transcripts associated with immunity and mucin production in the 

gills. Further work should consider targeting a wider range of targets, instead of 

limiting the study to the ones already published in other scientific papers during AGD 

infections (Penacchi et al., 2014; Benedicenti et al., 2015).  

However, the challenge did not result in a successful AGD infection, thus only non 

AGD-challenged fish were subjected to the analysis, to study the effect of treatment 

alone. Additionally, samples and data from fish at early (7 dpi) and late (28 dpi) 

AGD-infection stages, used in the previously published work of Chalmers et al., 

(2017), were employed to compare the responses found to those seen in an AGD 

infection challenge conducted under near-identical conditions. Although the same 

location and conditions were established during both trials, the fact that fish were 

derived from two separate experiments means that the results described warrant 

repeated investigation. In terms of the results, there was a potentially long-term 

effect of weeks on gill mucus production. This could possibly have led to the 

observed infiltration and involvement of a cellular response at 14 dpt, which was also 

confirmed with the semi-quantification of CD3+ cells. In addition, visual assessment 

of the methacarn-fixed gill sections provided data about the lower presence of mucus 

in the 14 dpt fish. Loss of the mucus layer potentially exposes the gills to several 

environmentally sourced / potentially pathogenic antigens (Linden et al., 2008), 

culminating in the detected immune response. However, it is worth mentioning that 

due to the small gill size during the sampling, higher numbers of sections could not 

be examined, and this might explain the greater variation between individuals.  

Due to the AGD-trial failing during this experiment, the actual effect of both treatment 

and infection was not accomplished, thus future work should certainly look into this 

aspect. As it has been previously stated in the introduction of this thesis, there has 

been a wide range of studies that focused on investigating the effects of AGD on 

fish, but also cases of reinfection with amoebae. However, not many studies on the 

effect of treatment of the fish, in a genetic / immunological level, has been previously 

performed in Atlantic salmon. Eventhough there are novel results in this thesis 
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regarding the effects of hydrogen peroxide on fish, is obvious that further work 

should be focus on the improvement of experimental design (i.e. the lack of more 

control groups during the experiments postulated in the thesis). Many factors affect 

the reinfection of the fish with AGD, lack or excess of mucus production and the 

immune response. Nevertheless, the results in this chapter do indicate an effect on 

the mucus production, mucous cell numbers, and an obvious immune response. 

Thus, when fish are routinely treated in the field, different levels of AGD are present 

and perhaps fish with lower levels of infection or suffering poor health could be losing 

most of the mucosal coat affecting the innate immune response and, culminating in 

compromised gills contributing to other secondary infections. 

In addition, AGD-infected fish were studied as a comparison. However, these fish 

were not subjected to the same number of analyses. Only transcript expression was 

performed due to only having access to RNA samples and gill tissue that was 

already preserved in 10% NBF, thus no methacarn-fixed gills were available to study 

the mucous cells and mucus production. However, as described in the work by 

Chalmers et al. (2017) no differential changes were observed within the sections of 

fish presenting an early AGD-infection in contrast to the high level of hyperplasic 

tissue observed in the fish at a later AGD-infection phase. Higher numbers of 

mucous cells were also observed in the fish with later AGD-infection. Thus, although 

the results from this current study suggested a generalised down-regulation of all the 

markers related to cellular immune responses and B-cell markers, it was postulated 

that perhaps the uneven ratio of epithelial cells and mucous cells could have had an 

influence on tissue sampling and consequent RNA extraction. This potentially 

translated into a diminution of the mucin-transcript expression profile. Similar results 

were reported in the study by Marcos-Lopez et al. (2018) when looking at the gene 

expression profile of specific gill lesions, where lower levels of mucin expression 

were detected, along with higher expression of TNF-α3. This work implies that the 

level of gill damage could hypothetically be playing a key role in the context of gene / 

transcript expression profiles and has not been taken into consideration in previous 

studies. 
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During the characterisation of the amoebae’s transcriptome, two further reported 

proteins did not qualify as good potential vaccine candidates. However, their 

presence offers a platform for the future research on how a possible immune 

modulation/allergic response is occurring within the fish as a response to the 

parasite’s IgE-HRF and ELF-1α proteins, as recently proposed (Schorey & Harding, 

2016; Szempruch et al., 2016; Ofir‐Birin et al., 2018; Demarta-Gatsi et al. 2019). IgE-

HRF may be interesting with regards to the relatively unexplored presence and role 

of allergy in fish (i.e. IgE has not been identified in teleosts). Although allergy in fish 

has not been investigated per se, the concept of hypersensitivity has been explored 

and there is a complete review on the different described types of hypersensitivity in 

fish by Jurd (1987). More recently, a type IV hypersensitivity reaction was firstly 

described in Rainbow Trout during the study by Jirillo et al. (2007). The results from 

the N. perurans transcriptome and past evidence of these specific and antigen-

driven immune hypersensitivity reactions in fish, presents a platform to undertake 

further studies with reference to fish disease, such as AGD. Furthermore, this future 

work could be potentially linked to the generalised down-regulation observed in 

Chapter 4 in the highly AGD-infected fish, supporting a theory of on-going 

immunomodulation by the parasite. Thus, the first attempt to characterise the N. 

perurans transcriptome has provided a robust list of vaccine candidates providing a 

platform for further vaccine development, examination of immune responses of fish 

to parasitic infections and mucosal health research. 

Additional molecular techniques, such as qPCR, was applied for the in vivo work in 

the detection of amoebae with different swab materials. However, another novel 

aspect was studied during this experimental chapter. The swabbing of different gill 

arches to establish the preferred colonisation of N. perurans during an AGD 

infection. Even though there were variations in the two different trials, there were 

statistically significant differences found during these in vivo trials when sampling 

each gill arch. Lower Ct values were obtained, denoting greater loads, in gill arches 

3-4 rather than on the traditionally sampled gill arch 2. The detection of higher 

amoebal loads in gill arches 3-4 could be due to a wide range of factors such as less 

water-flow, making the attachment to the gill epithelium easier, as occurs in some gill 
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monogean parasites (Etile et al., 2018). Due to this work focusing on the swab 

materials rather than the spatial distribution of the parasites, samples were not taken 

to pursue this experimental work. However, the lower Ct values appear to provide 

evidence of a clear tendency for the third and fourth gill arches to present higher 

numbers of amoebae when sampling. Moreover, if less of the gill surface is swabbed 

through concentration on key arches, lower handling of fish could translate into less 

stress for fish (Assefa & Abunna, 2018). Future work should be focused on the 

quantification of amoebal load through histopathological sections in order to be able 

to confirm that this approach could lead to a timelier detection of amoebae and to 

establish a clear pattern for the spatial distribution of this parasite during an infection.   

 

 

 

Final conclusions 

In conclusion, this thesis has developed a range of tools for the characterisation of 

the host-pathogen interactions. The examination of different swab materials and the 

swabbing of different gill arches have provided some insight of the potential 

enhancement of better detection of amoebae during an AGD-infection. In addition, 

with respect to the interactions between the host and N. perurans, gill mucus was 

studied through the comparison of a series of fixatives, which culminated in 

confirmation of methacarn fixation as an improved technique for the preservation of 

the mucus coat along the gill epithelium. These findings supplemented the ones 

observed in the following chapter, in which the effect of hydrogen peroxide was 

explored through gene expression and immunohistochemistry. A potential effect of 

this oxidising agent appears to be the instigation of a T-cell response due to the loss 

of mucosal coat. A study of AGD-infected fish presented interesting results, which 

have raised some important questions into the quality of the biological material and 

the effect of gill damage in gene / transcript expression. Lastly, cultured amoebae 

were subjected to transcriptomic analysis and a list of potential vaccine candidates 

was generated by a reverse vaccinology approach targeting the N. perurans 
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transcriptome. Additional AGD-infected gill was also subjected to this analysis. Even 

though the starting material was not of high-quality, the information within this 

chapter provided some good targets offering the possibility of producing recombinant 

proteins and subsequent in vivo testing, with the ultimate goal of producing a 

successful vaccine against this parasite in Atlantic salmon. The work presented in 

this thesis work has fostered the development of a number of new tools, methods 

and approaches, which together provide an excellent platform for future research 

concerning AGD and fish mucosal health more widely. 
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Appendices 

I. Protocol for the cryopreservation of N. perurans 

Cryopreservation methodology 

A volume of 5mL from an early subculture (3-4 days) was taken and centrifuged at 

200g for 10min. Following this, pellets were resuspended in 5 mL of freezing 

medium. Five replicates were maintained in DMEM (7.5% DMSO (Dimethyl 

sulfoxide, Sigma, UK), 20% FCS (Foetal calf/bovine serum, Sigma, UK) and DMEM 

(Dulbecco's Modified Eagle Medium, Sigma, UK)) and another five replicates were 

maintained in FSW (7.5% DMSO, 20% FCS and FSW). Then, they were aliquoted in 

ten cryovials (Nunc®, Denmark) and store in the CoolCell® SV2 (Corning®, UK) at -

70°C for 24 h. 

After the freezing period, samples were thawed in a 37ºC bath for 2-3 min until 

almost all the ice is melted and diluted 15 mL of 15 ºC fresh medium (FSW). A 6-well 

plate (Corning®, UK) was seeded with 1 mL from the 15 mL dilution and additional 3 

mL of FSW were added, diluting the concentration of FCS and DMEM for the first 

five replicates. The same protocol was followed for the other five cryovials. 

 

Preliminary results from the cryopreservation of N. perurans 

The viability of N. perurans trophozoites was assessed after 3 days (Appendix Fig. 

1A) and after 13 days (Appendix Fig. 1B). Viability was assessed by checking 

trophozoites movement as showed in Appendix Figure 1C. These results were 

impossible to replicate, however. 

 

 



176 
 
 

 

 

Appendix Figure  1. Single satisfactory attempt while applying the protocol in Section I of this Appendix. A. Viable trophozoite after 3 days of culture. High 

bacterial contamination can be observed. B. Viable trophozoites after 13 days of thawing the cryopreserved samples with high bacterial contamination. C. 

Confirmation of N. perurans trophozoites viability through the assessment of its movement across the culture flasks. Image taken by light microscopy with 

microscope Olympus BX53M and images were taken with Olympus SC100 camera.
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II. Annotation of the amoebae-cultured transcriptome with matching cell membrane proteins before 
blasting against the host's transcriptome. In blue and green the proteins that didn't match salmon's 
transcriptome 

Appendix Table 1. Annotation of the amoebae-cultured transcriptome with matching cell membrane proteins before blasting against the host's transcriptome 

(73 proteins in total). Highlighted in grey the proteins that did not match salmon's transcriptome. 

Transcript ID Cell location Protein name 

Trans_g8639_i1 Cell membrane Endoplasmic reticulum-Golgi intermediate compartment protein 3 

Trans_g8730_i1 Cell membrane ABC transporter C family member 11 

Trans_g8812_i1 Cell membrane ABC transporter ATP-binding protein NatA 

Trans_g9010_i1 Cell membrane Major facilitator superfamily domain-containing protein 1 

Trans_g9064_i1 Cell membrane cAMP-dependent protein kinase type I-alpha regulatory subunit 

Trans_g9085_i1 Cell membrane Putative metabolite transport protein NicT 

Trans_g9352_i1 Cell membrane Sarcoplasmic/endoplasmic reticulum calcium ATPase 2 

Trans_g9362_i1 Cell membrane Molybdenum import ATP-binding protein ModC 

Trans_g9362_i2 Cell membrane Molybdenum import ATP-binding protein ModC 

Trans_g9529_i1 Cell membrane Putative phospholipid-transporting ATPase 9 

Trans_g10170_i1 Cell membrane Bifunctional fatty acid conjugase/Delta(12)-oleate desaturase 

Trans_g10496_i1 Cell membrane Transmembrane protein 104 

Trans_g11625_i1 Cell membrane Guanine nucleotide-binding protein alpha-2 subunit 
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Trans_g12398_i1 Cell membrane Vacuole membrane protein 1 homolog 

Trans_g12511_i1 Cell membrane Guanine nucleotide-binding protein alpha-2 subunit 

Trans_g12511_i2 Cell membrane Guanine nucleotide-binding protein alpha-2 subunit 

Trans_g13033_i1 Cell membrane Calcium-transporting ATPase 2 

Trans_g13033_i2 Cell membrane Calcium-transporting ATPase 2 

Trans_g13451_i2 Cell membrane Phosphatidylcholine:ceramide cholinephosphotransferase 3 

Trans_g13451_i3 Cell membrane Phosphatidylcholine:ceramide cholinephosphotransferase 3 

Trans_g13622_i1 Cell membrane Pyrophosphate-energized membrane proton pump 2 

Trans_g13656_i1 Cell membrane Receptor like protein 21 

Trans_g13687_i1 Cell membrane P2X receptor D 

Trans_g13687_i3 Cell membrane P2X receptor D 

Trans_g13780_i2 Cell membrane Vacuolar protein sorting-associated protein 45 

Trans_g13993_i2 Cell membrane ABC transporter C family member 11 

Trans_g14064_i1 Cell membrane ABC transporter C family member 11 

Trans_g14064_i3 Cell membrane Cystic fibrosis transmembrane conductance regulator 

Trans_g14244_i1 Cell membrane Guanine nucleotide-binding protein alpha-2 subunit 

Trans_g14255_i1 Cell membrane Guanine nucleotide-binding protein alpha-2 subunit 

Trans_g14255_i2 Cell membrane Guanine nucleotide-binding protein alpha-2 subunit 

Trans_g14255_i3 Cell membrane Guanine nucleotide-binding protein alpha-2 subunit 

Trans_g78_i1 Cell membrane Alpha-soluble NSF attachment protein 
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Trans_g78_i2 Cell membrane Alpha-soluble NSF attachment protein 

Trans_g1313_i1 Cell membrane Primary amine oxidase 

Trans_g1674_i2 Cell membrane Triose phosphate/phosphate translocator 

Trans_g1710_i1 Cell membrane ABC transporter C family member 11 

Trans_g1710_i3 Cell membrane ABC transporter C family member 11 

Trans_g1795_i1 Cell membrane ABC transporter ATP-binding protein NatA 

Trans_g2401_i1 Cell membrane Zinc transporter ZIP8 

Trans_g2519_i2 Cell membrane Piezo-type mechanosensitive ion channel component 

Trans_g3244_i1 Cell membrane Piezo-type mechanosensitive ion channel component 

Trans_g3674_i1 Cell membrane Putative phospholipid-transporting ATPase 9 

Trans_g4082_i1 Cell membrane Glucosidase 2 subunit alpha 

Trans_g4595_i1 Cell membrane Autophagy-related protein 9A 

Trans_g5214_i1 Cell membrane ABC transporter C family member 11 

Trans_g5375_i1 Cell membrane Sel1-repeat-containing protein YbeQ 

Trans_g5448_i1 Cell membrane Aldehyde dehydrogenase family 9 member A1 

Trans_g5562_i1 Cell membrane Putative sulfate transporter YbaR 

Trans_g5670_i1 Cell membrane ABC transporter ATP-binding protein NatA 

Trans_g5769_i1 Cell membrane Protein DD3-3 

Trans_g6060_i1 Cell membrane Vacuole membrane protein 1 homolog 

Trans_g6103_i1 Cell membrane Geranylgeranyl pyrophosphate synthase 11 
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Trans_g6495_i1 Cell membrane AP-4 complex subunit epsilon-1 

Trans_g6724_i1 Cell membrane Cystinosin homolog 

Trans_g6869_i1 Cell membrane Sodium channel protein 1 brain 

Trans_g7176_i1 Cell membrane Uncharacterized aarF domain-containing protein kinase At5g05200 

Trans_g8073_i1 Cell membrane Guanine nucleotide-binding protein alpha-2 subunit 

Trans_g8256_i1 Cell membrane Cytochrome b5 isoform B 

Trans_g8324_i1 Cell membrane Putative integrin alpha FG-GAP repeat-containing protein 

Trans_g15112_i1 Cell membrane Integrator complex subunit 11 

Trans_g15208_i1 Cell membrane Sarcoplasmic/endoplasmic reticulum calcium ATPase 2 

Trans_g15835_i1 Cell membrane Putative ZDHHC-type palmitoyltransferase 5 

Trans_g15858_i3 Cell membrane CBL-interacting protein kinase 3 

Trans_g16250_i1 Cell membrane Endoplasmic reticulum-Golgi intermediate compartment protein 3 

Trans_g16738_i1 Cell membrane Lysine-specific demethylase JMJ703 

Trans_g16976_i3 Cell membrane Myosin ID heavy chain 

Trans_g17024_i1 Cell membrane Cell surface glycoprotein 1 

Trans_g17025_i1 Cell membrane Sarcoplasmic/endoplasmic reticulum calcium ATPase 2 

Trans_g17025_i2 Cell membrane Sarcoplasmic/endoplasmic reticulum calcium ATPase 2 

Trans_g17026_i1 Cell membrane Sarcoplasmic/endoplasmic reticulum calcium ATPase 2 

Trans_g17198_i1 Cell membrane Putative phospholipid-transporting ATPase 9 

Trans_g17221_i1 Cell membrane Bumetanide-sensitive sodium-(potassium)-chloride cotransporter 



181 
 
 

 

Appendix Table 2. Annotation of the amoebae-cultured transcriptome with matching extracellular proteins before blasting against the host's transcriptome 

(62 proteins in total). Highlighted in grey the proteins that did not match salmon's transcriptome. 

Transcript ID Cell location Protein name 

Trans_g194_i1 Extracellular Glutamyl-tRNA(Gln) amidotransferase subunit A 

Trans_g542_i1 Extracellular CBL-interacting protein kinase 3 

Trans_g999_i1 Extracellular Deoxyribonuclease-2-alpha 

Trans_g1428_i2 Extracellular Papain family cysteine protease 

Trans_g1759_i1 Extracellular Aldehyde oxidase 1 

Trans_g1912_i3 Extracellular UPF0577 protein KIAA1324 

Trans_g1945_i5 Extracellular Protein TMA108 

Trans_g2151_i1 Extracellular Carboxylesterase 3A 

Trans_g2432_i1 Extracellular Phospholipase B-like protein G 

Trans_g2536_i1 Extracellular Carboxypeptidase B2 

Trans_g2558_i1 Extracellular Uroporphyrinogen decarboxylase 

Trans_g3481_i1 Extracellular Choline-sulfatase 

Trans_g3600_i1 Extracellular Carboxylesterase 3A 

Trans_g3950_i1 Extracellular Polyketide synthase 1 

Trans_g3966_i1 Extracellular Carboxypeptidase Y 

Trans_g4459_i1 Extracellular Carboxylesterase 3A 
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Trans_g4530_i1 Extracellular Putative dioxygenase SSO1533 

Trans_g4530_i2 Extracellular Putative dioxygenase SSO1533 

Trans_g5068_i1 Extracellular Carboxypeptidase Y 

Trans_g6336_i1 Extracellular Dihydropteridine reductase 

Trans_g6336_i2 Extracellular Dihydropteridine reductase 

Trans_g6362_i1 Extracellular Tripeptidyl-peptidase 1 

Trans_g6362_i2 Extracellular Tripeptidyl-peptidase 1 

Trans_g6387_i1 Extracellular E3 ubiquitin-protein ligase RNF19A 

Trans_g6763_i2 Extracellular WD repeat-containing protein 19 

Trans_g7517_i2 Extracellular CTP synthase 1-A 

Trans_g7829_i1 Extracellular Tripeptidyl-peptidase 1 

Trans_g7911_i1 Extracellular Putative dioxygenase VC_1345 

Trans_g8766_i4 Extracellular Carboxypeptidase Y 

Trans_g8766_i5 Extracellular Carboxypeptidase Y 

Trans_g8766_i6 Extracellular Carboxypeptidase Y 

Trans_g8922_i1 Extracellular Tripeptidyl-peptidase 1 

Trans_g8925_i1 Extracellular NADH-quinone oxidoreductase subunit F 

Trans_g9423_i1 Extracellular Periplasmic trehalase 

Trans_g9734_i1 Extracellular Dipeptidyl peptidase 2 

Trans_g9829_i1 Extracellular Cathepsin D 
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Trans_g10621_i3 Extracellular Tripeptidyl-peptidase 1 

Trans_g11484_i1 Extracellular Glucosidase 2 subunit alpha 

Trans_g12122_i1 Extracellular Probable beta-hexosaminidase ARB_01353 

Trans_g12122_i2 Extracellular Probable beta-hexosaminidase ARB_01353 

Trans_g12122_i3 Extracellular Probable beta-hexosaminidase ARB_01353 

Trans_g12132_i1 Extracellular Elongation factor-like GTPase 1 

Trans_g12132_i2 Extracellular Elongation factor-like GTPase 1 

Trans_g12132_i3 Extracellular Elongation factor-like GTPase 1 

Trans_g12132_i4 Extracellular Elongation factor-like GTPase 1 

Trans_g12342_i1 Extracellular Pantetheinase 

Trans_g12342_i4 Extracellular Pantetheinase 

Trans_g12346_i1 Extracellular Putative glucosylceramidase 1 

Trans_g12355_i1 Extracellular Endoplasmic reticulum chaperone BiP 

Trans_g12369_i1 Extracellular Fimbrin-2 

Trans_g12740_i1 Extracellular GDP-Man:Man(3)GlcNAc(2)-PP-Dol alpha-1 

Trans_g13466_i1 Extracellular Rab GDP dissociation inhibitor alpha 

Trans_g13895_i2 Extracellular ATP-dependent (S)-NAD(P)H-hydrate dehydratase 1 

Trans_g15171_i1 Extracellular Protein psiK 

Trans_g15206_i1 Extracellular Thioredoxin-1 

Trans_g15206_i2 Extracellular Thioredoxin-1 
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Trans_g15655_i1 Extracellular Tripeptidyl-peptidase 1 

Trans_g15791_i1 Extracellular Phosphoglucomutase 

Trans_g16506_i4 Extracellular Probable cysteine desulfurase 1 

Trans_g16658_i1 Extracellular Tripeptidyl-peptidase 1 

Trans_g17086_i1 Extracellular Acyloxyacyl hydrolase 

Trans_g17086_i2 Extracellular Acyloxyacyl hydrolase 
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III. Alignments of all the mRNA sequences with the N. perurans   
transcriptome 

 

Appendix Figure  2. Alignment of transcripts with cell membrane proteins. (A) Trans_g9010_i1 from 

the cultured N. perurans transcriptome assembly with the mRNA sequence of the A. castellanii 

transporter, major facilitation subfamily protein (XM_004334424.1) and (B) Trans_g8324_i1 transcript 

from the cultured N. perurans transcriptome assembly with mRNA sequence of the D. fasciculatum 

integrin alpha FG-GAP (XM_004355641.1. 
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Appendix Figure  3. Alignment of transcripts with the extracellular proteins. (A) Trans_g1428_i2 

transcript from the cultured N. perurans transcriptome assembly with mRNA sequence of the A. 

castellanii Papain family cysteine protease (XM_004358251.1) and (B) Trans_g5068_i1 from the 

cultured N. perurans transcriptome assembly transcript with mRNA sequence of the A. castellanii 

Carboxypeptidase Y (XM_004342287.1). 
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Appendix Figure  4. Alignment of transcripts of the AGD-infected gills transcriptome. (A) 

Trans_g18870_i1 transcript from the cultured N. perurans transcriptome with mRNA sequence of the 

T. lacteum Actin bundling protein (XM_004355841.1), (B) contig_58495 transcript from the AGD-

infected gills transcriptome assembly with mRNA sequence of the T. lacteum Actin bundling protein 

(XM_004355841.1) and (C) contig_5081 transcript from the AGD-infected gills transcriptome 

assembly with mRNA sequence of A. castellanii the Reverse transcriptase (XM_004353194.1).  
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Appendix Figure  5. Alignment of transcripts with known proteins from literature search. (A) Trans_g2903_i1 from the cultured amoebae transcriptome 

assembly with mRNA sequence of the D. discoideum GlcNAc transferase (XM_633740.1), (B) Trans_g1976_i1 from the cultured amoebae transcriptome 

assembly with mRNA sequence of the D. discoideum Autocrine proliferation repressor protein A (XM_635474.1) and (C) Trans_g42616_i1 from the cultured 

amoebae transcriptome assembly with the mRNA sequence of the Perkinsela sp. CCAP 1560/4 IgE-dependent histamine-releasing factor 

(LFNC01000427.1). 
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Appendix Figure  6. Alignment of transcripts (A) Trans_g18920_i1 from the cultured amoebae 

transcriptome assembly with mRNA sequence of the Elongation factor alpha 1 (KF772980.1) and (B) 

the transcript contig_2104 from the AGD-infected gills transcriptome assembly with mRNA sequence 

of the Elongation factor alpha 1 (KF772980.1).  
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Appendix Figure  7. Alignment of transcripts (A) Trans_g35334_i1 from the cultured amoebae 

transcriptome assembly with mRNA sequence of the A. castellanii Encystation-mediating serine 

proteinase (XM_004355393.1) and (B) Trans_g15171_i1 from the cultured amoebae transcriptome 

assembly with the A. subglobosum mRNA sequence of the Extracellular matrix protein A 

(AB743580.1). 
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