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ABSTRACT 

Since its inception in the 1980s Atlantic salmon (Salmo salar) aquaculture in Tasmania, 

Australia has expanded at an ever-increasing rate and is the highest value commercial 

fishery related industry in Australia. The growth of the Tasmanian industry is expected 

to continue as are concerns regarding the environmental impacts and potential diseases 

associated with the rapidly expanding industry. These concerns are common to all 

intensive culture environments where stress and its impacts on animal health cannot be 

avoided. The response of fish to stress is not unlike that of farmed terrestrial animals 

where stress induces the release of stress hormones including catecholamines that can 

negatively impact the animal’s immune response. Stress hormones may also affect 

potential bacterial pathogens as bacteria are able to sense catecholamines resulting in 

enhanced growth and/or virulence. Yersinia ruckeri is the aetiological agent of enteric 

redmouth disease or yersiniosis in Atlantic salmon.  Despite the success of yersiniosis 

vaccination disease outbreaks are still reported implying a greater understanding of this 

bacterium and its relationship to the host and the aquaculture environment is needed to 

improve fish health management in response to this disease. This research aimed to 

explore the effects of catecholamines on virulence factors of Y. ruckeri in vitro and the 

host immune response and gut microbiome changes of Atlantic salmon exposed to 

catecholamine treated Y. ruckeri. 

Exposure of Y. ruckeri in vitro to catecholamines was found to enhance the growth and 

increase activity of known virulence factors of Y. ruckeri including lipase, haemolysin, 
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siderophore and biofilm production while not altering the inhibitory effects of selected 

antibiotics on Y. ruckeri. More conclusively, epinephrine was found to increase the 

virulence of Y. ruckeri in vivo as demonstrated from an experimental infection challenge 

that found Atlantic salmon exposed to catecholamine-treated Y. ruckeri had a higher 

mortality compared to salmon challenged with untreated Y. ruckeri.  

 

To investigate the effects of stress on the host immune response and Y. ruckeri infection 

Atlantic salmon were subject to an acute stress by reducing the tank water levels to 50% 

and chasing the fish for 10 minutes. This treatment did not induce any significant 

changes in fish plasma cortisol when samples were taken from 12 hours onwards post-

acute stressor. The survival rate of fish subjected to the acute stressor post challenge 

with Y. ruckeri was not significantly different to that of unstressed fish. Differential 

gene expression of select host immune-related genes was found to be related to both 

stress and/or disease challenge. Fish subjected to the acute stressor had a significant 

upregulation of whole blood interleukin 12β (IL12β) and downregulation of cluster of 

differentiation 8 alpha (CD8α) at day 2 after the stress event. When assessing the host 

response to disease challenge a 25-fold increase in the mRNA expression of the 

interferon IFNγ was found compared to unchallenged fish at day 1 post infection. The 

relative expression of interleukin 12 beta (IL 12β) in challenged fish was also 

significantly expressed at day 10 in comparison to day 1 while a significant reduction 

was observed in tumor necrosis factor alpha (TNFα), IFNγ and interleukin 6 (IL 6) at 

day 30 compared to day 1. Prior exposure Y. ruckeri to epinephrine significantly 

increased the expression of immunoglobin M (IgM) (day1) (2.5-fold), TNFα (3.8-fold) 
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and interleukin 22 (IL 22) (8.4-fold) (day 30) compared to fish challenged with control 

Y. ruckeri. In contrast, the expressions of IFNγ and IL 6 were 39.5 and 17.2-fold lower 

in Y. ruckeri exposed to epinephrine at day 1 suggesting that a reduction in these two 

important immune genes is associated with increased virulence.  

 

Microbiomes were assessed using 16S rRNA amplicon sequencing where the most 

abundant phylum in the gut microbiome of Atlantic salmon was Proteobacteria (42%), 

Actinobacteria (19%) and Firmicutes (19%). At genus level, the major genera were 

Propionibacterium (19%), Sphingomonas (14%), Aeromonas (11%) and 

Staphylococcus (8%). No significant difference in alpha diversity indices was found. 

Analysis of beta diversity showed no difference in the community structure between the 

midgut and hindgut. Importantly, significant differences were identified the between 

stressed and unstressed fish, fish challenged (with and without epinephrine treated Y. 

ruckeri) and unchallenged as well as between different sampling times. Abundance of 

families Aeromonadaceae and Staphylococcaceae was more dependent on different 

challenge treatments while abundance of Sphingomonadaceae and Burkholderiaceae 

was related to sampling time. 

 

The findings of this thesis confirm that Y. ruckeri is able to sense stress-related 

hormones in the form of catecholamines and provides potential mechanisms at the 

transcriptional and functional level of how stress to the host translates to increased 

susceptibility to disease. These findings improve our understanding of the interaction 

between stress, virulence factors of Y. ruckeri and the Atlantic salmon immune 
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response.  Furthermore, apart from consolidating the accepted view that stress 

negatively impacts fish health and should be minimised it introduces the possibility of 

manipulating the host microbiome to potentially overcome or minimise the 

consequences of stressors on fish health that are common to aquaculture.  
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Chapter 1. GENERAL INTRODUCTION 

 

The general objective of this study was to evaluate the impact of catecholamine stress 

hormones on the virulence of Yersinia ruckeri and how the host Atlantic salmon (Salmo 

salar) immune genes and the gut microbial communities respond to stressors and a 

bacterial disease challenge. Hence, this chapter summarised current knowledge 

focusing on Y. ruckeri virulence and its infection (section 1.1 and 1.2) as well effects of 

catecholamines on growth and virulence of bacteria (section 1.3). In addition, general 

information about the fish gut microbiome was presented in section 1.4.  

 

1. 1. Yersinia ruckeri INFECTION  

Yersinia ruckeri is the causative agent of both yersiniosis in Atlantic salmon in the 

Southern Hemisphere and enteric redmouth disease (ERM) in rainbow trout 

(Oncorhynchus mykiss) in the Northern Hemisphere (Costa et al., 2011). Enteric 

redmouth disease  was first described in the 1950s in the USA and is continuously 

reported in Europe, North America, Australia, South Africa, the Middle East and China 

(Davies, 1991; Tobback et al., 2007; Kumar et al., 2015). The disease has a significant 

economic impact on salmonid farming worldwide as shown by an estimated  2.5 million 

USD loss reported for the USA trout industry (Woo and Bruno, 2014). In the USA in 

1998 ERM reportedly was responsible for 84% of the 34.3 million total trout mortalities 

(Woo et al., 2002). The mortality ranged from 10-50% (over a 2-6 month period) to 30-

70% dependant on whether the disease was in a chronic or acute form (Furones et al., 

1993; Barnes, 2011). The chronic form can lead to an acute epizootic under 
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unfavourable on-farm conditions, particularly in high density stocks and stressful 

conditions and hence may result in heavy losses (Furones et al., 1993).  

 

Since the first report of ERM in rainbow trout, Y. ruckeri has been isolated from many 

other fish all over the world (see Table 1.1) which demonstrates a wide range of hosts 

and a broad geographic distribution (Kumar et al., 2015). Yersiniosis can affect any fish 

species from all ages but is more acute in young fish up to fingerling size. In larger fish, 

the disease appears as a more chronic condition (Kumar et al., 2015). Affected fish may 

change their behaviour, including swimming slowly near the surface and have a loss of 

appetite. Gross clinical signs of the disease include haemorrhages on the body surface, 

reddening at the base of the fins and along the lateral line and on the head as well as 

exophthalmia and darkening of the skin (Tobback et al., 2007; Kumar et al., 2015). 

Internally, petechial haemorrhage may occur on the surface of the liver, pancreas, 

pyloric caeca, swimbladder and in the lateral muscles and the spleen is often enlarged 

and almost black in colour. The lower intestine can become inflamed and filled with an 

opaque, yellowish fluid. Histological examination shows general septicaemia with 

inflammation in all tissues, particularly in the kidney, spleen, heart, liver, gills and in 

areas with petechial haemorrhages. (Tobback et al., 2007; Kumar et al., 2015). 
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Table 1.1. Host species and geographic ranges of Yersinia ruckeri  

Host species Country Reference 

Oncorhynchus mykiss Australia, Bulgaria, Croatia, 

Czechoslovakia, Denmark, 

Finland, France, Germany, 

Greece, Poland, Portugal, 

Spain, Switzerland, Turkey, 

UK, Canada, USA, Peru, 

India, South Africa, Iran 

Ross et al. (1966); 

Bullock et al. (1977); 

Gelev et al. (1983); 

Fuhrmann et al. (1984); 

Bragg and Henton 

(1986); Valtonen et al. 

(1992); Oraić et al. 

(2002); Bravo and 

Kojagura (2004); Fouz 

et al. (2006); Akhlaghi 

and Sharifi Yazdi 

(2008); Pedersen et al. 

(2008); Barnes (2011) 

Oncorhynchus kisutch USA Arkoosh et al. (2004) 

Oncorhynchus nerka USA Ross et al. (1966) 

Oncorhynchus tshawytscha USA, New Zealand Arkoosh et al. (2004); 

Barnes et al. (2016) 

Salmo clarkia USA Bullock et al. (1978) 

Salmo salar Australia, Chile, Finland, 

Norway, UK, USA,  

Valtonen et al. (1992); 

Barnes et al. (2016) 

Salmo trutta Germany, USA  Fuhrmann et al. (1984); 

Furones et al. (1993) 

Acipenser baeri France  Vuillaume et al. (1987) 
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Anguilla Anguilla Germany Fuhrmann et al. (1984) 

Carasius auratus Singapore McArdle and Dooley-

Martyn (1985) 

Coregonus artedii Canada Stevenson and Daly 

(1982) 

Coregonus peled Finland Valtonen et al. (1992) 

Coregonus muksun Finland Rintamaki et al. (1986) 

Cyprinus carpio Germany, Hungary, Chile Fuhrmann et al. (1984); 

Enriquez and Zamora 

(1987); Berc et al. 

(1999) 

Ictalurus punctatus  USA Danley et al. (1999) 

Lota lota Canada Dwilow et al. (1987) 

Oreochromis niloticus Egypt Eissa et al. (2008) 

Pimephales promelas France Michel et al. (1986) 

Perca fluviatilis Finland Valtonen et al. (1992) 

Rutilis rutilis Finland Valtonen et al. (1992) 
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1. 2. CHARACTERISTICS OF Yersinia ruckeri 

1.2.1. Morphological and biochemical characteristics 

Yersinia ruckeri belongs to the family Enterobacteriaceae within the 

gammaproteobacteria subdivision. This Gram – negative bacterium has coccoid-rod cell 

morphology and is 1.0 µm in diameter and 2 – 3 µm in length (Barnes, 2011) however 

its size and morphology may change in different culture conditions. The organism can 

grow in a wide range of temperatures and has an optimum of 28ºC. The bacterial cells 

do not form endospores and have no capsule whereas some strains are able to move 

with peritrichous flagella (Austin et al., 1982). 

 

Biochemically, as a member of family Enterobacteriaceae, Y. ruckeri is glucose – 

fermentative, catalase – positive, oxidase – negative and nitrate – reductive (Tinsley, 

2010). It can be distinguished from other species based on production of lysine 

decarboxylase, ornithine decarboxylase and β- galactosidase, whereas hydrogen 

sulphide and indole are not present (Tobback et al., 2007; Tinsley, 2010) (Table 1.2).  
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Table 1.2. Biochemical characteristics of Yersinia ruckeri  

Source: Tinsley (2010) 

Test Result Test Result 

Fermentation + Utilisation of sodium citrate  + 

Production of:  Production of acid from:  

Arginine dihydrolase - Fructose  + 

Catalase + Glucose  + 

β- galactosidase + Inositol  - 

Hydrogen sulphide - Lactose - 

Indole - Maltose + 

Lysine decarboxylase + Mannitol + 

Ornithine decarboxylase  + Raffinose - 

Oxidase-phenylalanine     

deaminase  

- Salicin - 

Phosphatase  - Sorbitol - 

Methyl red test  v Sucrose  - 

Reduction of nitrate  + Trehalose  + 

Voges-Proskauer reaction  v Xylose  - 

Degradation of:  Degradation of:  

Aesculin  - Tributyrin  V 
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Chitin - Tween 20 V 

DNA - Tween 40 V 

Elastin V Tween 60 V 

Gelatin V Tween 80 V 

Pectin - Urea - 

+: ≥80% showing positive effect, -: ≤20% showing positive effect and v: 21-79% of 

positive effect 

 

This species can be divided into two biotypes based on motility and production of lipase. 

Biotype 1 is positive for both motility and lipase activity whereas biotype 2 is negative 

for both. Isolates can also be classified by whole-cell reactions as five major serovars; 

serovar I – Hagerman, most virulent; serovar II – Oregon, avirulent; serovar III – 

Australian, avirulent; serovar V – Colorado, avirulent and serovar VI – Ontario, 

avirulent (Barnes, 2011). The application of electrophoresis and immunoblots identified 

six O-serogroups were based on lipopolysaccharide O – antigen namely from O1 to O6 

(Barnes, 2011). Another classification has been suggested by using lipopolysaccharide 

and membrane proteins to group the species within four serotypes (O1 – O4). Serotype 

O1 was subdivided into two groups O1a (former serovar I) and O1b (former serovar III) 

while serotype O2 had three subgroups from the former serovar II including O2a, O2b 

and O2c. Serotype O3 and O4 were comprised of serovar V and VI respectively 

(Barnes, 2011). Recently, a new serotype O8 was identified as the most common 

serotype isolated from Atlantic salmon in Scotland from 2006 to 2011 and in 2014 

(Ormsby et al., 2016). Interestingly, this new serotype was also described in two 
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Scottish rainbow trout isolates, and this was explained by recombinational events in the 

lipopolysaccharide biosynthesis cascade (Gulla et al., 2018).   

 

1.2.2. Virulence factors   

1.2.2.1. Survival outside the host 

Several studies have determined that Y. ruckeri is able to survive in both water and 

sediments for more than 3 months, however survival was lower in water compared to 

sediments and was dependant on salinity (Romalde et al., 1994a; Romalde et al., 

1994b). The bacterium can survive in fresh or brackish water (salinity 0 – 20‰) for at 

least 4 months but survival diminished quickly in water salinity of 35‰ (Thorsen et al., 

1992; Romalde et al., 1994b). Yersinia ruckeri is also capable of forming biofilms on 

different surfaces such as common fish farm materials, including polyvinylchloride, 

fibreglass, concrete and wood which provide a suitable reservoir for re-infection 

(Coquet et al., 2002; Barnes, 2011). Interestingly, cells from immobile surfaces 

(biofilms) are associated with changes in outer membrane proteins in comparison to 

free-swimming cells (Coquet et al., 2005).  

 

Yersinia ruckeri can produce water-soluble antimicrobial compounds that inhibit Vibrio 

anguillarum, Aeromonas hydrophila and Aeromonas salmonicida and give it a 

competitive advantage for substrate and host colonisation (Michel and Bernadette, 

1987). This should be considered as part of a survival strategy outside the host and may 

be important for early stage of infection (Barnes, 2011). 
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1.2.2.2. Colonisation of the host 

Adhesion and entry into the host are the first steps in the establishment of a bacterial 

infection (Ruwandeepika et al., 2012). Although the cell surface properties of Y. ruckeri 

show that the cells are neither hydrophobic nor agglutinating, the capacity of Y. ruckeri 

to adhere and invade fish cell lines cultured in vitro has been reported (Toranzo and 

Barja, 1993). However, these characteristics are dependent on the fish cell line 

employed (Romalde and Toranzo, 1993; Toranzo and Barja, 1993; Tobback et al., 

2007). Kawula et al. (1996) reported lower levels of invasion rates of Y. ruckeri for 

rainbow trout kidney cells lines compared to those of fathead minnow (Pimephales 

promelas) epithelial cells.  A recent study showed that two isolates of Y. ruckeri invaded 

different types of salmon epithelial cells (Atlantic salmon kidney, salmon head kidney 

and Chinook salmon embryo cells) using cell culture method. Interestingly the biotype 

1 isolate ATCC 29473 was more infectious than the non-motile biotype 2 strain A7959-

11 despite the latter originated from a clinical case and was more virulent than the first 

one, hence this suggested that flagellum which is responsible for motility of Y. ruckeri 

plays important roles in attachment and entry into the host  (Menanteau-Ledouble et al., 

2018). However, none of the eight strains of Y. ruckeri tested  was capable of binding 

to carp epithelial cells (Santos et al., 1990). Later studies on Y. ruckeri infection routes 

indicated that this bacterium can access the interior of rainbow trout by at least three 

different paths; through the gills, lateral line and digestive tract (Ohtani et al., 2014). 

The two putative inverse autotransporter genes, Y. ruckeri invasin (yrInv) and invasion-

like molecule (yrIlm), have been found to be upregulated in a medium that mimics the 

environmental conditions present in the fish host (Wrobel et al., 2018), which suggests 
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that these genes may be involved in the infection process with Y. ruckeri (Guijarro et 

al., 2018b)  

 

1.2.2.3. Extracellular products (ECPs) 

It has been reported that extracellular products (ECPs) from Y. ruckeri contain 

caseinase, gelatinase, phospholipase, lipase and haemolysin (Barnes, 2011). An 

intraperitoneal injection of ECPs from Y. ruckeri into rainbow trout resulted in 

haemorrhages in the mouth which are characteristic of yersiniosis (Romalde and 

Toranzo, 1993). The role of ECPs in the pathogenic mechanisms of Y. ruckeri  was also 

shown when Romalde and Toranzo (1993), reported an LD50 for rainbow trout of  2 to 

9.12 µg of Y. ruckeri ECP (protein)  per g of fish. This LD50 was similar to those 

obtained for other fish bacterial pathogens such as Aeromonas hydrophila, A. 

salmonicida and Vibrio anguillarum (Table 1.3) (Romalde and Toranzo, 1993; Toranzo 

and Barja, 1993). 
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Table 1.3. Some characteristics and biological activities of the extracellular 

products from Yersinia ruckeri strains and some other aquatic pathogenic 

bacteria 

Source: (Romalde and Toranzo, 1993; Toranzo and Barja, 1993) 

Bacteria Fish LD50 (µg 

ECP /g fish) 

Enzymatic activities 

Cas Gel Ela Pho Lip Amy Hae 

Y. ruckeri 

NCMB1316 Trout 4.7 + + - + + + + 

11.4 Trout 5.5 + + - + + + + 

FP13 Trout 6.2 + + - + + + + 

PP31 Trout 3.3 + + - + + + + 

1533/87 Trout 8.7 + + - + + + + 

RS54 Trout 4.3 + + - + + + + 

RS2 Trout 2.0 + + - + + + + 

11.29 Trout 8.3 + + - + + + + 

1638/87 Trout 7.0 + + - + + + + 

RS6 Trout 2.0 + + - + + + + 

11.47 Trout 9.1 + + - + + + + 

11.73 Trout 4.3 + + - + + + + 

A. hydrophila B-32 Trout 2.1 + + + + + + + 

A. salmonicida Salmon 2.5 + + V + NR NR + 

Trout 9.8 + + V + NR NR + 
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V. anguillarum R-8 Trout 5.5 + + + - - + + 

V. anguillarum Turbot 4.5 – 6.0 + + V - NR NR + 

Salmon 5.8 – 7.3 + + V - NR NR + 

Cas: caseinase, Gel: gelatinase, Ela: elastase, Pho: phospholipase, Lip: lipase, Amy: 

amylase, Hae: haemolysin (fish) 

LD50: lethal dose needed to kill 50% of the challenged fish, V: variable results among 

strains, NR: not reported 

 

Multiple molecules contribute to the virulence of Y. ruckeri ECPs including the iron-

regulated Serratia-like haemolysin YhlA, the azocasein protease and the 47kDa 

metalloprotease yrp1 (Kumar et al., 2015). Yrp1 is a serralysin family extracellular 

protein, secreted through an ATP-binding cassette (ABC) transport system and able to 

degrade fibronectin, actin and myosin (Fernández et al., 2002; Kumar et al., 2015). 

According to Tobback et al. (2007), yrp1 is produced at the end of the exponential 

growth phase and contributes to the virulence of the bacterium in the invasion and 

colonization processes of different tissues. Yrp1 protease digests a wide variety of 

extracellular matrix and muscle proteins, hence may cause the leaking of blood through 

membranes and pores in the capillary vessels which may result in typical haemorrhages 

especially in oral cavities and intestines (Fernandez et al., 2003; Tobback et al., 2007). 

Recently, transcriptional fusion between the luxCDABE operon and the yrp1 promoter 

indicated that yrp1 is expressed more in fish tissues (in vivo) than in vitro (Méndez and 

Guijarro, 2013; Guijarro et al., 2018b). Interestingly, yrp1 was found to be dependent 

on temperature as higher levels of expression were found at 18ºC (the temperature 
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around which outbreaks of the diseases usually occur) compared to 28ºC (the optimal 

temperature for growth) (Fernandez et al., 2003; Guijarro et al., 2015b). 

 

The two putative peptidase enzymes yrpA and yrpB belonging to the U32 family 

encoded in yrpAB operon have also been identified in Y. ruckeri (Navais et al., 2014). 

These genes are present in a similar genetic organisation in different pathogens 

including human pathogenic Yersinia species and infection study with a yrpA mutant 

strain showed that this enzyme contributes to virulence in a similar way to the U32 

peptidases of Proteus mirabilis and Helicobacter pylori (Navais et al., 2014; Guijarro 

et al., 2018b). 

 

The yhlA gene encodes a Serratia-type haemolysin while the gene yhlB functions in the 

secretion or activation of yhlA. Evidence suggests that these genes play important roles 

in bacterial pathogenesis as virulence attenuation of Y. ruckeri against the bluegill fry 

(Lepomis macrochirus) cell line (BF-2) was obtained when mutants of yhlA and yhlB 

were inserted in the bacterium (Guijarro et al., 2018b). As with the yrp1 gene the YhlAB 

operon also displayed elevated expression at 18ºC compared to 28ºC. The presence of 

yhlAB operon and haemolytic activity in different Y. ruckeri strains from different 

origins and geographical locations suggests this operon is important for virulence of Y. 

ruckeri (Fernández et al., 2007b). 

The involvement of two cysteine desulfidase (cds) genes, cdsA and cdsB, in uptake and 

further degradation of L-cysteine was also suggested to contribute to virulence of Y. 
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ruckeri (Méndez et al., 2011). The cdsAB operon was found in several anaerobic and 

facultative bacteria and was specifically induced by L-cysteine under low oxygen 

conditions. It was suggested that it could be involved in the generation of iron-sulfur-

centers for Fe-S proteins or in the accumulation of glutathione which play important 

roles in detoxification and act as a redox buffer molecule in the bacterium (Méndez et 

al., 2011; Guijarro et al., 2018b). 

 

1.2.2.4. Iron acquisition  

Acquisition of iron inside the host is very important for bacterial pathogens, and their 

ability to grow under a low free iron concentration is an important virulence factor 

(Toranzo and Barja, 1993). Yersinia ruckeri possess ruckerbactin, a catecholate 

siderophore which is secreted and facilitates iron uptake from the host enabling the 

bacterium to multiply (Fernandez et al., 2004). Siderophores are small molecules with 

a high Fe3+ binding affinity which allows them to bind host iron and transport it back to 

the bacterial cell (Fernández et al., 2007b; Tobback et al., 2007). Siderophores can 

recognise a specific outer membrane receptor and are translocated into the cytosol of 

the bacterium where the iron is discharged and utilised for different metabolic pathways. 

Genes involved in the siderophore pathway of Y. ruckeri (i.e. the biosynthesis of 

ruckerbactin) have been shown to be up-regulated during the bacterial infection of fish 

however when these genes were inactivated the bacterial LD50 for trout was shown to 

increase a hundred-fold which highlights the significant role that this siderophore plays 

in virulence of Y. ruckeri (Fernandez et al., 2004).  
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1.2.2.5 Plasmids 

In bacteria, virulence factors can be encoded in plasmids and in the genus Yersinia, it is 

shown to be associated with the plasmid pYV (40-50 MDa). This plasmid codes for 

several characteristics including autoagglutination and calcium dependency, 

hydrophobicity, cytotoxicity and resistance to the bactericidal action of host serum, 

adherence and invasiveness and surface antigens (Toranzo and Barja, 1993). The 

presence of plasmids in Y. ruckeri has been reported by many authors, however, their 

role in virulence is not clear (Tobback et al., 2007). A large 75 MDa plasmid is found 

in most isolates regardless of their geographical origin while the smaller 70 kb plasmid 

encodes a type three secretion system (TTSS) (Tobback et al., 2007).  

 

A TTSS system allows direct communication between bacteria and host cells. By using 

this system a bacterium can inject effector proteins into the cytosol of the host and 

modulate the cell functions to its advantage (Tobback et al., 2007). In Y. ruckeri, a TTSS 

system is different from that shared by human pathogenic Yersinia species. Gunasena 

et al. (2003) reported that sequencing analysis of the gene encoding the most highly 

conserved protein of TTSS in fish pathogens (the type three ATPase and adjacent genes) 

revealed a significant homology with the chromosomally encoded Yersinia secretion 

apparatus (ysa) TTSS genes of Y. enterocolitica biovar 1B. This suggests that a ysa-like 

TTSS may be present in Y. ruckeri. The ysa TTSS of Y. enterocolitica biovar 1B is 

implicated in the gastrointestinal stages of infection and the delivery of effector 

proteins, Yersinia secreted proteins (ysps), into host cells resulting in infection 
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(Tobback et al., 2007). However, more research is needed to reveal the presence and 

the function of the Ysa TTSS in Y. ruckeri. 

Recently, the pYR1 plasmid has been described in Y. ruckeri, which carries several 

antibiotic resistance determinants and encodes a type IV conjugative transfer system as 

well (Welch et al., 2007; Méndez et al., 2009). Although, the role of this type IV system 

in virulence is not fully known, it may be required for intracellular survival of Y. ruckeri 

and regulated by temperature with elevated expression at 18ºC (as seen with yrp1 

protease, yhlA haemolysin and the ruckerbactin system) (Méndez et al., 2009). 

 

1.2.2.6. Other virulence factors 

The high-affinity zinc transporter znuABC operon is widely present in bacteria such as 

Brucella abortus, Campylobacter jejuni and Neisseria gonorrhoeae and contributes to 

their virulence (Guijarro et al., 2018b). The znuABC is required for Y. ruckeri survival 

in fish and an infection study by Dahiya and Stevenson (2010b) where the bacterium 

had a znuA mutant infection loads were 150 to 350-fold lower in the kidney of rainbow 

trout compared to the parental strain. Hence, this zinc transport system has an important 

role in the infection process. In another study, the BarA-UvrY two component system 

was demonstrated to be involved in pathogenesis of Y. ruckeri by regulating invasion 

of epithelial cells and increasing sensitivity to oxidative stress induced by immune cells 

(Dahiya and Stevenson, 2010a). 

 



  

 
17 

Recently the lpxD gene, which encodes for lipopolysaccharide (LPS) biosynthesis, has 

been reported to contribute to virulence of Y. ruckeri as deletion of this gene resulted in 

an LPS-deficient strain (Altinok et al., 2016). This lpxD mutant caused significant 

attenuation of virulence compared to wildtype strain in rainbow trout (Altinok et al., 

2016). Another interesting virulence factor of Y. ruckeri is the antifeeding prophage 18 

toxin (Afp18). This toxin has been shown to act as a virulence factor during the 

infection of insects with Serratia entomophila (Hurst et al., 2007). Microinjection of 

Y. ruckeri Afp18 into zebrafish (Danio rerio) embryos was reported to block 

cytokinesis, actin-dependent motility and cell blebbing and abrogating gastrulation 

(Jank et al., 2015). However, Afp18 effects were only tested on zebrafish embryos 

and it could be interesting to study its role in Y. ruckeri infection of rainbow trout by 

generating a mutant strain (Guijarro et al., 2018b). 

 

A recent study has indicated flagellar regulation mediated by the regulation of capsular 

synthesis (Rcs) pathway was required for virulence of Y. ruckeri (Jozwick et al., 2019). 

This study showed expression of the flagellin locus fliC was repressed during the 

infection and upregulated upon host death when tested in rainbow trout. The authors 

suggested this expression profile may be necessary to avoid flagellin-mediated host 

recognition which could lead to attenuation of pathogenesis during the infection 

process. In addition, the Rcs pathway was demonstrated to down-regulate biosynthesis 

of the flagellar apparatus as deletion of RcsB resulted in overproduction of flagellin and 

unregulated motility. Experimental challenge with mutants of the Rcs pathway also 

resulted in attenuation of virulence. Hence, it could be concluded that Rcs regulatory 
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system is responsible for sensing host signals and regulating related genes to adapt to 

the host environment during the course of infection (Jozwick et al., 2019). 

 

1.3. HOST STRESS HORMONES AND THEIR IMPACT ON GROWTH AND 

VIRULENCE FACTORS OF PATHOGENS  

A hormone is defined as a chemical substance produced in the body by an organ, or 

scattered cells which possess a specific regulatory effect on the activity of an organ or  

several organs (Burtis, 2006). Similar to mammalian hormones, fish hormones can be 

divided into three major classes, including proteins (or peptides), steroids (a subclass of 

lipidic hormones) and amino acid derivatives (or amines) (Norman and Litwack, 1997; 

Burtis, 2006; Hughes and Sperandio, 2008). The structure of a hormone dictates the 

location of its receptor. Steroid hormones can cross plasma membranes and primarily 

bind to intracellular receptors, while amine and peptide hormones have to bind to cell -

surface receptors (such as receptor kinases and G protein coupled receptors) since they 

cannot cross the cell membrane (Hughes and Sperandio, 2008). Peptide hormones 

include the epidermal growth factor, insulin and glucagon. Most hormones are proteins 

and peptides, which contain 3–200 amino acids and usually are post-translationally 

processed. Steroid hormones are derived from cholesterol, whereas amines are 

synthesized from tyrosine. Amine hormones include the catecholamines adrenaline 

(epinephrine), noradrenaline (norepinephrine) and dopamine (Figure 1.1). All of these 

hormones are engaged in inter-kingdom signalling with microorganisms (Hughes and 

Sperandio, 2008). 
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Figure 1.1. Catecholamine biosynthesis (Freestone et al., 2008b) 

 

Microorganisms have a long co-existence with animals and plants, hence they possess 

detection systems for sensing host-associated chemicals such as hormones (Hughes and 

Sperandio, 2008; Sharaff and Freestone, 2011). These hormone-sensors play important 

roles in determination of the locality of a suitable host, gene expression involved in host 

colonization and, in the case of pathogenic species, virulence determinants (Sharaff and 

Freestone, 2011). Most of the studies in microbial endocrinology have focused on the 

interaction of bacteria with the hormones released during stress such as the 

catecholamine “fight and flight” hormones, including epinephrine, norepinephrine and 

dopamine (Lyte and Freestone, 2010; Sharaff and Freestone, 2011). It has been reported 



  

 
20 

that stress in humans and animals leads to an increased risk of infection (Freestone and 

Lyte, 2010; Sharaff and Freestone, 2011). Reiche et al. (2005b) reported that an increase 

in stress hormone production, mainly adrenaline and noradrenaline, resulted in a 

significant reduction of cell based immune function in animals.  

 

Several species of bacteria have been shown to respond to the administration of 

catecholamines with increased growth (in culture) and virulence (Kinney et al., 1999; 

Belay et al., 2003; Sharaff and Freestone, 2011) (see Table 1.4). Lyte and Ernst (1992) 

indicated that both Escherichia coli and Y. enterocolitica showed increased bacterial 

numbers after 24 hours culture with norepinephrine, epinephrine or dopamine compared 

to control cultures without the hormones. The same enhancing effect of norepinephrine 

has also been exhibited in Listeria monocytogenes (Coulanges et al., 1997). In addition, 

Kinney et al. (1999) reported that cultures of A. hydrophila, a Gram-negative bacillus 

found in brackish water causing diseases in fish and frogs, when treated with 

norepinephrine, epinephrine, dopamine or isoproterenol showed a dramatic increase in 

growth with 4.5-log greater bacterial numbers than control cultures. Later, Belay et al. 

(2003) indicated that supplementation of minimal medium with norepinephrine, 

epinephrine, dopamine or isoproterenol resulted in a significant increase in growth of 

Pseudomonas aeruginosa, Klebsiella pneumoniae, E. coli and Staphylococcus aureus 

compared to controls. Recently, Yang et al. (2014) indicated that the addition of 

norepinephrine and dopamine increased the growth of Vibrio harveyi more than 2 times 

in marine broth containing 30% serum compared to controls. Similarly, Pande et al. 

(2014) found that the presence of 100µM of norepinephrine and dopamine could 
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increase the growth of V. campbellii and V. anguillarum in medium containing 30% of 

serum also relative to controls. Although the results suggested that catecholamines can 

enhance growth of pathogenic bacteria, there was no uniform effect of catecholamines 

on bacterial growth (Belay et al., 2003).  

 

Table 1.4. Catecholamines and their effects on pathogenic bacteria 

Hormones  Bacterial species  Growth  Virulence References  

Nor-

epinephrine  

Acinetobacter lwoffii  

Aeromonas hydrophila  

 

Bordetella bronchiseptica  

 

Campylobacter jejuni  

 

Citrobacter freundii  

Citrobacter rodentium 

Escherichia coli  

Hafnia alvei  

Klebsiella pneumoniae  

 

 

Leptotrichia buccalis 

Listeria monocytogenes 

Morganella morganii  

Proteus mirabilis  

Pseudomonas aeruginosa 

Shigella sonnei  

Streptococcus aureus 

Vibrio anguillarum  

Vibrio harveyi  

 

↑ 

↑ 

 

↑ 

 

↑ 

 

↑ 

NT 

↑ 

↑ 

↑ 

 

 

↑ 

↑ 

↑ 

↑ 

↑ 

↑ 

↑ 

↑ 

↑ 

 

NT 

↑ 

 

↑ 

 

↑ 

 

NT 

↑ 

↑ 

NT 

NT 

 

 

NT 

NT 

NT 

NT 

↑ 

NT 

↑ 

↑ 

↑ 

 

Freestone et al. (1999) 

Kinney et al. (1999); 

Gao et al. (2019) 

Anderson and 

Armstrong (2006) 

Roberts et al. (2002); 

Cogan et al. (2007) 

Freestone et al. (1999) 

Moreira et al. (2016) 

Freestone et al. (2003) 

Freestone et al. (1999) 

Belay and Sonnenfeld 

(2002) 

Roberts et al. (2002) 

Coulanges et al. (1998)  

Freestone et al. (1999)  

Freestone et al. (1999) 

Belay et al. (2003) 

O'Donnell et al. (2006) 

Freestone et al. (2008a) 

Pande et al. (2014) 

Pande et al. (2014); 

Yang et al. (2014) 

Lacoste et al. (2001) 
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The “↑” indicates enhanced growth or virulence of bacteria in vitro; NT: not tested 

 

Catecholamines can enhance bacterial growth based on two mechanisms, the ability of 

bacteria to utilize iron from catecholamines and the catecholamine itself as a bacterial 

growth stimulator (Freestone et al., 1999; Sharaff and Freestone, 2011). Firstly, iron is 

one of the essential nutrients for growth of all bacterial pathogens, and its production is 

limited in blood and mucosal secretions because of the presence of transferrin and 

lactoferrin (Faraldo-Gómez and Sansom, 2003; Krewulak and Vogel, 2008; Sharaff and 

Freestone, 2011). It has been shown that catecholamine complex formation with 

transferrin and lactoferrin results in reduction of iron, from ferric to ferrous, a valency 

Vibrio splendidus  

Vibrio parahaemolyticus  

Xanthomonas maltophilia  

Yersinia ruckeri 

↑  

↑ 

↑ 

↑ 

 

↑ 

↑ 

NT 

↑ 

 

Nakano et al. (2007a) 

Freestone et al. (1999) 

Torabi Delshad et al. 

(2019) 

Epinephrine Aeromonas hydrophila 

Citrobacter rodentium 

Escherichia coli   

Leptotrichia buccalis 

Pseudomonas aeruginosa 

↑ 

↑ 

↑ 

↑ 

↑ 

NT 

↑ 

↑ 

NT 

NT 

Kinney et al. (1999)  

Moreira et al. (2016) 

Freestone et al. (2003) 

Roberts et al. (2002) 

Belay et al. (2003) 

Dopamine Aeromonas hydrophila  

 

Escherichia coli  

Pseudomonas aeruginosa 

Vibrio harveyi  

 

Vibrio anguillarum  

Yersinia ruckeri 

↑ 

 

↑ 

↑ 

↑ 

 

↑ 

↑ 

 

NT 

 

↑ 

↑ 

↑ 

 

↑ 

↑ 

 

Kinney et al. (1999); 

Freestone et al. (2003); 

Freestone et al. (2008a) 

Alverdy et al. (2000); 

Pande et al. (2014); 

Yang et al. (2014) 

Pande et al. (2014) 

Torabi Delshad et al. 

(2019) 
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for which transferrin and lactoferrin have a much lower affinity, resulting in rapid iron 

loss (Sharaff and Freestone, 2011). This iron theft process by catecholamines can be 

considered as a growth stimulation for bacteria, resulting significant increases of 

bacterial cells of many species when catecholamines are added to the blood (Lyte and 

Ernst, 1992; Coulanges et al., 1997; Kinney et al., 1999; Belay et al., 2003; Sharaff and 

Freestone, 2011). Another mechanism by which catecholamines can induce growth of 

Gram-negative bacteria, particularly enteric species, involves induction of a bacterial 

growth stimulator (Lyte et al., 1996; Freestone et al., 1999; Sharaff and Freestone, 

2011). According to Freestone et al. (1999), this growth stimulator is termed the NE-AI 

(noradrenaline-induced autoinducer) to distinguish it from homoserine lactone type 

autoinducers. The NE-AI induces its own synthesis and has cross-species functionality 

and can induce an increase in bacterial growth of a magnitude similar to that seen with 

the catecholamines (Freestone et al., 1999). The mechanism by which the NE-AI 

stimulates growth is unsure but has been shown to be independent of transferrin or 

lactoferrin (Freestone et al., 2003).  

 

Many reports have demonstrated the correlation between catecholamine accumulation 

and the increase of production of virulence-associated factors such as toxins, adhesions, 

biofilm formation and quorum sensing in many Gram-negative bacteria (Lesouhaitier 

et al., 2009). Catecholamines have also been reported to increase the production of 

Shiga toxins in E. coli O157:H7 (Lyte et al., 1996). Increase of Shiga toxin production 

is significant in enterohaemorrhagic E. coli, as it can cause acute renal and neurological 

complications via damage to microvascular endothelial cells (Lyte et al., 1996; Hughes 
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and Sperandio, 2008; Sharaff and Freestone, 2011). In addition, many in vitro studies 

have shown that stress hormones can drive enhancement of bacterial attachment to host 

tissues through increased expression of pili and fimbriae facilitators (Sharaff and 

Freestone, 2011). Similar effects of catecholamines on adherence of E. coli have also 

been reported (Chen et al., 2003; Green et al., 2004; Vlisidou et al., 2004; Sharaff and 

Freestone, 2011). Other enteric pathogens have also been shown to respond to stress 

hormones for example Nakano et al. (2007b) reported that in V. parahaemolyticus, 

norepinephrine stimulated the expression of three genes (vscQ, vscR and vscU) 

associated with TTSS1 which contributed to the cytotoxicity of V. parahaemolyticus. 

Additionally, during an in vivo test, a high concentration of norepinephrine (100μM) 

was shown to stimulate the enteropathogenicity of V. parahaemolyticus in rats (Nakano 

et al., 2007b). Also norepinephrine was shown to increase the expression of the PA-I 

lectin which plays a key role in the pathogenicity of P. aeruginosa in the intestinal 

epithelium (Alverdy et al., 2000).  

 

For aquaculture species, Lacoste et al. (2001) reported that stressing farmed oysters led 

to increased susceptibility to infection with Vibrio species, which was directly linked to 

an increase in production of noradrenaline in the shellfish. The injection of 

noradrenaline into unstressed oysters also significantly increased oyster mortality 

resulting from  subsequent Vibrio infection (Lacoste et al., 2001). Norepinephrine and 

dopamine increased motility, siderophore production, and expression of genes involved 

in flagellar motility, biofilm formation and exopolysaccharide production of V. harveyi 

and V. alginolyticus (Pande et al., 2014; Yang et al., 2014). In the challenge tests on 
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brine shrimp larvae (Artemia franciscana) and Macrobrachium rosenbergii larvae, pre-

treatment of V. harveyi with norepinephrine and dopamine resulted in a significant 

decrease of survival rate of the larvae compared to those challenged with untreated V. 

harveyi (Pande et al., 2014; Yang et al., 2014). Moreover, several in vivo studies have 

shown that stress and stress hormones can directly affect the microflora of an animal. 

For example, physical stress of mice caused by surgery or a short-term period of 

starvation resulted in significant increases in the number of E. coli adhering to the caecal 

mucosa (Hendrickson et al., 1999). Prolonged restraint stressors can also result in 

altered microflora which can lead to overgrowth by a commensal bacterium such as E. 

coli and Citrobacterro dentium and maybe result in serious infection (Bailey et al., 

2006; Bailey et al., 2010; Sharaff and Freestone, 2011).  

 

1.4. FISH GUT MICROBIOME 

Microbiota can be defined as microbial flora in a particular environment whereas 

microbiome is the assemblage of genomes of the microorganisms within the microbiota 

(Butt and Volkoff, 2019). Early microbiota studies focused on gut microbial 

communities in human and mammals, and then extend to all tissues or organs with an 

epithelial lining such as skin, respiratory tract, urogenital tract. In fish similar studies 

on microbiome composition have been conducted on the skin, gills, blood, internal 

organs and but were mainly concentrated on the gut (Table 1.5) (Larsen, 2014).  

The gut microbiota is known to have vital roles in host development, physiology and 

health starting from the early life stage (Llewellyn et al., 2014; Tarnecki et al., 2017). 

Recent studies have reported that microbial communities contribute to proper 
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development of the gastrointestinal tract and immune system of hosts and increase 

nutrient absorption and can also compete with opportunistic pathogens to prevent 

disease (Llewellyn et al., 2014; Tarnecki et al., 2017; Egerton et al., 2018) . Studies on 

zebrafish  reported significant differences in morphology of gut epithelial cells between 

germ-free zebrafish and normal fish (with a commensal microbiota) (Rawls et al., 

2004). The microbiota was also shown to play important roles in the differentiation of 

the gut epithelium and function of the digestive tract in zebrafish including maturation 

of brush border enzyme activity, glycoconjugate expression, secretory cell numbers and 

protein macromolecule uptake (Bates et al., 2006). In addition, gut microbiota assists 

with maturation of the gut-associated lymphoid tissues which protects hosts against 

pathogens and maintains gut homeostasis (Dimitroglou et al., 2011).  

 

Many studies have reported on the roles of gut microbiota in host nutrition. For 

example, in grass carp (Ctenopharyngodon idella), changes in the composition of the 

microbiota resulted in changes in biosynthetic and metabolic pathways of 

carbohydrates, amino acids and lipids (Ni et al., 2014). In addition, increases in 

absorption of fatty acids, lipid accumulation in the intestinal epithelium and expression 

of related lipid metabolism genes were reported in normal zebrafish compared to those 

that were germ-free (Butt and Volkoff, 2019). Similarly, commensal bacteria in 

zebrafish increased the absorption of macromolecule proteins and fatty acids (Bates et 

al., 2006). Gut microbiota was found to be able to produce vitamin B12 (in freshwater 

fish) or short-chain fatty acids that can be used by the hosts (Larsen, 2014). Gut 

microbes in grass carp have been shown to be capable of metabolising cellulose and 
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complex polysaccharides making the nutrients available which otherwise would not 

have been due to the lack of host cellulase (Ganguly and Prasad, 2012). 

 

It has been suggested that the microbiota can protect hosts from colonization by 

pathogens and from proliferation of those pathogens. Although mechanisms have not 

been clearly demonstrated, commensal microbes may out-compete pathogens for niches 

and nutrients and also produce and secrete antimicrobial peptides (Butt and Volkoff, 

2019). In addition, the ability of gut microbiota to produce short-chain fatty acids (from 

complex sugars) which are easily absorbed by diffusion or specific receptors helps to 

increase resistance against pathogens (Montalban-Arques et al., 2015; Talwar et al., 

2018). In many studies, administration of beneficial microbes has been shown to inhibit 

pathogens, enhance digestion and fish growth, promote a stable healthy microbiota and 

increase immune performance (Larsen, 2014; Egerton et al., 2018). 

 

Diversity and composition of gut microbiota are influenced by both biotic (such as 

genotype, physiological status, pathobiology, gender, lifestyle) and abiotic 

(environmental) factors (Llewellyn et al., 2014; Butt and Volkoff, 2019). Changes in 

the  composition of the microbiota can result in altering its function and metabolic 

activity, therefore affecting feeding, growth, energy storage and health of the host (Butt 

and Volkoff, 2019).  

 

Environmental factors such as salinity, season, geographic location, rearing condition 

and the presence of toxic pollutants can affect microbial communities in fish. Variation 
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in salinity can significantly affect composition of gut microbiota for example an 

increase in salinity shifted the dominant bacterial taxa in gut black molly (Poecilia 

sphenops) (Schmidt et al., 2015) and Atlantic salmon (Dehler et al., 2017b). The gut 

bacterial community differs between freshwater and marine fish as well, for example 

the most common genera in freshwater fish are Aeromonas and Pseudomonas while 

Vibrio is dominant in marine fish (Larsen, 2014; Butt and Volkoff, 2019).  

 

Seasonal changes also influence the gut microbiota structure in fish. Differences in gut 

microbial communities between seasons have been reported in many fish including: 

wild-caught bluegill fish (Lepomis macrochirus), largemouth bass (Micropterus 

salmoides), spotted gar (Lepisosteus oculatus), hybrid tilapia (Oreochromis niloticus x 

Oreochromis aureus) and sea-cage cultured Atlantic salmon (Hovda et al., 2012; Ray, 

2016; Zhang et al., 2016; Butt and Volkoff, 2019). However, an exception is pangasius 

(Pangasius hypophthalmus) where a study on effects of multiple farm locations across 

multiple seasons of gut microbiota indicated that bacterial communities remained 

constant (Le Nguyen et al., 2008). 

 

Rearing conditions have also been reported to shift the structure of gut microbiota in 

Atlantic salmon. The gut microbiome of parr reared in a recirculating laboratory 

aquarium was different from those maintained in cage culture in a commercial fish farm 

(Dehler et al., 2017a).  When considering pollutants microbial communities of the 

common carp (Cyprinus caprio) and zebrafish displayed disturbances,  which resulted 

in an increased susceptibility to pathogens and inflammation and a reduced nutrient 
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absorption after exposure to waterborne copper and polystyrene microparticles (Butt 

and Volkoff, 2019). 

 

The gut microbiota of fish can also vary due to several factors, including genetics and 

sex, age and life stages, diet and feeding habits (Butt and Volkoff, 2019) and diseases 

(Larsen, 2014). Several studies have been indicated that gut microbiota is species-

specific. For example, a study on gut microbiota of zebrafish collected from different 

culture facilities and natural populations identified large similarities of microbes 

between samples, and this shared microbiota remained stable despite environmental 

influences (Roeselers et al., 2011). Bacterial abundance and composition were different 

among three species of parrotfish (Chlorurus sordidus), surgeonfish (Acanthurus 

nigricans) and snapper (Lutjanus bohar) from the same coral reef (Smriga et al., 2010).  
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Table 1.5. Effect of different factors on Atlantic salmon gut microbiome 

 

Study design Microbiome Dominant phyla References 

Effect of alternative protein 

sources  

Autochthonous 

and allochthonous 

Firmicutes, 

Proteobacteria, 

Fusobacteria, 

Bacteroidetes, 

Actinobacteria 

Gajardo et al. 

(2017) 

Effect of habitat (recirculated 

aquarium and open loch) 

Allochthonous Firmicutes, 

Proteobacteria, 

Tenericutes  

Dehler et al. 

(2017a) 

Effect of geographical 

distance (freshwater and 

marine water) 

Allochthonous Proteobacteria, 

Firmicutes, 

Bacteroidetes, 

Actinobacteria 

Llewellyn et 

al. (2016) 

Effects of diets Allochthonous Bacteroidetes, 

Firmicutes,  

Proteobacteria, 

Zarkasi et al. 

(2016) 

Effects of alternative feeds 

on fish microbiome cultured 

in recirculation water system 

Autochthonous 

and allochthonous 

Proteobacteria 

and others 

Schmidt et al. 

(2016) 

Effect of commercial diets Autochthonous 

and allochthonous 

Proteobacteria, 

Firmicutes, 

Fusobacteria, 

Actinobacteria 

Gajardo et al. 

(2016) 
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Sex  may also influence fish gut microbiota as microbial composition was shown to be 

different between sexes of threespine stickleback (Gasterosteus aculeatus) and 

Eurasian perch (Perca fluviatilis) (Butt and Volkoff, 2019) (Bolnick et al., 2014). 

However, the gut microbiota of zebrafish was reported to be similar for both sexes (Liu 

et al., 2016). 

 

The variations in gut microbiota composition and diversity has shown to be related to 

fish age. In Atlantic salmon, microbial communities have lower richness and diversity 

in the embryonic stage in comparison to hatchlings (Lokesh et al., 2018) while juvenile 

zebrafish have higher bacterial richness than adult fish (Stephens et al., 2016). In farmed 

Malaysian mahseer (Tor tambroides), larvae, juvenile and adult stages have higher 

diversity of gut microbiota than fingerling and yearling stages (Mohd Nosi et al., 2018). 

This might be due to the change of nutrient requirements in different life stages, 

however further studies are needed for clearer explanation (Butt and Volkoff, 2019). 

 

Feeding habitats and diets have strongly impacted fish microbial composition. 

Generally, gut bacterial diversity is lower in carnivores and higher in omnivores and 

herbivores for both marine and freshwater fish (Butt and Volkoff, 2019). This trend has 

been thought to be related to the abundance of the cellulose degrading bacteria such as 

Anoxybacillus, Leuconostoc, Clostridium, Actinomyces and Citrobacter in omnivores 

and herbivores. In carnivores, lipase and proteinase – producing bacteria such as 

Halomonas have been commonly identified (Talwar et al., 2018). Diet and nutrient 

source alterations are also found to reshape gut microbiota composition and diversity. 
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Plant-derived dietary proteins significantly decrease microbial diversity and increase 

relative abundance of Lactobacillales, Bacillales and Pseudomonadales while 

Bacteroidales, Clostridiales, Vibrionales, Fusobacteriales and Alteromonadales are 

usually found in gut fish fed with animal proteins (Michl et al., 2017; Talwar et al., 

2018). However, in channel catfish  (Ictalurus punctatus), different diets with different 

protein sources derived from plants and animals have slightly different effects on gut 

microbiota (Schroeter et al., 2018). Modification of diets such as fasting results in 

reduction of nutrient uptake, thus favour bacterial species using wide-range energy 

sources in limited nutrient conditions and therefore reshape gut microbiota (Butt and 

Volkoff, 2019). 

 

Administration of beneficial bacteria to fish has been demonstrated to change bacterial 

communities, improve nutrient uptake and innate immune responses in many species, 

in contrast studies on effects of disease or pathogenic challenge on fish microbiota are 

currently limited. Cárdenas et al. (2011) found white plague disease significantly shifted 

the composition of bacterial communities of two Caribbean reef-building coral species. 

Bacterial diversity decreased significantly, and Pseudomonas and Vibrio became 

dominant in spleen and liver of diseased turbot (Scophthalmus maximus) (Toranzo et 

al., 1993). Recently, a study on enteritis in grass carp demonstrated that diversity, 

structure and function of gut microbiota were significantly different, with the increase 

of genera Dechloromonas, Methylocaldum, Planctomyces, Rhodobacter, 

Caulobacter, Flavobacterium, and Pseudomonas compared to healthy fish (Tran et al., 

2018). 

https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/ictalurus-punctatus
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1.5. THESIS AIMS 

It is well known that Y. ruckeri can survive for long time in the environment as well as 

reside in fish intestine and is able to establish infections when fish are stressed (Ghosh 

et al., 2018). Hence better understanding of pathogenicity under different environmental 

conditions is essential for disease management. Although there are numerous studies of 

the effects of environmental factors on bacterial virulence, there is a limited information 

about these effects on Y. ruckeri and the interaction between environment conditions 

especially in stressful conditions. In particular the impact of stress hormone on virulence 

of Y. ruckeri requires investigation. In order to minimise the impact of this disease on 

salmon a fuller understanding of factors which influence virulence is needed, hence the 

aims of this project were: 

To determine the in vitro effect of culturing Y. ruckeri with different concentrations (25, 

50, 100 and 200 μM) of catecholamines norepinephrine, epinephrine and dopamine on 

potential Y. ruckeri virulence factors (Chapter 2) 

- To assess survival of stressed and unstressed Atlantic salmon and the fish immune 

response after challenge with Y. ruckeri some of which had been exposed to epinephrine 

(50 µM) in vitro (Chapter 3) 

- To determine if a disease challenge with Y. ruckeri and host stress response can alter 

diversity and structure of gut microbiota in Atlantic salmon (Chapter 4)  

The results of this thesis will provide more knowledge on the interactions between the 

host, the pathogen in the certain environment, and therefore will help to develop a health 

management strategy against this disease and ultimately benefit to the fish farmers.   
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Chapter 2.  EFFECTS OF CATECHOLAMINES ON GROWTH AND 

VIRULENCE OF Yersinia ruckeri 

2.1. INTRODUCTION 

Yersinia ruckeri is the causative agent of enteric redmouth disease (ERM) or yersiniosis, 

one of the most serious bacterial haemorrhagic septicaemia in Atlantic salmon (Salmo 

salar)  and rainbow trout (Onchorhynchus mykiss)  (Tobback et al., 2009; Barnes, 2011; 

Costa et al., 2011). Although development of vaccines has shown much success in 

protecting salmonids from yersiniosis and ERM and has reduced economic losses for 

salmonid aquaculture industry, outbreaks are still reported. An improved understanding 

of Y. ruckeri pathogenic mechanisms is needed (Tobback et al., 2009; Kumar et al., 

2015), in particular the virulence factors which determine the capacity for virulence and 

pathogenicity (Casadevall and Pirofski, 2001). These factors help pathogens to colonise 

the host, evade and inhibit the host’s immune response and utilise nutrition from the 

host (Casadevall and Pirofski, 2001). Previous studies have shown that Y.  ruckeri can 

produce some extracellular products including enzymes such as protease and lipase and 

also haemolysin which all may have an important role in pathogenesis (Fernández et 

al., 2007b; Tobback et al., 2007). Another extracellular product, ruckerbactin, a 

catecholate siderophore of Y. ruckeri, helps the bacterium utilise iron from the host and  

enables the formation of biofilms which are involved in its virulence (Fernández et al., 

2007b; Tobback et al., 2010). Host and pathogens always exist in an interaction which 

can be described as a dynamic battle. During disease, pathogens overcome the host 

immune defence system  by activation of several virulence factors which can be driven 
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by specific host products and/or environmental cues ultimately allowing the pathogen 

to survive and multiply (Mekalanos, 1992).  

 

Microorganisms have evolved sensory systems for detecting host-associated chemicals 

such as hormones (Hughes and Sperandio, 2008; Sharaff and Freestone, 2011). This 

sensory ability of microorganisms enables them to detect potential hosts and then to 

instigate the expression of genes enabling host colonisation and production of virulence 

factors (Sharaff and Freestone, 2011). Recently, studies have focussed on the interaction 

of bacteria with the hormones released in fish during stress such as the catecholamines 

which include epinephrine, norepinephrine and dopamine (Lyte and Freestone, 2010; 

Lyte et al., 2011a; Sharaff and Freestone, 2011). Increases in stress hormone production 

have been shown to cause a significant reduction of cell-based immune function of the 

hosts (Reiche et al., 2005a) and also enhancement of bacterial growth and virulence 

(Kinney et al., 1999; Belay et al., 2003; Sharaff and Freestone, 2011). Lesouhaitier et 

al. (2009) demonstrated a positive correlation between host catecholamine levels and 

the production of virulence-associated factors such as extracellular products, toxins and 

adhesion molecules as well as biofilm formation and quorum sensing in a large number 

of Gram-negative bacteria (Lesouhaitier et al., 2009). The ability to respond to stress 

hormones  exists in several species of bacteria, including Escherichia coli, Yersinia 

enterocolitica (Lyte and Ernst, 1992), Listeria monocytogenes (Coulanges et al., 1997), 

Aeromonas hydrophila (Kinney et al., 1999), Pseudomonas aeruginosa, Klebsiella 

pneumoniae, Staphylococcus aureus (Belay et al., 2003), Vibrio parahaemolyticus 



  

 
36 

(Nakano et al., 2007a; Pande et al., 2014), and Vibrio harveyi (Pande et al., 2014; Yang 

et al., 2014).  

 

Despite many virulence factors have been reported for Y. ruckeri (see chapter 1), an 

improved understanding of its virulence is still needed in particular to demonstrate how 

the bacterium responds to host stress hormones. Recent study showed norepinephrine  

and dopamine could increase growth, biofilm formation and motility of Y. ruckeri 

(Torabi Delshad et al., 2019) however only one concentration of the hormones was 

tested. As each hormone and its concentration may have different effects on bacterial 

growth and virulence, the aim of this study was to determine the effects of three 

catecholamines at different concentrations using relevant in vitro assays. 

 

2. 2. MATERIALS AND METHODS 

2.2.1. Growth conditions for Yersinia ruckeri  

A single strain of Y. ruckeri isolated from Atlantic salmon (serotype O1b, strain 

UTYR001) and stored -80 ºC (General laboratory, Newnham campus) was used for all 

experiments. The bacterium was grown on Tryptone soya agar (TSA) (Oxoid, 

Australia) or in Tryptone soya broth (TSB) (Oxoid, Australia) at 18 ºC under constant 

agitation of 100 rpm. Cell density was measured spectrophotometrically at 600 nm and 

correlated to viable cell numbers on TSA. 
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2.2.2. Calibration curve for absorbance and cell density of Y. ruckeri  

A calibration curve was constructed by using absorbance data at 600 nm of ten-fold 

serial dilutions ranging from 10-4 to 10-9 of an overnight broth culture of Y. ruckeri and 

colony forming units (CFU) from each dilution on TSA plates. Briefly, 100 μL of each 

dilution was spread over the surface of the plates in triplicate and incubated for 24 hours 

at 18 ᵒC. Number of colonies on TSA were only counted from 20 to 300 for CFU 

calculation. For Y. ruckeri, the formula for the line of best fit from the calibration curve 

was: y (CFU/mL) = 3 ×1010 × (Absorbance 600 nm).  

 

2.2.3. Hormones 

In this study, three hormones were used: epinephrine (Epi), norepinephrine (NE) and 

dopamine (Do) (Sigma-Aldrich, Australia). Epinephrine and norepinephrine were 

dissolved in hydrochloric acid (HCl 0.1 N) while dopamine was dissolved in distilled 

water at room temperature; all were prepared to a stock concentration of 10 mM and 

then filtered (0.2 µm) and stored at -20 o C. 

 

2.2.4. Growth assays 

A starter culture of Y. ruckeri was established from a frozen stock in TSB and incubated 

overnight at 18 ºC with constant agitation (100 rpm). The starter suspension was then 

sub-cultured in TSB supplemented with 30% (v/v) of heat inactivated Atlantic salmon 

serum (56 ºC for 30 minutes), with epinephrine, norepinephrine and dopamine in 

concentrations for each hormone of 0, 25, 50, 100 and 200 µM. To initiate the assay 
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200 µL of the cultures with each concentration of hormones were transferred to 6 wells 

a 96-well plate (6 wells per hormone concentration) at the same temperature and 

agitation as previous culture for 24 hours. To measure bacterial growth the optical 

density at 600 nm was measured by a microplate reader (Tecan Infinite 200 Pro, 

Austria) in all wells each hour.  

 

2.2.5. Lipase, phospholipase, caseinase and haemolysin assays  

The effects of hormones on enzymatic activities of Y. ruckeri were all performed on 

hormone supplemented TSA plates with the addition of the appropriate substrates 

according to Yang et al. (2014) with some modifications. Autoclaved TSA (55ºC) was 

mixed thoroughly with the substrates and each of the hormones (Epi, NE and Do at 25, 

50, 100 and 200 µM) prior to pouring into Petri dishes. To initiate the lipase assay an 

overnight culture of Y. ruckeri in TSB was diluted to an optical density (OD) of 0.5 at 

600 nm and then a 5 µL drop of this diluted culture was placed in the middle of the 

hormone supplemented TSA plates which also contained 1% of Tween 80 (Sigma-

Aldrich, Australia). All plates were incubated for 3 days at 18 ºC, then the diameter of 

each opalescent zone and each colony were measured. Phospholipase, caseinase and 

haemolytic activities were assessed in the same way except that 2% of egg yolk 

emulsion (Sigma-Aldrich, Australia), 4% skim milk powder and 5% of defibrinated 

sheep blood (Oxoid, Australia) with and without heat inactivated Atlantic salmon serum 

at 10% (v/v) were added in lieu of Tween 80 respectively and clearing zones 

surrounding colonies were measured after the 3-day incubation. All the assays were 

carried out with at least 6 replicates and controls were plates with no hormone 
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supplements. The difference between hormone treatments and controls was determined 

from the mean of ratio between opalescent zone (or clearing zone) and colony diameter 

of each group. 

 

2.2.6. Siderophore assay 

Siderophore activity of Y. ruckeri was performed on serum supplemented Chrome 

azurol S (CAS) agar plates according to Yang et al. (2014) with some modifications. 

Briefly, 60.5 mg of CAS (Sigma-Aldrich, Australia) was dissolved in 50 mL of 

deionised water and then mixed with 10 mL iron (III) solution (1 mM FeCl3.6H2O, 10 

mM HCl). To this solution 72.9 mg of hexadecyltrimethylammonium bromide (Sigma–

Aldrich, Australia) previously dissolved in 40 mL deionised water was slowly added 

and stirred in by using magnetic stirring bar. The resulting dark blue solution was 

autoclaved at 15 psi in 15 minutes. Then 100 mL of 10x minimal media 9 (MM9) salt 

solution (30 g KH2PO4, 50 g NaCl, and 100 g NH4Cl in 1L of distilled water) 15 g agar, 

30.24 g Pipes, and 12 g of a 50% (w/v) NaOH solution were added to 750 mL deionised 

water. After autoclaving (15 psi for 15 min) and cooling to 50 ºC, 10mL of sterile 20% 

glucose (Sigma-Aldrich, Australia) was added. The dark blue solution was added 

slowly with enough agitation to mix thoroughly without foaming. Finally, 10% heat 

inactivated salmon serum (v/v) and each of the hormones were added directly into the 

agar. The concentrations of hormones were 0, 25, 50, 100 and 200 µM. A 5µL drop of 

overnight culture of Y. ruckeri (OD600 = 1.0) was placed on CAS agar plate and plates 

were incubated at 28 ºC for 72 hours after which the clearing zones formed around each 

colony were measured.  
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2.2.7. Biofilm formation assay 

Biofilm formation assay was performed according to Yang et al. (2014). Briefly, an 

overnight culture of Y. ruckeri was diluted in TSB to an OD of 0.1, and then hormones 

were added at concentrations of 0, 25, 50, 100 and 200 µM. Culture aliquots of 200 µL 

were transferred to 6 replicate wells of a 96-well plate and incubated at 18 ºC without 

agitation for 24 to 48 hours. To remove non-adherent bacteria, the liquid from each well 

was removed and wells were washed 3 times with 300 µL of sterile saline. The attached 

bacteria were fixed with 150 µL of 99% methanol per well for 20 minutes and the plate 

was left to air dry. Biofilms were stained with 150 µL crystal violet solution (1%) per 

well for 15 minutes. Excess crystal violet stain was removed by running tap water 

continuously through the wells until the washings were free of the stain. After drying, 

150 µL of 95% ethanol were added to each well to allow the dye bound to the adherent 

cells to be resolubilized. Absorbance was then measured at 570 nm.  

 

2.2.8. Antimicrobial assay 

Antimicrobial assays were performed according to Bridle et al. (2011) with some 

modifications. Briefly, an overnight culture of Y. ruckeri in Mueller-Hinton broth 

(MHB) with or without Epi 50 µM at 18 ºC was centrifuged at 1,000 x g for 5 min at 4 

ºC and then the bacterial pellet was resuspended in one quarter strength (0.25X) MHB 

for a final working concentration of approximately 106 CFU/mL. The bacterial 

concentration was confirmed using spread plates of tenfold dilutions of the suspension 

onto Mueller-Hinton agar (MHA). Antibiotics tested were: erythromycin, 

oxytetracycline and streptomycin (diluted in sterile water) and also oxolinic acid and 
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florfenicol (diluted in NaOH 0.5N and dimethyl sulfoxide (DMSO)). All antibiotics 

were prepared at stock concentrations of 1 mM then all were diluted in sterile water to 

give final concentrations of 50, 25, 12.5, 6.3, 3.2, 1.6, 0.8 and 0.4 µM. To initiate the 

assays, 180 µL of the bacterial suspension were added to each well of a flat bottom 96 

well plate and then 20 µM of the antibiotic dilutions were added in 5 replicates to make 

final antibiotic concentrations of 5, 2.5, 1.25, 0.63, 0.32, 0.16, 0.08 and 0.04 µM. 

Controls were also in 5 replicates and included no-inhibition controls contained 

bacterial suspension (untreated with Epi or prior treated with Epi) with 20 µL of water 

or antibiotic solvent (NaOH/ DMSO); and no growth control contained 200 µL of 0.25 

MHB only. Plates were incubated at 18 ºC for 18 hours, and then absorbances were 

measured at 600 nm. Bacterial growth in wells containing antibiotic was compared to 

the no-inhibition control wells (considered 100% growth) to determine the minimum 

inhibitory concentration (MIC) of each antibiotic. The MIC was defined as the lowest 

concentration that reduced bacterial growth by more than 50% (MIC50) compared to  

no-inhibition control wells.  

 

2.2.9. Statistical analysis 

Data analysis was carried out using the Statistical Package for the Social Sciences SPSS 

software (version IBM SPSS 23.0). Normal distribution and homogeneity of variance 

were verified using Shapiro-Wilk and Levene’s test before performing ANOVA. All 

data were compared with one-way ANOVA, followed by Tukey post hoc test or 

Multiple comparisons of Dunnett T3 (for unequal variance assumption). The results 

were considered significant if p<0.05. For MIC assay, bacterial growth was compared 
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using independent samples t-test. In the growth assay, the difference in growth of Y. 

ruckeri between treatments were compared with Area under the curve by using 

GraphPad Prism version 7.0. All data were graphed using GraphPad Prism version 7.0. 

 

2.3. RESULTS 

2.3.1. Stress hormones increase the growth of Y. ruckeri in serum – supplemented 

medium 

There was a positive effect of stress hormones on Y. ruckeri growth over 24 hours for 

each concentration of Epi, NE and Do as seen by an increase in absorbance (Figure 2.1 

A, B and C). In order to compare the growth curves between treatments and control, 

areas under the curves were calculated by using GraphPad Prism (version 7). These 

differences were shown on right graph (Figure 2.1).  
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Figure 2.1. Effect of epinephrine (A), norepinephrine (B) and dopamine (C) on growth 

of Yersinia ruckeri in serum – supplemented medium (left) and total area under the 

growth curve (right)  

Data were shown as Mean ± SE of 6 replicates. Asterisks indicate s tatistically 

significant differences from the control at *p<0.05, **p<0.01 and ***p<0.001 

according to One-way ANOVA analysis. 

 

Total area under the growth curve of Y. ruckeri incubating in serum-supplemented 

medium with Epi and NE at concentrations of 25, 50, 100 and 200 µM were 

significantly higher compared to control, and with Do only at 25 and 50 µM.  
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2.3.2. Lipase, phospholipase, caseinase and haemolysin assays 

2.3.2.1. Lipase 

Lipase activity resulted in formation of opalescent zones surrounding the colonies 

(Figure 2.2.a). Results showed that each stress hormones at a concentration of 50 µM 

recorded the highest enhancement of lipase activity of Y. ruckeri. Additionally, Epi at 

100 µM and NE at 200 µM significantly increased lipase activity in comparison with 

the control (p<0.01) (Figure 2.2.b). 

 

 

 

Figure 2.2.a. Opalescent zones (red arrow) surrounding the colonies (black arrow) on 

lipase assay   
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Figure 2.2.b. Effect of stress hormones on lipase activity of Yersinia ruckeri 

Data were shown as Mean ± SE of 24 replicates. Asterisks indicate statistically significant differences from the control at * p<0.05, 

**p<0.01 and ***p<0.001 according to One-way ANOVA analysis. 
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2.3.2.2. Caseinase 

Clearing zones surrounding colonies indicated caseinolytic activity of Y. ruckeri, however, there was a significant reduction in ratio 

between clearing zones and colony diameters observed in most hormone treatments compared to the control except for Epi at 25 µM 

and NE at 200 µM.  

 

Figure 2.3. Effect of stress hormones on caseinolytic activity of Yersinia ruckeri 

Data were shown as Mean ± SE of 24 replicates. Asterisks indicate statistically significant differences from the control at *p<0.05, 

**p<0.01 and ***p<0.001 according to One-way ANOVA analysis. 
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2.3.2.3. Haemolysin 

Haemolytic activity of Y. ruckeri after exposure to each hormone was tested using sheep 

blood agar with or without the addition inactivated serum. For the first trial without 

serum, there were only small clearing zones (< 1mm) surrounding colonies in all 

hormone treatments (50 and 100 µM) while no haemolytic activity was recorded in 

control. This indicated that stress hormones may enhance haemolytic activity of Y. 

ruckeri. When the haemolytic assay was repeated with the addition of serum at 10% 

(v/v) in blood agar larger measurable clearing zones were seen surrounding colonies in 

both control and treatments in most cases (Figure 2.4). 

 

However, only Epi at 200 µM and NE at 25 µM showed significantly larger ratios 

between clearing zones and colony diameters compared to the control (p<0.05). The 

high concentrations of hormones (Epi and NE 200 µM and Do 100 and 200 µM) 

changed the colour of the medium making it difficult to accurately measure the diameter 

of clearing zone and the colony. Therefore, no data were recorded for Do 100 µM, Do 

200 µM and only 4 replicates of Epi 200 µM and NE 200 µM out of 12 replicates were 

measured. 
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Figure 2.4. Effect of stress hormones on haemolytic activity of Yersinia ruckeri 

Data were shown as Mean ± SE of 12 replicates except of Epi 200 µM and NE 200 µM (4 replicates) and no data for Do 100µM and 

Do 200 µM due to the effect of high concentration of hormone to prevent from accurately measure. Asterisks indicate statistically 

significant differences from the control at *p<0.05, **p<0.01 and ***p<0.001 according to One-way ANOVA analysis. 
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2.3.3. Siderophore 

Exposure of Y. ruckeri to Epi, NE and Do at all concentrations (25 to 200 µM) resulted in significant increase in siderophore activity 

in comparison to the controls (Figure 2.5). 

 

Figure 2.5. Effect of stress hormones on siderophore activity of Yersinia ruckeri 

Data were shown as Mean ± SE of 28 replicates. Asterisks indicate statistically significant differences from the control at *p<0.05, 

**p<0.01 and ***p<0.001 according to One-way ANOVA analysis. 
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2.3.4. Biofilm formation 

Only the presence of Epi and Do at 200 µM significantly increased biofilm formation compared to the control (p<0.05) (Figure 2.6). 

Exposure Y. ruckeri to NE did not show any differences between treatments and the control. 

  

Figure 2.6. Effect of stress hormones on biofilm formation of Yersinia ruckeri after 48 hours 

Data were shown as Mean ± SE of 6 replicates. Asterisks indicate statistically significant differences from the control at *p<0.05, 

**p<0.01 and ***p<0.001 according to One-way ANOVA analysis. 
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2.3.5. MIC assay 

There was no significant difference in MIC50 for each antibiotic between Y. ruckeri 

treated and untreated with Epi 50 µM (p >0.05). MIC50 value was low for oxolinic acid 

(0.08 µM), streptomycin (0.16 µM) and oxytetracycline (0.32 µM) while  erythromycin 

exhibited no inhibition effect to Y. ruckeri growth. Bacterial growth in treatments with 

florfenicol decreased with the increasing of concentrations of this antibiotic, and MIC50 

was more than 5 µM (Figure 2.7.a. to Figure 2.7.e.). 

 

 

Figure 2.7.a. Antibacterial activity and MIC50 for erythromycin against Yersinia 

ruckeri 
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Figure 2.7.b. Antibacterial activity and MIC50 for florfenicol against Yersinia ruckeri 

 

 

Figure 2.7.c. Antibacterial activity and MIC50 for oxolinic acid against Yersinia ruckeri 
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Figure 2.7.d. Antibacterial activity and MIC50 for oxytetracycline against Yersinia 

ruckeri 

 

Figure 2.7.e. Antibacterial activity and MIC50 for streptomycin against Yersinia ruckeri 
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2. 4. DISCUSSION 

The secretion and circulation of catecholamine hormones in blood occurs when fish 

experience an acute stress. Circulating catecholamine levels could increase immediately 

with stress and then return to baseline values in hours (see Reid et al., 1998; Barton, 

2002). However, in this thesis, the exposure time of the bacterium Y. ruckeri to 

catecholamines was over 24 hours. This duration was chosen to maintain consistency 

between the in vitro and in vivo experiments as the aims were to focus on the effects of 

catecholamines on virulence factors of Y. ruckeri and how virulence impacts Atlantic 

salmon. 

 

In this in vitro experiment, hormone concentrations chosen ranged from 25 to 200 µM 

which were much higher than the resting level of catecholamines in fish plasma: from 

1 to 30 nM in rainbow trout (Butler et al., 1986; Van Dijk and Wood, 1988) or from 3 

to 77 nM in Atlantic salmon (Flysand et al., 1992; Deitch et al., 2006) or from 169 to 

1690 pg/mL in pelagic sharks (Hight et al., 2007). However, in stressful conditions, the 

catecholamine level  has been reported to increase 150 times in rainbow trout (Butler et 

al., 1986; Van Dijk and Wood, 1988) and up to 1600 times in pelagic sharks (Hight et 

al., 2007). In addition, concentrations of catecholamines can be higher in innervated 

tissues and can be up to 10mM in neuronal synapses (Lyte, 2004). Furthermore, 

previous reports from in vitro studies demonstrated that bacterial species such as E. coli, 

Salmonella, Yersinia, Staphylococcus mostly responded at 50 µM NE or Do and 100 

µM Epi, and higher concentrations (>200 µM) start to be inhibitory on bacterial growth 

(Freestone and Lyte, 2008). Therefore, in this study the range of catecholamine 
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concentrations chosen was deemed to be the most appropriate to investigate effects on 

growth and virulence factors of Y. ruckeri. 

 

The results presented here show that the presence of stress hormones at most of the 

concentrations in the range tested stimulated the growth of Y. ruckeri in serum-

supplemented medium. This concurs with Freestone et al. (2008b) who reported that 

exposure of bacteria to stress hormones (at concentration > 5 µM) also enhanced growth 

of many pathogenic bacteria. Some of previous studies demonstrated hormones 

significantly increased growth of V. harveyi (Yang et al., 2014), E. coli (Vlisidou et al., 

2004) and V. parahaemolyticus (Nakano et al., 2007a) only in serum-supplemented 

media but not in un-supplemented controls, possibly bacteria response with 

catecholamine released inside the host and serum added may reflect host internal 

environment. Stress hormones enhancement of bacterial growth has been mainly 

explained by their ability to utilize iron, which is essential for bacterial growth in hosts,  

removed from the host iron-binding proteins lactoferrin and transferrin (Yang et al., 

2014). Mechanistically, catecholamines facilitate release of iron from lactoferrin and 

transferrin to form a direct complexes with the ferric ion and result in reduction of Fe 3+ 

to Fe2+ which is then available for bacteria (Lyte et al., 2011b). The process of 

catecholamine-facilitated removal of iron from these proteins by stress hormones can 

be considered as a growth stimulation for bacteria, resulting in significant increases in 

the numbers of bacterial cells of many species when stress hormones are added into the 

blood (Lyte and Ernst, 1992; Coulanges et al., 1997; Coulanges et al., 1998; Kinney et 

al., 1999; Belay et al., 2003; Sharaff and Freestone, 2011). Other studies also suggested 
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that catecholamines induced growth of bacteria in a serum-based medium may lead to 

the production of a non-LuxS dependant autoinducer of growth (termed norepinephrine -

induced autoinducer – NE-AI) (Freestone and Lyte, 2008). This autoinducer is heat 

stable, cross-species acting and enhance the growth of many bacteria in a similar fashion 

to catecholamines (Freestone et al., 1999; Freestone et al., 2008b). It is induced by Gram 

negative bacteria after 4-6 hours exposure to norepinephrine and works independently 

on transferrin and lactoferrin. The finding of NE-AI may explain why catecholamines 

which are released and persist over only a short period of time during acute stress could 

still have effects on bacteria after their concentrations have returned to normal levels 

(Freestone and Lyte, 2008). 

 

Extracellular products from Y. ruckeri containing caseinase, gelatinase, phospholipase, 

lipase and haemolysin are considered to contribute to the virulence and pathogenic 

potential of Y. ruckeri (Toranzo and Barja, 1993). In this experiment, the presence of 

stress hormones stimulated lipase activity and haemolytic activity of Y. ruckeri. Lipase 

enzymes function in breaking long chain triacylglycerols into fatty acids and glycerols, 

therefore may have some role in host tissue damage (Defoirdt, 2013). On the other hand, 

lipid A is a structural component of the LPS in the outer membrane of Gram negative 

and has important role in pathogenesis of a bacterium (Karavolos et al., 2008), thus 

increase production of enzyme lipase may play some roles on lipid A synthesis and 

impact on bacterial virulence. However, an understanding of their involvement in 

pathogenesis is very limited (Defoirdt, 2013). According to Toranzo and Barja (1993), 

extracellular products of Y. ruckeri exhibit haemolytic activity against sheep and trout 
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erythrocytes, but haemolysin detection can be influenced by many factors. In the study 

of Toranzo and Barja (1993), haemolytic activity was only seen when the blood cells 

were exposed in a soft overlay agar and it was suggested that possibly oxygen tension 

or viscosity had some effect on haemolytic activity. In the experiment reported here, 

sheep blood was mixed with TSA to make blood agar (hard agar) (without serum), 

which may have made haemolytic activity difficult to detect as very little clearing was 

seen around colonies. However, when serum was added to the blood agar (hard agar), 

much bigger clearing zones surrounding colonies were seen indicating haemolytic 

activity of Y. ruckeri.  Therefore, serum supplemented medium plays very important 

role in reflecting the host environment and bacterial response to catecholamines. Huang 

and DuPont (2005) reported similar results with the human pathogen causing typhoid 

fever, Salmonella typhi. Although S. typhi is not haemolytic on blood agar plates, 

exposure of S. typhi to neuroendocrine hormones resulted in the appearance of clearing 

zones on blood agar plates and boosted haemolysis by 40% in liquid assays (Karavolos 

et al., 2011; Karavolos and Khan, 2013). Karavolos and Khan (2013) reported the 

haemolytic response is specific to outer membrane vesicles containing the haemolysin 

HlyE. Norepinephrine and epinephrine interact with the CpxAR putative adrenergic 

sensory system to down-regulate outer membrane protein A (OmpA) levels, and 

consequently increase outer membrane vesicle shedding, therefore the release of HlyE 

increases (Karavolos and Khan, 2013). Another study conducted on E. coli suggested 

that norepinephrine significantly induced the expression of slyA and rhaH genes, which 

are responsible for regulating expression and activating hemolysin (Dowd, 2007). In Y. 

ruckeri, a YhlB haemolysin activation protein and a YhlA haemolysin were found and 
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when these proteins were absent, virulence is decreased 10-fold and 100-fold in LD50 

assay in rainbow trout  respectively (Fernández et al., 2007b). Therefore, 

catecholamines may have the same impacts as in S. typhi or E. coli to activate and induce 

expressions of haemolysin genes in Y. ruckeri.  Thus, further investigation of the effects 

of catecholamines on haemolytic gene expressions may find out the mechanisms. In 

contrast to lipase and haemolysin activity, the results of this study show that exposure 

to stress hormones seemed to decrease caseinase (a protease with caseinolytic activity) 

activity of Y. ruckeri. According to Secades and Guijarro (1999), the bacterial proteases 

with their proteolytic activities may provide peptide nutrients for microorganisms, and 

hence have important roles in damaging host tissues, thus they could contribute to the 

establishment of infection. In Y. ruckeri, caseinolytic activity was reported in many 

strains and caseinase production was varied under different culture conditions (Secades 

and Guijarro, 1999). As there are a lot of different proteases playing different functions, 

hence the reduction of caseinase enzyme may be related to the increase of the others 

and they may involve in different roles in bacterial growth and/or virulence. 

 

Although iron is very important for both growth and virulence of many bacteria, most 

of the iron in the biological fluids is bound with protein transferrin or lactoferrin 

(Williams et al., 2006). To overcome an iron-depleted environment, most bacteria 

produce small molecules named siderophores (catecholates, hydroxamates, and 

heterocyclic compounds) to sequester iron for their use. Although Y. ruckeri can only 

produce heterocyclic ruckerbactin, it is provided with uptake system for the two others. 

Ruckerbactin has been confirmed to contribute to the pathogenicity of Y. ruckeri 
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(Fernandez et al., 2004). The results of the current study are in agreement with a 

previous study that catecholamines increase siderophore production of V. harveyi (Yang 

et al., 2014). Although many studies have reported the interaction between 

catecholamines and iron, the mechanism by which catecholamines enhance siderophore 

production of bacteria is still largely unknown.  The study on Pseudomonas aeruginosa 

showed that this bacterium can obtain iron through two pyoverdine and pyochelin 

siderophores under the iron-limited conditions and the production of siderophores is 

negatively regulated by iron availability (Li et al., 2009). Furthermore, Li et al. (2009) 

also indicated that norepinephrine can repress the siderophore gene expression 

including pyoverdine genes pvdD and pvdE and their regulators pvdS, regA and pchR  

resulting in repression of siderophore pyoverdine and more iron provision for bacterial  

growth (Li et al., 2009).   

 

Biofilm formation is the process of bacterial cells attaching onto surfaces and forming 

a matrix of extracellular polymeric substances (Donlan, 2001). Several reports have 

indicated that biofilm formation may play an important role in bacterial survival, 

virulence and stress resistance. Y. ruckeri is able to form biofilms with substrate 

materials commonly found in fish farms (Kumar et al., 2015), and these biofilms can be 

considered as a suitable reservoir for initial and repeated of outbreaks of disease (Woo 

and Bruno, 2011). The results of this study agree with previous reports documenting 

the presence of stress hormones increasing biofilm formation by Staphylococcus 

epidermidis (Lyte et al., 2003), Streptococcus pneumonia (Sandrini et al., 2014). 

According to Kumar et al. (2015) biofilm formation is usually promoted by pili and 
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flagella, and high adhesion cell efficiency is expressed by flagellar proteins. Therefore, 

exposure of hormones may have resulted in an upregulation of flagellar genes and 

stimulated biofilm formation.  

 

There was no significant difference in MIC50 between treated and untreated Y. ruckeri 

with epinephrine. Pre-treated Salmonella with the same concentration of epinephrine 

resulted in a significant reduction of bacterial survival during exposure to antibiotic 

polymyxin B when compared to the control (Karavolos et al., 2008). Polymyxin B binds 

to lipid A of the outer membrane of bacteria and damages the cell envelope while the 

antibiotics used in this study mostly interfere with bacterial ribosome, therefore the 

different results may come from different action mechanisms of antibiotics as wel l as 

different bacterial species. Enteric redmouth disease and yersiniosis are controlled with 

antibiotics such as quinolones, sulphonamides, oxytetracycline and erythromycin 

(Cortés et al., 2014). The MIC results in this study showed that Y. ruckeri was highly 

resistant to erythromycin. This is consistent with observations by De Grandis and 

Stevenson (1985); Calvez et al. (2014); Kumar et al. (2015) indicating erythromycin 

MIC ranging from 16 – 1024 µg/mL. Similarly, no inhibition effect of erythromycin 

was found in Y. ruckeri strain H01 isolated from farm-raised amur sturgeon (Acipenser 

schrencki) in China (Shaowu et al., 2013). Natural resistance to erythromycin was also 

described in other Yersinia species such as Yersinia enterocolitica, Yersinia 

mollaretii and Yersinia aldovae (Stock et al., 2002). In contrast, Y. ruckeri proved 

sensitive to oxolinic acid, streptomycin and oxytetracycline which was in accordance 

with Inglis and Richards (1991); Calvez et al. (2014); Kumar et al. (2015) . These 
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antibiotics interfere the functions of 30S ribosomal subunits and DNA synthesis while 

florfenicol is able to bind to the 50S ribosomal subunit to prevent bacterial protein 

synthesis. Although Y. ruckeri is susceptible to oxolinic acid, florfenicol and these 

antibiotics are the most commonly used to control ERM and yersiniosis, bacterial 

resistances have been reported (Rodgers, 2001; Miranda and Rojas, 2007; Calvez et al., 

2014).  

 

In conclusion, generally the exposure of Y. ruckeri to catecholamines increased the 

growth, siderophore, lipase, haemolysin and biofilm production but had no effects on 

MIC, phospholipase and decreased production of caseinase at 18 ºC. There is a lack of 

dose responses as the responses for each concentration tested were generally the same. 
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Chapter 3. EFFECTS OF STRESS AND Yersinia ruckeri CHALLENGE ON 

ATLANTIC SALMON (Salmo salar) 

 

3.1. INTRODUCTION 

Atlantic salmon (Salmo salar) is one of the most important farmed species worldwide. 

The global production of Atlantic salmon has increased continuously from about 1 

million tonnes in 2001 to 2.2 million tonnes in 2016 (FAO, 2004-2019). The main 

producers of Atlantic salmon are Norway, Chile, Scotland, Canada, Faroe Islands, 

Australia and Ireland (MOWI, 2018). In Australia, the salmon industry is mainly in 

Tasmania with annual output valued at around $550 million (ISFA, 2018), however, the 

industry is still facing disease-related issues early in the production cycle, most notably 

that caused by Y. ruckeri. The bacterium was first isolated in farmed Atlantic salmon in 

Tasmania in 1987 where it was responsible for mortality in fish in hatcheries and post -

seawater transfer (Barnes et al., 2016). Although vaccination against Y. ruckeri was 

introduced in Tasmania in the late 1990s, disease outbreaks are still reported. In 2007 

half a million freshwater juvenile Atlantic salmon in Australia died due to yersiniosis 

in a few months despite having been vaccinated against yersiniosis (Bridle et al., 2012). 

Hence there remains a need to improve our knowledge of the relationship between the 

pathogen, the host and other factors including vaccination that impact this disease. 

 

Disease is defined as a spectrum of responses based on the intensity of the interactions 

of the host, pathogen, and environment (Hedrick, 1998). In most cases, animals exposed 
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to chronic stress or immediately after acute stress are usually more susceptible to 

diseases due to immune suppression (Tort, 2011). For example, mortality increased by 

20% and elevated lysozyme activity was positively correlated with bacterial DNA in 

the blood of stressed catfish (Ictalurus punctatus) challenged with Edwardsiella ictaluri 

after being held in a low water level for 30 minutes (Small and Bilodeau, 2005). Severe 

depression of humoral components of the immune system was observed in stressed 

gilthead seabream (Sparus aurata) (Sunyer et al., 1995; Doménech et al., 1997; Tort et 

al., 1998; Salati et al., 2016). Similarly, it has been reported that overcrowding stress 

can impact on the expression of stress and innate immune-related genes  of Senegalese 

sole (Solea senegalensis) (Salas-Leiton et al., 2010) and rainbow trout (Onchorhynchus 

mykiss) (Yarahmadi et al., 2016). 

 

Stress related hormones such as the catecholamines (norepinephrine, epinephrine and 

dopamine) have been reported to enhance growth and/or virulence of many pathogenic 

bacteria such as Escherichia coli, Yersinia enterocolitica (Lyte and Ernst, 1992), 

Listeria monocytogenes (Coulanges et al., 1997), Aeromonas hydrophila (Kinney et al., 

1999), Pseudomonas aeruginosa, Klebsiella pneumoniae, Staphylococcus aureus 

(Belay et al., 2003), Vibrio parahaemolyticus (Nakano et al., 2007a; Pande et al., 2014), 

Actinobacillus pleuropneumoniae (Li et al., 2012), Vibrio harveyi (Pande et al., 2014; 

Yang et al., 2014) and Campylobacter jejuni (Xu et al., 2015). In an in vitro experiment, 

exposure of Y. ruckeri to stress hormones resulted in increasing growth and virulence 

factors such as siderophore, lipase, haemolytic activity and biofilm formation (see 

chapter 2). The next step is to carry out an in vivo investigation particularly as there is 

https://www.sciencedirect.com/topics/immunology-and-microbiology/immune-related-gene
https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/solea-senegalensis
https://www.sciencedirect.com/topics/immunology-and-microbiology/oncorhynchus-mykiss
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limited information about the effects of stress hormones on the virulence of Y. ruckeri 

used to challenge Atlantic salmon. In addition, the relationship between stress factors 

and the fish immune response after Y. ruckeri challenge (and subsequent exposure in 

vivo to stress hormones) is poorly understood and requires further research. 

 

The aim of this study was to investigate the effects of challenge with Y. ruckeri (some 

of which had been exposed to exogenous epinephrine) on cortisol levels and survival of 

salmon (some of which had been subjected to an acute stressor) as well as the fish 

immune response at different sampling times.  

 

3.2. MATERIALS AND METHODS 

3.2.1. Ethics statement 

All fish work was performed in accordance with the Australian Code of Practice for the 

Care and Use of Animals for Scientific Purposes and was approved by the University 

of Tasmania Animal Ethics Committee (AEC permit number: A0017118). 

 

3.2.2. Fish 

Atlantic salmon (Salmo salar) weighing 5g were obtained from a commercial hatchery 

(in Tasmania, Australia) and as such all fish had been previously vaccinated against Y.  

ruckeri (Yersinivac B) and had not been received any previous disease treatments.  Fish 

were acclimated for 3 weeks in a 100L tank and where then moved to 24 x 80L tanks 

with a recirculating freshwater at 15ºC for 10 days prior to the experiment (carried out 
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at the Aquaculture Centre, University of Tasmania, Newnham campus). Fish were fed 

twice daily to satiation with a commercial diet (Skretting, Australia) and starved for 24 

hours prior to initiation of the experiment and all sampling events. Water quality 

parameters including temperature, pH, total ammonia, nitrite and nitrate were 

monitored daily by using a commercial test kit and maintained within optimal ranges 

for the fish (pH = 7, NH4
+ < 2 mg.L-1, NO2

- < 2 mg.L-1, NO3
- < 80 mg.L-1). 

 

3.2.3. Hormones and pathogen 

Based on the effects of different concentrations of stress hormones on functional 

virulence assays with Y. ruckeri in previous in vitro results (chapter 2), epinephrine 

(Epi) (Sigma-Aldrich, Australia) 50 µM was selected for use in this experiment. Briefly, 

epinephrine was dissolved in hydrochloric acid (HCl 0.1 N) at room temperature to a 

stock concentration of 10 mM then filtered (0.2 µm) and stored at -20ºC. 

 

Yersinia ruckeri (serovar O1b, UTYR001) was inoculated from frozen stock to tryptone 

soya broth (TSB) (Oxoid, Australia) and incubated overnight at 18ºC under constant 

agitation of 100 rpm. The starter culture then was sub-cultured in TSB with and without 

50µM epinephrine at the same temperature and agitation for 24 hours. Concentration of 

Y. ruckeri for the challenge experiment was 106 (CFU) mL-1. 
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3.2.4. Stress application and Y. ruckeri challenge 

Stress was applied by exposing the fish to a 50% reduction of water volume (removal 

of 40L) and chasing them for 10 minutes with a net. Unstressed fish (control) were 

maintained in full water level (80L) without chasing. Twenty-four hours after exposure 

to the stressors, fish were challenged with Y. ruckeri either treated or untreated with 

epinephrine. To initiate the challenge all fish were removed from individual tanks and 

placed into well aerated 20L containers with freshwater at 15ºC which had been 

previously inoculated with the treated or untreated Y. ruckeri with the final 

concentration of 106 CFU mL-1.  This immersion challenge was for 30 min after which 

all fish were rinsed in clean freshwater for a minute before being returned to respective 

tanks. Control fish were subjected to the same handling (removal from tanks and 

immersion in 20L containers) but were not exposed to any Y. ruckeri.  

 

As there were groups of salmon which had been stressed and unstressed and challenged 

with Y. ruckeri exposed and unexposed to catecholamine (epinephrine) there were 6 

treatments in total (see Table 3.1), 4 tanks per treatment, each tank containing from 20 

to 24 fish.  There were unequal numbers of fish in groups because some escaped from 

individual tanks and could not be replaced. After the challenge moribund and dead fish 

were removed from the tanks twice daily. To verify the cause of death or morbidity of 

challenged fish, kidney swabs from those fish were cultured on tryptone soya agar 

(TSA) (Oxoid – Australia) and confirmed with a standard PCR using specific primers 

of Y. ruckeri (Ghosh et al., 2016). After 40 days the challenge was terminated and 

survival data were analysed using Kaplan-Meier survival analysis.  
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Table 3.1. Experimental design to test the effects of stress (S+) or no stress (S-) 

and Yersinia ruckeri, exposed and unexposed to the catecholamine (epinephrine) 

at 50 µM (CAT+ or CAT- respectively), challenge in Atlantic salmon. Sampling 

points were at 0h, 12h, 24h (after stress); 3, 10, 20, 30 and 40 days (post 

challenge). 

 

Treatment Number of fish 

Y. ruckeri treated with Epi  Stressed fish  CAT+ S+ 89 

Y. ruckeri treated with Epi  Unstressed fish  CAT+ S- 82 

Y. ruckeri only  Stressed fish  CAT- S+ 89 

Y. ruckeri only  Unstressed fish  CAT- S- 88 

No exposure to Y. ruckeri Stressed fish  Ch-S+ 90 

No exposure to Y. ruckeri Unstressed fish  Ch-S- 86 

 

3.2.5. Sample collection 

To investigate the effect of stress on fish, 8 fish were taken randomly and sampled 

(blood, spleen and intestine) before exposure to stress (0h) and 8 fish, both stressed and 

unstressed, were sampled each time at 12 hours and 24 hours post stress. At day 3 , 10, 

20, 30 post challenge, 2 fish were taken from each tank (8 fish/treatment) and at day 40 

all the remaining fish were sampled. Before each sampling the fish were euthanised 
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with clove oil (400 mg.L-1) and at each time point blood, spleen and intestine were 

collected except at day 40 when only spleen and intestine were sampled.  

 

Blood was obtained from the caudal vein using a 1 mL heparinised syringe and 25 gauge 

needle, and then plasma was collected after centrifugation at 10,000 x g for 3 min at 

4ºC. Both plasma and retained blood pellets were stored at -80ºC for further use. Spleen 

and gut were kept in RNA preservation solution (4M ammonium sulphate, 25 mM 

sodium citrate, 10 mM EDTA, pH 5.2) overnight at 4ºC before freezing at -20ºC.  

 

3.2.6. Plasma cortisol measurement 

Cortisol levels in blood plasma were determined by using the cortisol enzyme linked 

immunosorbent assay kits (ELISA) (Enzo Life sciences Inc., US) following the 

manufacturer’s instructions. First, samples were diluted with the s teroid displacement 

reagent 99:1 (v/v) and then were 5-fold diluted with assay buffer (from the kit). The 

standards provided by the kit were serially diluted in the assay buffer and mixed by 

vortex. One hundred µL of diluted samples, standards and blank samples were added to 

96-well microtiter plate coated with anti-cortisol goat antibodies. Fifty µL of the cortisol 

enzyme conjugate and then 50 µL of the cortisol antibody were added into wells and 

the plate was incubated at room temperature for 2 hours with shaking at 500 rpm. After 

incubation the plate was washed 3 times by flooding all wells with 400 µL of wash 

buffer and then discarded by flicking the plate. Any residual wash buffer was removed 

by firmly tapping the plate on paper towels and 200 µL of the substrate was then added 
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and incubated for an hour without shaking. Finally, 50 µL of stop solution was added 

to stop the reaction and the plate was read immediately at an optical density of 405 nm 

using a Tecan Infinite 200 Pro microplate reader. All standards and blanks were run in 

duplicate and samples were run in at least 4 replicates from different individual fish per 

treatment. 

The absorbance was used to calculate percent bound and cortisol concentrations were 

measured by a 4 parameter logistic curve fitting program (GraphPad Prism 7). 

 

3.2.7. DNA and RNA extraction 

Total nucleic acid from spleen and intestine was extracted using a silica spin column. 

Briefly, 3 - 6 mg of spleen was homogenized in 300 µL lysis buffer (4 M Urea, 0.5% 

SDS, 50 mM TRIS pH = 8, and 10 mM EDTA) and 15 µL TCEP and heated for 15 min 

at 55ºC, mixed by vortex and then cooled on ice for 5 min. Ammonium acetate (7.5 M, 

Sigma-Aldrich, USA) was added to a final concentration of 2.5 M, mixed by vortex for 

15s and spun for 5 min at 16,000 x g at 4ºC. The supernatant was removed and mixed 

with 100µL ammonium acetate and 350 µL 100% ethanol and transferred to spin 

columns and then centrifuged for 1 min at 14,000 x g. The column was washed twice 

with 600 µL washing buffer (80% ethanol, 10mM TRIS pH = 7) and spun dry before 

eluting with 100 µL of buffered water (10 mM TRIS, pH = 7, 0.05% tween- 20). Ten 

µL of total nucleic acid (TNA) was taken and stored at -20ºC for performing qPCR to 

measure Y. ruckeri load. The remaining volume of TNA (90 µL) was added to 10µL 

10X DNAse buffer and 2µL Baseline-Zero DNAse (Epicentre) and then incubated for 

30 min at 37ºC. The RNA was obtained by adding lysis buffer, cooling on ice and 



  

 
71 

spinning for 5 min at 16,000 x g at 4ºC in ammonium acetate, then the supernatant was 

removed and mixed with ethanol and transferred to a new column. The column was 

rinsed twice, dried and RNA eluted with 50µL buffered water (10mM TRIS, pH = 7, 

0.05% tween- 20) and stored at -80ºC for further use in investigation of immune gene 

expression. 

 

Intestine samples were divided into 2 parts, midgut and hindgut, before processing. 

Midgut was indicated from beginning at the posterior edge of the stomach and ending 

with an increase in tube diameter. Hindgut was from the end of midgut to the anus 

(Egerton et al., 2018). Each gut sample was cut into small pieces and lysed with 1 mL 

of lysis buffer (4 M Urea, 0.5% SDS, 50 mM TRIS pH = 8, and 10 mM EDTA) and 5 

µL proteinase K (Bioline, Australia), heated overnight at 37ºC and mixed with a vortex. 

Ten mg equivalent of each gut sample (300 µL) was thoroughly mixed with 300 µL 

binding buffer (6 M guanidine hydrochloric, 7.5 M ammonium acetate, pH = 6) and 300 

µL of 100% ethanol. The mixture was then transferred to a silica spin column and 

passed through column after centrifuging. The column was rinsed twice and spun to dry 

and then TNA eluted in 300 µL of buffered water. The TNA was treated with 50µL 

RNAse buffer for 30 min at 37ºC, then DNA was obtained by precipitation after adding 

150 µL of lysis buffer, cooling on ice for 5min before adding 250 µL ammonium 

acetate, then mixing by vortex for 15s and centrifuging at 16,000 x g at 4ºC for 5 min. 

Supernatant was then removed and mixed with an equal volume of isopropanol with 

pink co-precipitant (Bioline, Australia) (200:1 v/v) by inversion and centrifuged at 
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16,000 x g at 4ºC for 10 min. DNA extract was rinsed with 500 µL 60% ethanol twice 

and resuspended in 50µL of buffered water. 

RNA isolation from blood pellets was achieved using a precipitation method. Fifteen 

µL of ice thawed blood pellet was taken and added into 400 µL lysis buffer and 20 µL 

TCEP and heated at 55ºC for 15 min with 20s mix on a vortex every 3 min. After 

digestion protein, cellular debris, detergents were removed by centrifugation in 7.5 M 

ammonium acetate at 16,000 x g for 5 min at 4ºC. Nucleic acids were recovered by 

isopropanol precipitation at 16,000 x g for 10 min followed by two washes in 60% 

ethanol of the nucleic acid pellet. Ten µL of TNA was taken and stored at - 20ºC to 

perform qPCR for Y. ruckeri load.  Removal of DNA was carried out by resuspending 

TNA in DNAse buffer and treating with Baseline-Zero DNAse for 30 min at 37ºC 

followed by centrifugation in ammonium acetate. The RNA was re-precipitated in 

isopropanol, washed twice with ethanol and resuspended in 30 µL buffered water. Total 

RNA concentration was determined using an Invitrogen Qubit fluorometer (Invitrogen, 

VIC, Australia). The integrity of the RNA was estimated from gel electrophoresis on a 

1% agarose gel. All RNA extracted samples were stored at -80ºC for further use. 

 

3.2.8. Yersinia ruckeri load 

The TNA extractions from spleen samples (day 40) and gut samples (day 10 and day 

40) were selected to perform qPCR in CFX Connect Real-time System (Bio-Rad 

Laboratories Inc., USA). The qPCR reaction (10 µL) consisted of 5 µL of 2x MyTaq 

HS mix, 400 nM each of YrF and YrR primers, 100 nM of hydrolysis probe (Ghosh et 

al., 2016) and 2 µL of TNA extraction. The qPCR programme was 95ºC for 3 min and 
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35 cycles of 95ºC for 5s and 60ºC for 30s. Results were quantified by using raw 

fluorescent unit (rfu) data and the CM3 mechanistic model included in the qPCR 

package (v.1.4-0) for RStudio statistical computing software (Ghosh et al., 2016). 

 

3.2.9. cDNA transcription 

RNA isolated from the blood pellet samples (stored at – 80 ºC) were purified using an 

Isolate II RNA mini kit (Bioline, Australia) following manufacturer’s instructions. Total 

purified RNA (250ng) was reverse transcribed using an iScript reverse transcript ion 

supermix for RT-qPCR (Bio-rad, US) according to manufacturer’s instructions. In order 

to confirm that contaminating trace amounts of genomic DNA were not present after 

RNA extraction, a control lacking reverse transcriptase was also performed.  

 

3.2.10. Immune gene expression  

Primers used for immune gene expression analysis were designed using Beacon 

Designer software (Premier Biosoft, CA, USA) and the respective Atlantic salmon gene 

sequences available in Genbank (Table 3.2). Each PCR reaction (10 μL) consisted of 5 

μL 2x MyTaq HS Mix (Bioline) containing 0.5x SYBR Green (Invitrogen), 400 nM 

each of forward and reverse primers, and 2 μL DNA template. Cycling conditions 

included an initial activation of DNA polymerase at 95°C for 1 min, followed by 40 

cycles of 15s at 95 °C, 20s at 55 °C and 10s at 72 °C. Melt curve analysis was performed 

to assess specificity of each reaction. When genes of  interest were not amplified, an 

approximate relative expression was calculated by using the detection threshold as Cq 
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= 40 (Van Maerken et al., 2006). mRNA expression levels were standardised against 

mean expression levels of two reference genes (elongation factor 1α (EF1α) and β -actin) 

and were analysed by Mann-Whitney test between two treatments using the qBase Plus 

software (Biogazelle, Belgium). All the data were graphed by using GraphPad Prism 7. 

 

Table 3.2. Primers used for immune gene expression analysis 

Gene  Primer sequence (5’ – 3’) 

β actin Forward GTGTGACTCGTACATTAG  

Reverse TAGAGGGAGCCAGAGAGG  

Elongation factor 1 α  

EF-1α 

Forward TGATTGTGCTGTGCTTAC  

Reverse AACGCTTCTGGCTGTAGG  

T-box expressed in T cells 

Tbet 

Forward ACTGATACGCAAACTTTC 

Reverse ATAATCTGGTGTCCTGAAT 

Interleukin 12 beta 

IL-12β 

Forward CTGACTGCCAACAATCAATC 

Reverse AAACTGTCCCCCTTATCAAC 

Interferon gamma 

IFNγ 

Forward CTTGGATAGTGTCAGATAC 

Reverse CTCAATAGTCCTCAATCG 

Tumor necrosis factor alpha 

TNFα 

Forward CCATACATTGAAGCAGATT  

Reverse CAGCGGTAAGATTAGGATT  

GATA binding protein 3 Forward CAGGTGAACGAAGGTAAC 
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GATA3 
Reverse CCGATACAAGTCAAGTAAGAA 

Interleukin 4 and 13 

IL-4/13 

Forward AATAAACCCAACCAAAGATGA 

Reverse GGCAGAGTTCCAGAGTTA 

Interleukin 1 beta 

IL-1β 

Forward AAGACACTGTTACCTACA  

Reverse ATACCTCCAGATCCAGAC  

RAR-related orphan receptor gamma  

RoRγ 

Forward TCACTGGTGCTCATTAAC 

Reverse CAAGTGTCTCCTCATTCTAT 

Interleukin 6 

IL-6 

Forward CAGTAACCATGACAACAC 

Reverse GCATTAGAGAATAAGACACT 

Interleukin 22 

IL-22 

Forward GGAAAGGGATAAAGAAAG 

Reverse ATGTGATGATATAGGATGT 

Transforming growth factor beta  

TGFβ 

Forward TCAGGATACAGAAGAGGAA 

Reverse TTGGTGCTTAATGTTGTTC 

Cluster of differentiation 4-1  

CD4-1 

Forward TGTTTCTGGATTCCTTTCAAT  

Reverse CCATACACAAGCACATCTC  

Cluster of differentiation 8 alpha  

CD8α 

Forward AAGACAACGCTGGAATGG  

Reverse TATCTGCTCCTCGCTGAA  

Immunoglobulin M  

IgM 

Forward TGAGGAGAACTGTGGGCTACACT  

Reverse TGTTAATGACCACTGAATGTGCAT  
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3.3. RESULTS 

3.3.1. Survival rate 

Within each group of salmon challenged with Y. ruckeri previously exposed or not 

exposed to the catecholamine epinephrine (CAT+ and CAT- respectively) no significant 

difference was seen in survival due to stress at 40 days post challenge so the data were 

pooled at that level. However, there were significant differences in survival evident 

between CAT+, CAT- and the unchallenged (Ch-) groups (see Fig 3.1) with lower 

survival seen in the CAT+ (86.9%) compared to the CAT- (93.7%) and 100% survival 

in Ch- (p<0.01). 
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Figure 3.1. Survival rate of Atlantic salmon from groups challenged with Yersinia 

ruckeri exposed (CAT+, n = 171) or not exposed to catecholamine (CAT-, n =177) or 

unchallenged with bacterium (Ch-, n = 176).  

The different letters indicate statistically significant differences between two treatments 

according to Kaplan-Meier survival analysis (pairwise comparisons). 
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3.3.2. Plasma cortisol level  

The mean cortisol concentration for 78 fish plasma samples was 4.95 ng/mL and there 

were not any significant differences in cortisol concentration between treatments and 

timepoints (Table 3.3).  

  



  

 
79 

Table 3.3. Plasma cortisol levels in Atlantic salmon prior to challenge and post 

challenge with Yersinia ruckeri exposed (CAT+) or not exposed to catecholamine 

(CAT-) and subjected or not to stress (S+ or S- respectively) or unchallenged with 

bacterium (Ch-). (n = 6/treatment/time point) 

 

Sampling time (post stress) Treatment 

Cortisol concentration (ng/mL) 

Mean ±SE 

0 Control 10.71 ± 4.78 

12 h  

S- 7.5 ± 3.14 

S+ 2.34 ± 0.51 

24 h 

S- 8.36 ± 4.34 

S+ 5.66 ± 2.79 

48 h (24 h post challenge) 

Ch-S- 6.6 ± 3.44 

Ch-S+ 2.05 ± 0.68 

CAT-S- 2.97 ± 1.01 

CAT-S+ 1.02 ± 0.18 

CAT+S- 6.01 ± 2.53 

CAT+S+ 4.04 ± 1.37 

31 day (30 day post challenge) 

CAT-S- 2.18 ± 0.83 

CAT-S+ 3.57 ± 2.67 
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3.3.3. Yersinia ruckeri load  

Yersinia ruckeri was detected in both mid and hindgut (day 10 and day 40) but 

interestingly was not detected in any spleen samples at any timepoints (Table 3.4). 

 

Table 3.4. Detectable Y. ruckeri load in gut samples (cell equivalents mg-1) of 

Atlantic salmon post challenge with Y. ruckeri exposed (CAT+) or not exposed to 

catecholamine (CAT-) and subjected or not to stress (S+ or S- respectively) or 

unchallenged with bacterium (Ch-), n = 6 per treatment and timepoint. 

 

Gut 

region 

DPC Ch- CAT- CAT+ 

PS Load PS Load PS Load 

Midgut 10 1/6 6 4/6 3048 1/6 47 

40 0/6 0 1/6 679 0/6 0 

Hindgut 10 2/6 736 1/6 15152 2/6 38 

40 0/6 0 1/6 51 0/6 0 

DPC: day post challenge, PS: positive sample, Load: Y. ruckeri cell equivalents mg-1 

 

The bacterium was mostly detected in gut samples from day 10 and in the treatment 

without exposure to catecholamine CAT- than day 40 and other treatments. However, 
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the number of Y. ruckeri in detected samples were not significant different between gut 

regions, or sampling times or treatments (p>0.05). 

 

3.3.4. Immune gene expression 

3.3.4.1. The effect of stress on Atlantic salmon immune genes unchallenged with Y. 

ruckeri 

The impact of stress on fish immune gene responses from blood pellet samples were 

calculated by comparing mRNA expression levels of immune genes between unstressed 

fish and stressed fish (without Y. ruckeri challenge) at a sampling time and between 

stressed fish treatments only at different sampling times (Figure 3.3.a to Figure 3.3.f). 

The relative expression of the pro-inflammatory cytokine IL 12β was significantly 

upregulated (22.3 fold) in stressed fish compared to unstressed fish at day 2 post stress 

(day 1 after infection) (Figure 3.3.a). In contrast, the mRNA expression of the T cell 

marker gene CD8α was significantly downregulated (14 fold) in stressed fish (Figure 

3.3.e). The peak expression of tested genes in stressed fish treatments Ch-S+ was seen 

at day 10 (PI) and the mRNA expression levels were significantly higher compared to 

day 1 (IL 4/13A, RoRγ, CD8α, IgM) and day 30 (IL 12β, CD 4-1 and IgM). 

Additionally, no differences were shown in expressions of TBet, TNFα, IFNγ, GATA3, 

IL 1β, IL 6, IL 22 and TGFb. 
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Figure 3.3.a. Effect of stress (Ch-S+) and no stress (Ch-S-) on Th1 markers TBet and 

IL 12β in Atlantic salmon. 

The mRNA gene expression is relative to the geometric mean of the two reference genes 

EF1-α and β-actin (scaled to control group). Asterisk denotes statistically significant 

different between treatment (*: p < 0.05; **: p < 0.01).  
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Figure 3.3.b. Effect of stress (Ch-S+) and no stress (Ch-S-) on Th1 markers TNFα 1-2 

and IFNγ in Atlantic salmon. 

The mRNA gene expression is relative to the geometric mean of the two reference genes 

EF1-α and β-actin (scaled to control group). Asterisk denotes statistically significant 

different between treatment (*: p < 0.05; **: p < 0.01).   
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Figure 3.3.c. Effect of stress (Ch-S+) and no stress (Ch-S-) on Th2 markers in Atlantic salmon. 

The mRNA gene expression is relative to the geometric mean of the two reference genes EF1-α and β-actin (scaled to control group). 

Asterisk denotes statistically significant different between treatment (*: p < 0.05; **: p < 0.01). 
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Figure 3.3.d. Effect of stress (Ch-S+) and no stress (Ch-S-) on Th17 markers in Atlantic salmon.  

The mRNA gene expression is relative to the geometric mean of the two reference genes EF1-α and β-actin (scaled to control group). 

Asterisk denotes statistically significant different between treatment (*: p < 0.05; **: p < 0.01). 
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Figure 3.3.e. Effect of stress (Ch-S+) and no stress (Ch-S-) on T cell marker CD8α and 

CD4-1 in Atlantic salmon. 

The mRNA gene expression is relative to the geometric mean of the two reference genes 

EF1-α and β-actin (scaled to control group). Asterisk denotes statistically significant 

different between treatment (*: p < 0.05; **: p < 0.01). 
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Figure 3.3.f.  Effect of stress (Ch-S+) and no stress (Ch-S-) on Treg marker TGFb and 

B cell marker IgM in Atlantic salmon. 

The mRNA gene expression is relative to the geometric mean of the two reference genes 

EF1-α and β-actin (scaled to control group). Asterisk denotes statistically significant 

different between treatment (*: p < 0.05; **: p < 0.01). 
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3.3.4.2. The effect challenge with Y. ruckeri (unexposed to catecholamine) on Atlantic 

salmon immune genes 

The effect of challenge with Y. ruckeri (unexposed to catecholamine) on salmon 

immune responses was determined by comparing mRNA gene expression levels 

between challenged and unchallenged for unstressed fish only (see Figure 3.4.a to 

Figure 3.4.f). The relative expression of IL 12β in challenged fish was significantly 

higher (32 fold) at day 10 in comparison at day 1 (Figure 3.4.a) similarly there was a 

25-fold increase in mRNA expression of the cytokine interferon IFNγ gene compared 

to unchallenged at day 1 (Figure 3.4.b). There was a significant reduction in expression 

level of TNFα, IFNγ and IL 6 at day 30 compared to its level at day 1 (Figure 3.4.b and 

3.4.d). There were no other differences in the expressions of TBet, GATA3, IL4/13, IL 

1β, RoRγ, IL 22, CD8α, CD4, IgM and TGFb. 
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Figure 3.4.a. Effect of Yersinia ruckeri challenge (no exposed to catecholamine 

epinephrine CAT-S-) and unchallenged (Ch-S-) on Th1 markers TBet and IL 12β in 

Atlantic salmon. 

The mRNA gene expression is relative to the geometric mean of the two reference genes 

EF1-α and β-actin (scaled to control group). Asterisk denotes statistically significant 

different between treatment (*: p < 0.05; **: p < 0.01). 
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Figure 3.4.b. Effect of Yersinia ruckeri challenge (no exposed to catecholamine 

epinephrine CAT-S-) and unchallenged (Ch-S-) on Th1 markers TNFα 1-2 and IFNγ in 

Atlantic salmon. 

The mRNA gene expression is relative to the geometric mean of the two reference genes 

EF1-α and β-actin (scaled to control group). Asterisk denotes statistically significant 

different between treatment (*: p < 0.05; **: p < 0.01). 
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Figure 3.4.c. Effect of Yersinia ruckeri challenge (no exposed to catecholamine epinephrine CAT-S-) and unchallenged (Ch-S-) on Th2 

markers in Atlantic salmon. 

The mRNA gene expression is relative to the geometric mean of the two reference genes EF1-α and β-actin (scaled to control group). 

Asterisk denotes statistically significant different between treatment (*: p < 0.05; **: p < 0.01). 

Day 0 Day 1 Day 10 Day 30

0.25

1

4

16

64

256

IL-1

Day post infection

M
e

a
n

 n
o

rm
a

li
s

e
d

 r
e

la
ti

v
e

 q
u

a
n

ti
ty

Control

CAT-S-

Ch-S-



  

 
92 

Day 0 Day 1 Day 10 Day 30

0.25

1

4

16

64

256

RoR

Day post infection

M
e
a

n
 n

o
rm

a
li
s
e
d

 r
e

la
ti

v
e
 q

u
a
n

ti
ty

Control

CAT-S-

Ch-S-

Day 0 Day 1 Day 10 Day 30

0.25

1

4

16

64

256

1024

IL 6

Day post infection

M
e

a
n

 n
o

rm
a

li
s

e
d

 r
e

la
ti

v
e

 q
u

a
n

ti
ty

Control

CAT-S-

Ch-S-

✱

  

Figure 3.4.d. Effect of Yersinia ruckeri challenge (no exposed to catecholamine epinephrine CAT-S-) and unchallenged (Ch-S-) on 

Th17 markers in Atlantic salmon. 

The mRNA gene expression is relative to the geometric mean of the two reference genes EF1-α and β-actin (scaled to control group). 

Asterisk denotes statistically significant different between treatment (*: p < 0.05; **: p < 0.01)
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Figure 3.4.e. Effect of Yersinia ruckeri challenge (no exposed to catecholamine 

epinephrine CAT-S-) and unchallenged (Ch-S-) on T cell marker CD8α and CD4-1 in 

Atlantic salmon. 

The mRNA gene expression is relative to the geometric mean of the two reference genes 

EF1-α and β-actin (scaled to control group). Asterisk denotes statistically significant 

different between treatment (*: p < 0.05; **: p < 0.01). 
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Figure 3.4.f. Effect of Yersinia ruckeri challenge (no exposed to catecholamine 

epinephrine CAT-S-) and unchallenged (Ch-S-) on Treg marker TGFb and B cell 

marker IgM in Atlantic salmon. 

The mRNA gene expression is relative to the geometric mean of the two reference genes 

EF1-α and β-actin (scaled to control group). Asterisk denotes statistically significant 

different between treatment (*: p < 0.05; **: p < 0.01). 
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3.3.4.3. The effect challenge with Y. ruckeri (exposed and unexposed to catecholamine) 

on unstressed Atlantic salmon immune genes 

When investigating immune gene expression in unstressed but challenged Atlantic 

salmon prior exposure of Y. ruckeri to epinephrine (CAT+S-) significantly upregulated 

the expression of IgM (by 2.5-fold) on day1 post infection (Figure 3.5.f). In addition 

TNFα (3.8-fold) and IL 22 (8.4-fold) (day 30) were also significantly upregulated 

compared to those genes from salmon challenged with Y. ruckeri unexposed to 

epinephrine (CAT-S-) (Figures 3.5.b and 3.5.d). In contrast, the relative expression of 

IFNγ (Figure 3.5.b) and IL 6 (Figure 3.5.d.) were significantly lower in the CAT+S-  

treatment group at day 1 (at 39.5 and 17.2-fold lower respectively) compared to those 

in the CAT-S- treatment. Among CAT+S- treatments at different sampling points, there 

were significantly higher expressions of IL 4/13 and RoRγ (day 10) and IFNγ and IL 

22 (day 30) in comparison to day 1 (Figures 3.5.c and 3.5.d). There were no differences 

in gene expressions of TBet, IL 12β, GATA 3, IL 1β, CD8α, CD4 and TGFb. 
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Figure 3.5.a. Effect of Yersinia ruckeri challenge prior exposure (CAT+S-) and non-

exposure (CAT-S) to epinephrine on Th1 markers TBet and IL 12β in Atlantic salmon.  

The mRNA gene expression is relative to the geometric mean of the two reference genes  

EF1-α and β-actin (scaled to control group). Asterisk denotes statistically significant 

different between treatment (*: p < 0.05; **: p < 0.01). 
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Figure 3.5.b. Effect of Yersinia ruckeri challenge prior exposure (CAT+S-) and non-

exposure (CAT-S) to epinephrine on Th1 markers TNFα 1&2 and IFNγ in Atlantic 

salmon. 

The mRNA gene expression is relative to the geometric mean of the two reference genes 

EF1-α and β-actin (scaled to control group). Asterisk denotes statistically significant 

different between treatment (*: p < 0.05; **: p < 0.01). 
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Figure 3.5.c. Effect of Yersinia ruckeri challenge prior exposure (CAT+S-) and non-exposure (CAT-S) to epinephrine on Th2 markers 

in Atlantic salmon. 

The mRNA gene expression is relative to the geometric mean of the two reference genes EF1-α and β-actin (scaled to control group). 

Asterisk denotes statistically significant different between treatment (*: p < 0.05; **: p < 0.01). 
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 Figure 3.5.d. Effect of Yersinia ruckeri challenge prior exposure (CAT+S-) and non-exposure (CAT-S) to epinephrine on Th17 markers 

in Atlantic salmon. 

The mRNA gene expression is relative to the geometric mean of the two reference genes EF1-α and β-actin (scaled to control group). 

Asterisk denotes statistically significant different between treatment (*: p < 0.05; **: p < 0.01).
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Figure 3.5.e. Effect of Yersinia ruckeri challenge prior exposure (CAT+S-) and non-

exposure (CAT-S) to epinephrine on T cell markers in Atlantic salmon. 

The mRNA gene expression is relative to the geometric mean of the two reference genes 

EF1-α and β-actin (scaled to control group). Asterisk denotes statistically significant 

different between treatment (*: p < 0.05; **: p < 0.01). 
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Figure 3.5.f. Effect of Yersinia ruckeri challenge prior exposure (CAT+S-) and non-

exposure (CAT-S) to epinephrine on Treg marker TGFb and B cell marker IgM in 

Atlantic salmon. 

The mRNA gene expression is relative to the geometric mean of the two reference genes 

EF1-α and β-actin (scaled to control group). Asterisk denotes statistically significant 

different between treatment (*: p < 0.05; **: p < 0.01). 
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3.4. DISCUSSION 

In this study, morbidity and/or mortality of Atlantic salmon as a result of infection with 

Y. ruckeri was found to begin within 3-4 days post-challenge and had significantly 

subsided by 15-20 days post challenge. A pertinent finding was that prior exposure of 

Y. ruckeri to epinephrine resulted a higher cumulative mortality of salmon compared to 

those challenged with the non-epinephrine treated bacterium. This can be interpreted as 

in increase in virulence and supports the results from in vitro experiments which showed 

that epinephrine could enhance virulence factors of Y. ruckeri (see chapter 2). The 

survival data are also in line with previous findings which have shown a decrease in 

survival rates of some crustaceans and teleosts when challenged with stress hormone-

exposed bacteria (norepinephrine and dopamine) presumably due to bacterial virulence 

enhancement.  For example Artemia franciscana and Macrobrachium rosenbergii 

infected with V. harveyi (Pande et al., 2014; Yang et al., 2014), rainbow trout infected 

with Y. ruckeri (Torabi Delshad et al., 2019) and crucian carp infected with A. 

hydrophila (Gao et al., 2019) all showed lower survival rates when challenged with 

respective bacteria previously exposed to a stress hormone compared to groups 

challenged with bacteria unexposed to the hormone.   

 

The mean cortisol level of Atlantic salmon in this study was 4.95 ng/mL which was 

similar to that of Carey and McCormick (1998) and Sundell et al. (2003) who reported 

plasma cortisol ranges of 4 to 11 ng/mL and 5 to 40 ng/mL for parr and smolting 

Atlantic salmon respectively. Plasma cortisol level is usually used as an indicator for 

stress assessment. Elevation of plasma cortisol concentration was previously reported 
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in Atlantic salmon subjected to acute and/or chronic stress (Carey and McCormick, 

1998; McCormick et al., 1998; Fast et al., 2008; Pankhurst et al., 2008; Sundh et al., 

2009), seawater transfer and salinity acclimation (Sundell et al., 2003; Hvas et al., 

2018), sea lice Lepeoptheirus salmonis infection (Bowers et al., 2000; Mustafa et al., 

2000; Fast et al., 2006), and infectious pancreatic necrosis virus challenge (Sundh et al., 

2009). However, in this study cortisol levels were not significantly different in stressed 

fish and challenged fish in comparison with the controls. Although, most studies in 

Atlantic salmon subjected to an acute stress such as handling and confinement stress 

(Carey and McCormick, 1998) or hyperoxygenation and reduced water flow stress 

(Sundh et al., 2009) or chasing stress (Madaro et al., 2016) found that cortisol remains 

elevated for hours and days, it is possible that the stress response resulted in the release 

of cortisol which returned to normal within a couple of hours after the initial stressor  

(Einarsdóttir and Nilssen, 1996; McCormick et al., 1998; Fast et al., 2008; Pankhurst et 

al., 2008) and therefore any increase in cortisol was missed in this study. Interestingly, 

24 hours after the application of stress the fish were challenged with the pathogenic 

bacteria Y. ruckeri which would also have been a potential stressful procedure, however 

cortisol concentrations did not show any statistical difference at 12 hours after the event. 

In contrast, Sundh et al. (2009) reported that Atlantic salmon previously stressed (with 

hyperoxygenation and reduced water flow in freshwater) then challenged with 

infectious pancreatic necrosis virus after seawater transfer showed significantly higher 

plasma cortisol which persisted to day 14 post challenge. The dissimilar results of 

cortisol levels and related time response may relate to the nature and duration of the 

different stressors, pathogenic mechanisms, fish ages and their response (to the same 
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stressor) as well as experimental procedures. Although sampling procedures were 

applied as consistently as possible to treated fish, there is a possibility that cortisol levels 

could have been affected by undesired stressors during blood sampling including 

chasing and anesthetising fish before bleeding that may have masked any differences 

between the unstressed and stressed treatments. Therefore, a more conclusive effect of 

stress and Y. ruckeri challenge on plasma cortisol levels of Atlantic salmon may have 

been found had more sampling times post stress and the optimisation of blood sampling 

procedures to minimise potential stress been undertaken. Nonetheless, in this study fish 

were subject to an activity well known to induce stress before the bacterial challenge to 

see if stress-induced endogenous hormones (in particular catecholamines) had any 

impact on Y. ruckeri virulence, hence the study focused more on host survival data and 

host immune responses than the specific concentration and regulation of circulating 

catecholamines. 

 

The thymus, kidney and spleen are major lymphoid organs in fish which are most 

commonly use in fish immunology. In this study however, due to a failure in spleen 

storage, whole blood cells of Atlantic salmon (red and white blood cells) were used to 

determine changes in expression of immune genes. The white blood cells are involved 

in both innate and adaptive immune responses and, although red blood cells mainly 

function in gas exchange, they have been recently shown to express immune relevant 

genes participating in stress responses, immune responses and apoptosis in rainbow 

trout, Atlantic salmon and tilapia (Morera et al., 2011; Dahle et al., 2015; Shen et al., 

2018).  
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A variety of immune changes have been reported after applying different kinds of 

stressors in fish including activating and suppressive processes (see Tort (2011)). In this 

study, the effect of acute chasing stress on 14 immune related genes produced by 

Atlantic salmon blood cells resulted in a significant upregulation of IL-12β and 

downregulation of CD8α in stressed fish compared to unstressed fish. The increase in 

IL-12β mRNA observed in this study is consistent with data obtained for pufferfish 

(Takifugu obscurus) and common carp (Cyprinus carpio) (Jia et al., 2014; Cheng et al., 

2015). Exposure to high concentration of ammonia in pufferfish or exposure of carbon 

tetrachloride to common carp resulted in higher expression of innate immune genes 

including TNFα, IL-6 and IL-12 (Jia et al., 2014; Cheng et al., 2015). Interleukin-12 is 

a critical cytokine bridging innate and adaptive immunity in mammals (Langrish et al., 

2004). This cytokine is produced by inflammatory macrophages and activates dendritic 

cells and plays an important role in driving an efficient cellular immune response as an 

important regulator of Th1 cell responses (Langrish et al., 2004). Although there are 

limited studies about the effect of acute stress on the change of IL-12 in fish, early 

induction of IL-12 has been suggested to contribute to disease resistance (Robben et al., 

2004). Interestingly, the upregulation of IL-12 in Atlantic salmon infected with the 

parasite Kudoa thyrsites has been indicated by a positive correlation between severity 

of K. thyrsites and IL-12 production (Braden et al., 2018). Elevated expression of IL-

12 has been recently reported in rainbow trout infected with Y. ruckeri, viral 

haemorrhagic septicaemia virus and parasitic proliferative kidney disease (Wang et al., 

2014). In contrast, this study showed a reduction of mRNA production for CD8α in 

stressed fish. Cluster of differentiation 8 alpha has a vital role in the T cell-mediated 
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immune response and resistance to viral infections. CD8 is expressed on T cells and 

binds to major histocompatibility complex (MHC) class I proteins (as a co-receptor for 

T-cell receptor) hence presents peptides on the cell surface. Interaction between CD8 

receptor, T cell receptor and the MHC-peptide complex will induce signal transduction 

resulting in activation of T cells (Abbas et al., 2014). In mice, lower CD8 T-cell number 

was described in stressed compared to unstressed mice (Dhabhar, 2008). It has been 

reported that acute stress can induce redistribution of leukocytes from the blood to the 

skin, hence suppression of splenic and blood responses to T-cell mitogens and depletion 

of leukocytes in these compartments during acute stress (Dhabhar, 2008). In Atlantic 

salmon, depletion of CD8α was reported in different tissues infected with a highly 

virulent strain of infectious salmon anaemia virus compared to that found after exposure 

to a less virulent strain at early stages of infection, and hence it suggests that CD8α has 

a protective role in immune defence (at the early infection stages) (Hetland et al., 2011). 

Stress has been reported to increase in expression of several immune related genes such 

as IL 1β, IL 8, g type lysozyme and bactericidal permeability increasing 

protein/lipopolysaccharide binding protein (BPI/LBP) in cod subjected to overcrowding 

(Gadus morhua) (Caipang et al., 2008) expression of other genes such as lysozyme 

Lyzll, TNF-1α, IL 1β, IL 8 and IFNγ in rainbow trout were downregulated after 

overcrowding stress (Yarahmadi et al., 2016).  However in the study reported here only 

IL-12 β and CD8α were impacted. Fridell et al. (2007) showed similar finding that the 

mRNA expression of three genes, IFN 1α, Mx and IL 1β, were not affected in Atlantic 

salmon subjected to hyperoxygenation and low water flow stress. It is possible that the 

differentiation responses of the immune genes are dependent upon species, the tissue 
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sampled and the nature of the stressor (Braden et al., 2018).  The expression of immune 

genes under the effect of stress may be also dependant on time-course, as the mRNA 

transcripts at day 10 of IL 4/13A, RoRγ, CD8α, IgM and IL 12β, CD 4 -1 and IgM were 

significantly higher compared those on day 1 and day 30. This concurs with the finding 

that changes in immune gene expression due to handling stress in Atlantic salmon can 

begin from 1 hour and be maintained for up 4 weeks after the stress event (Fast et al., 

2006). 

 

The challenge model with Y. ruckeri (exposed or not exposed to epinephrine) showed 

differentially changes of the host immune genes. Overall, IFNγ and IL 6 were the most 

impacted in both treatments while expression of Tbet, CD4, TGFb, GATA3, IL1β and 

RoRγ was not influenced by treatment or time-course. The effects of Y. ruckeri 

challenge on Atlantic salmon were only seen in differential express ion of the IFNγ gene 

which was 25-fold higher in challenged compared to unchallenged fish 1 day post 

infection. Interferon gamma is a cytokine which is critical in regulating microbial killing 

activities for intracellular pathogens by activation of macrophages (Bogdan et al., 2004; 

Langrish et al., 2004; Robertsen, 2006). Microbicidal activity of IFNγ induces the 

phagocyte oxidase components which results in increase superoxide production and 

other antibacterial oxygen species during phagocytosis of pathogens (Shtrichman and 

Samuel, 2001). In addition, the stimulation of nitric oxide synthetase 2 (NOS2) to 

produce nitric oxide, several antimicrobial proteins and several enzymes also contribute 

to both antibacterial and antiviral activities (MacMicking et al., 1997; MacMicking, 

2004; Robertsen, 2006). Protective effects of IFNγ against infection with intracellular 
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pathogens have been reported as inhibition of infectious pancreatic necrosis virus 

(IPNV) in salmon cells and the activation of immune responses after Edwardsiella tarda 

infection in olive flounder (see Zou and Secombes (2016). The expression of IFNγ gene 

in this study is consistent with the finding that lipopolysaccharide injection challenge 

enhanced expression of IFNγ gene in Japanese flounder (Paralichthys olivaceus) spleen 

at early sampling time and reached a peak at 24 hours post injection before turning to 

normal (Zhang et al., 2017). A reduction of mRNA IFNγ transcripts at day 30 in 

challenge fish compared to day 1 also consistent with findings of McCarthy et al. (2016) 

who reported higher expression of IFNγ in the proximal intestine of infected rainbow 

trout by oral transmission of segmented filamentous bacteria from day 8 to day 23 but 

not at day 30. In addition, in the study reported here higher expression of IL 12β at day 

10 and lower expression levels of TNFα, IL 6 at day 30 compared to day 1 and day 10 

suggest that the challenge was no longer affecting immune responses at the late stage 

of the challenge. This consists with the survival analysis (Figure 3.1) and Y. ruckeri 

load in the gut (table 3.4). Mass mortality in challenged group was observed between 

day 10 to day 20, and no more dead fish were seen after day 20. Additionally, results 

from quantification Y. ruckeri load in the gut showed more detectable samples and 

higher amount of Y. ruckeri in samples from challenged fish at day 10 than day 40. 

Prior exposure of Y. ruckeri to epinephrine before challenge impacted more immune 

related genes compared to challenge effects from the bacterium not exposed to the 

hormone, including elevated expression of IgM (day1), TNFα and IL22 (day 30) and 

depressed of IFNγ and IL 6 (day 1). This suggests that epinephrine has some effects on 

the virulence of Y. ruckeri and/or pretreated Y. ruckeri with epinephrine and may alter 
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the host immune response in salmon.  A faint expression of IFNγ at the early stage of 

the infection seems to indicate that IFN was rapidly deactivated and could not stimulate 

Th1 cells efficiently, which resulted in massive tissue damage and early mortality in 

Mycobacterium infected mice (Lopez et al., 2003). This is consistent with survival data 

shown in figure 3.1 that mortality occurred earlier and at a higher rate than was seen in 

CAT+ treatment. In addition, one of the most important functions of IL-6 is inducing 

the synthesis of hepcidin in liver cells which further the blocks the release of iron from 

macrophages, hepatocytes and enterocytes and thereby inhibiting bacterial propagation 

(Dunn et al., 2007). Moreover, the lower expression of IFNγ and IL-6 in CAT+S-  

treatment may also relate to Y. ruckeri virulence enhancement due to pre-exposure to 

the hormone. The gene expression and survival data indicate that it is reasonable to 

assume the that Y. ruckeri exposed to epinephrine is more virulent than that not exposed 

which agrees with other studies which have shown lower expression in some immune 

genes in challenge models with virulent or wildtype compared those with avirulent/ less 

virulent or mutant strains. Although there is little published information on fish, there 

are some related data on mice. Challenging mice with the more virulent Beijing 

Mycobacterium tuberculosis strain showed higher bacterial multiplication, early and 

massive pneumonia and death as well as lower expression of IFNγ in comparison with 

less virulent Canetti strain (Lopez et al., 2003). Similarly, IL-6 and TNFα were shown 

to be significantly upregulated in mice (nasal tissue) infected with less virulent 

Streptococcus pneumoniae WCH16 strain compared to those infected with the more 

virulent D39 and WCH43 (Mahdi et al., 2008). In another study on zebrafish, the IFNγ 

expression level was higher in challenge treatment with heat-inactivated bacteria and 
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their extra cellular products than live bacteria A. hydrophila (Rodríguez et al., 2008). 

Furthermore, the production mRNA of some immune genes seems to be related to 

disease severity as many genes related to IFN were identified significantly 

downregulated in turbot (spleen and head kidney) suffering severe myxozoan parasite 

Enteromyxum scophthalmi like interferon regulatory factor IFR3, IFR4, interferon-

induced very large gtpase 1 interferon regulatory factor GVINP1, interferon gamma 

receptor alpha chain IFNGR1 (Robledo et al., 2014). Elevated expression of IL-22 in 

fish in treatment CAT+S- at day 30 compared to CAT-S- is consistent with the function 

of this cytokine as IL-22 is known to induce the production of several classes of 

antimicrobial peptides and plays a critical role in regulating inflammation and 

promoting bacterial clearance (Kudva et al., 2011). This finding is also partly supported 

by the result of Y. ruckeri load (Table 3.4) showing lower detected cases of infected 

samples and lower numbers of Y. ruckeri cells in CAT+ compared to CAT- treatment. 

Similarly, significant upregulation of IL-22 and TNFα at day 30 in CAT+ challenge 

treatment compared to day 1 may be due to the impairment of the immune system in 

trying to clear infected bacteria and protect the host from death during early stages of 

the infection. However, more data from further studies to confirm this. A study on 

immune gene expression in rainbow trout after infection with a segmented filamentous 

bacteria has shown similar finding to that presented here with an increase in expression 

of IL-22 at day 30 post infection but no change in expression of IFNγ (McCarthy et al., 

2016). Interestingly, the data from McCarthy et al. (2016) also showed no significant 

difference observed in expression of IL 1β at any sampling points, which is also 

consistent with the results presented here. Interleukin 1β is known as the pivotal early 
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response pro-inflammatory cytokine in enabling hosts to respond to infectious 

pathogens by activation of host pattern recognition receptors and inducing an 

inflammatory cascade and other defensive responses (Rojo et al., 2007; Zou and 

Secombes, 2016). Therefore, upregulation of IL 1β has been usually reported in many 

fish after challenge such as; rainbow trout infected with Y. ruckeri (Harun et al., 2011; 

Raida et al., 2011; Wangkahart et al., 2017), Atlantic salmon with Aeromonas 

salmonicida (Ewart et al., 2008), zebra fish with A. hydrophila (Rodríguez et al., 2008) 

or Listonella anguillarum (Rojo et al., 2007), seabream with Vibrio anguillarum 

(Chaves-Pozo et al., 2004) and large yellow croaker (Larimichthys crocea) with V. 

alginolyticus (Jun et al., 2015). However, upregulation of IL 1β was varied and 

dependent on many factors including the balance of different immune response 

pathways, hence more studies related to this cytokine response should be considered in 

particular to vaccinated fish as fish in this study had had vaccination against Y. ruckeri 

before.  

 

In conclusion, this study showed results related to the interaction between the virulence 

of the important pathogen Y. ruckeri and the immune responses of Atlantic salmon 

under the specific environment. Although stress application did not result in changing 

of cortisol levels, the immune response was different between stressed fish and 

unstressed fish evident by the significant upregulation of IL12β and CD8α in those 

stressed. In addition, exposure of Y. ruckeri to epinephrine prior a challenge enhanced 

virulence of Y. ruckeri and therefore resulted in differential regulation of immune genes. 

The reduction of IL-6 and IFNγ transcripts in the early stage of infection and elevation 
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of IL-22 and TNFα at late sampling time are in line with the results from survival 

analysis and the load of Y. ruckeri in infected fish. 
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Chapter 4. EFFECTS OF STRESS AND Yersinia ruckeri CHALLENGE ON 

GUT MICROBIOME OF ATLANTIC SALMON (Salmo salar) 

 

4.1. INTRODUCTION 

Gut microbiota is known to have vital roles in host development, physiology and health 

from early life stages (Llewellyn et al., 2014; Tarnecki et al., 2017). In fish, diversity 

and composition of gut microbiota are influenced by many factors such as genotype, 

physiological status, health condition, life style and environmental changes (Llewellyn 

et al., 2014; Butt and Volkoff, 2019). Altering the structure of gut microbiota may 

change function and metabolic activities, hence affecting the feeding, growth, energy 

storage and health of the host (Butt and Volkoff, 2019).  

 

Yersinia ruckeri is a major pathogen impacting global salmonid farming. It has been 

widely isolated from different animals and the environment as well as diseased fish 

(Kumar et al., 2015). This bacterium can reside in the distal fish intestine and establish 

a subclinical infection, resulting in asymptomatic carriers which are able to transmit 

infection horizontally particularly when the host is stressed (Tobback et al., 2007; 

Ghosh et al., 2018). In addition, infections can be detectable in the intestine prior to 

becoming symptomatic (Rodgers, 1992; Ghosh et al., 2018). Therefore, more 

information about the composition of the gut microbiome in Atlantic salmon and how 

it may vary during stressful scenarios and Y. ruckeri challenge will be of benefit in 

yersiniosis and/or enteric redmouth disease management strategies. In addition, study 
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on gut microbiome may also provide useful information which could assist in selection 

of probiotic strains. 

 

The objective of this study was to investigate the effects of stress and challenge with Y. 

ruckeri (including treatment with exogenous epinephrine) on the salmon microbiome 

(including a group exposed to an acute stressor) in different gut regions at different time 

points post stress and challenge. 

 

4.2. MATERIALS AND METHODS 

Animal ethics approval, fish, experimental design and sampling and DNA extraction 

for intestine samples: see chapter 3. 

 

 4.2.1. PCR amplification and sequencing 

As there were low molecular weight non-specific PCR products when TNA extractions 

from midgut and hindgut were used directly in PCR with 16S rRNA gene V1-V3 region 

amplification primers (27F: 5’ - AGAGTTTGATCMTGGCTCAG - 3’, 519R: 5’ – 

GWATTACCGCGGCKGCTG – 3’), a semi-nested PCR was performed. The initial 

PCR consisted of 2x MyTaq HS mix (Bioline), 200 nM of each 27F and 1492R 16S 

rRNA gene primers (Ooi et al., 2019) and 2 µL of 1:50 diluted TNA extraction in 

molecular grade water to a final volume of 10 µL. PCR was performed using a C1000TM 

Thermal Cycler (Bio-Rad Laboratories Inc., USA). Cycling conducted of 3 min at 95ºC, 

20 cycles of 95ºC for 15s, 50ºC for 30s and 72ºC for 30s, and a final extension for 3min 
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at 72ºC. PCR included negative extraction and amplification controls. PCR products 

were checked with 1% agarose gel electrophoresis and diluted 10 times before sending 

to the Australian Genome Research Facility (AGRF, VIC, Australia) for sequencing of 

the V1-V3 region of the 16S rRNA gene on an Illumina MiSeq with paired-end 300 bp 

read chemistry. The hypervariable V1-V3 region of the 16S rRNA gene was chosen due 

to its ability to provide discriminatory taxonomic resolution across a wide range of 

bacteria and the large and available 16S rRNA database (Johnson et al., 2019).  

 

4.2.2. Data analysis 

The demultiplexed FASTQ sequences from AGRF were imported into the 2019.10 

version of Quantitative Insights Into Microbial Ecology (QIIME 2) software  package 

(Bolyen et al., 2019) for 16S rRNA marker-gene analysis. Quality plots of sequences 

were visualised and used to assess the maximum sequence length before the sequence 

quality fell below Q30. The DADA2 plugin was then used to trim sequences of the 27F 

and 519R primers, truncate the sequences according to the previous quality assessment 

before denoising and removing potential chimeras and outputting representative 

sequences from the pair-end reads which are the amplicon or exact sequence variants 

(ASVs). The ASVs were classified using a Naive Bayes classifier pre-trained on the 

Greengenes 13_8 99% OTUs database (McDonald et al., 2012). For downstream 

analyses such as weighted and unweighted UniFrac beta diversity analyses that require 

phylogenetic information a phylogenetic tree (both rooted and unrooted) was created 

using the phylogeny plugin and align-to-tree-mafft-fasttree pipeline. 

 



  

 
116 

For further investigations of the hindgut of challenged fish at day 10 the FASTQ 

sequence data from AGRF for these samples was uploaded for cloud-based analysis on 

the One Codex microbial genomics platform (https://www.onecodex.com/). Sequences 

were aligned against the One Codex Targeted Loci database that contained 247,647 

records (31,633 unique species) covering 5S, 16S, 23S, gyrB, rpoB, 18S, 28S, and ITS 

genes from known microbes. Sequences were aligned against the Targeted Loci 

Database using the Scalable Nucleotide Alignment Program (SNAP) (Zaharia et al., 

2011) and assigned a taxonomic grouping. Quality and abundance filtering were then 

performed to minimize the number of false positive assignments introduced by 

sequencing errors.  

 

Sample metadata, ASV tables, taxonomy tables and the phylogenetic tree file were 

uploaded and imported into MicrobiomeAnalyst (https://www.microbiomeanalyst.ca/ ) 

(Dhariwal et al., 2017) to perform statistical analyses of alpha diversity, beta diversity, 

abundance, clustering and correlation. Imported data was filtered to remove low 

abundant ASVs (≤2 counts) and those ASVs of 10% or lower prevalence in samples. 

Data were normalised by rarefying to the minimum library size. Alpha diversity refers 

to the measurement of diversity within a community, and was measured using different 

metrics including Chao1, ACE, Shannon and Simpson with each statistically assessed 

for significance using a non-parametric Kruskal-Wallis test. Statistical analyses of 

differential abundance of taxa between treatments was also assesses by classical 

univariate statistics using non-parametric Kruskal-Wallis tests. Beta diversity refers to 

the measurement of varying bacterial diversity between treatments and was analysed by 

https://www.onecodex.com/
https://www.microbiomeanalyst.ca/
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Bray Curtis, Jaccard, weighted and unweighted UniFrac distance based Principal 

Coordinates Analysis (PCoA) and Permutational multivariate analysis of variance 

(PERMANOVA). A phylogenetic tree was not uploaded to MicrobiomeAnalyst in the 

case of the One Codex results thus UniFrac-based analyses of beta diversity was 

unavailable. In this instance Bray Curtis with Non-Metric Multidimensional Scaling 

(NMDS) and Analysis of Similarities (ANOSIM) statistical analysis was performed. 

 

4.3. RESULTS 

4.3.1. Characteristics of the sequence data 

After quality filtering, a total of 1,597,987 reads were obtained. Average counts per 

samples was 20,753 and no template control, extraction control and 5 samples that had 

low read counts (<1,000) were excluded. Mean of Good’s coverage was 91.5% and 

rarefaction curves for all samples tended to plateau, indicating the sequencing of the 

samples approached saturation. 

 

4.3.2. Alpha diversity analyses 

Alpha diversity of bacterial community was measured by Chao1, ACE, Shannon and 

Simpson indexes. There were no statistical differences between experimental groups 

(stressed and unstressed fish, challenged (CAT+, CAT-) and unchallenged, different 

sampling points (day 0, day 10 and day 40) or different gut regions (midgut and 

hindgut)) (p >0.05) (Table 4.1).  
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Table 4.1. Richness and alpha diversity indexes for gut sequence libraries of S. 

salar. The groups are: stressed (S+) or unstressed (S-); challenged with Yersinia 

ruckeri, exposed or not exposed to catecholamine (CAT+ or CAT- respectively); 

unchallenged with the bacterium (Ch-) and samples at day 0 (Control). 

 

Factors Groups 

Richness estimators 

Min – Max (Mean) 

Diversity indexes 

Min – Max (Mean) 

Chao ACE Shannon Simpson 

Stress 

S+ 1 - 25 (5) 2 – 33 (8) 0 - 2.37 (0.9) 0 - 0.88 (0.44) 

S- 1 – 39 (7) 2 – 31 (10) 0 - 2.62 (0.89) 0 - 0.92 (0.41) 

Control 1 – 15 (7) 4 – 22 (13) 0 - 2.5 (1.27) 0 - 0.91 (0.57) 

Challenge 

CAT+ 1 – 26 (7) 2 – 33 (11) 0 - 2.62 (1.0) 0 - 0.92 (0.46) 

CAT- 1 – 39 (7) 2 – 31 (9) 0 - 2.27 (0.97) 0 - 0.88 (0.46) 

Ch- 1 – 16 (4) 2 – 25 (7) 0 - 2.33 (0.74) 0 - 0.88 (0.37) 

Control 1 – 15 (7) 4 – 22 (13) 0 - 2.5 (1.27) 0 - 0.91 (0.57) 

Sampling 

time 

Day 0 1 – 15 (7) 4 – 22 (13) 0 - 2.5 (1.27) 0 - 0.91(0.57) 

Day 10 1 – 39 (7) 2 – 33 (11) 0 - 2.37 (0.96) 0 - 0.88 (0.44) 

Day 40 1 – 26 (5) 2 – 28 (7) 0 - 2.62 (0.83) 0 - 0.92 (0.41) 

Gut regions 

Midgut 1 – 39 (6) 2 – 31 (15) 0 - 2.62 (0.79) 0 - 0.92 (0.38) 

Hindgut 1 – 25 (6) 2 – 33 (9) 0 - 2.58 (1.06) 0 - 0.92 (0.5) 
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4.3.3. Beta diversity analyses 

The first two axes of principal coordinate analyses (PCoA) based on Bray - Curtis, 

Jaccard, unweighted and weighted Unifrac distance matrices explained 37.2%, 32.2%, 

50.5% and 70.4% of the variation in abundance of operational taxonomic units (OTUs) 

among different sample libraries. Using PERMANOVA for statistical analyses showed 

significant differences in variation in Bray – Curtis and Jaccard indices among 

experimental groups (p <0.05), except for gut region factor. No significant differences 

were present for PCoA based on Unifrac for all treatment groups (p > 0.05). The most 

significant dissimilarity in OTUs abundance was seen in samples from different 

sampling times (p < 0.01) (Figure 4.1).  

 

A. 
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Figure 4.1. Principal coordinate analysis plots based on (A) Bray-Curtis index, (B) 

Jaccard index, (C) unweighted UniFrac, (D) unweighted UniFrac distance methods for 

F 

G 



  

 
123 

different sampling time (day 0, day 10, day 40); (E), (F) and (G) Bray-Curtis index for 

challenge (unchallenged Ch-; challenged with Y. ruckeri exposed or not exposed to 

catecholamine, CAT+ and CAT- respectively; and control: unstressed fish at day 0), 

stress (unstressed S- or stressed S+; control: unstressed fish at day 0)  and gut region 

factor (midgut and hindgut). 

 

4.3.4. Taxonomic composition 

The four main bacterial phyla in all samples were Proteobacteria (42%), Actinobacteria 

(19%), Firmicutes (19%) and OD1 (2%) while unassigned bacteria (could not be 

assigned a Greengenes ID) accounted for 18%. Abundance at phylum level was most 

significantly in challenge group and different sampling time group (Figure 4.2). 

Firmicutes showed significantly lower abundance in CAT- treatment (2.4%) compared 

to control (38.1%), unchallenged (18.2%) and CAT+ (30.5%) (p <0.05) (Figure 4.2A). 

Similarly, there were significantly fewer Firmicutes in samples at day 40 (9.8%) in 

comparison with day 10 (24.5%) and day 0 (38.1%) (p<0.05). Proteobacteria dominated 

and had significantly higher abundance at day 40 (54.8%) than day 10 (30.4%) (p<0.05) 

(Figure 4.2B). Stress and gut region had no significant effect on the abundance of 

bacteria (p>0.05). 
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            C 

 

             D 

 

Figure 4.2. Relative abundance at phylum level in challenge group (A), different 

sampling time group (B), stress group (C) and gut region group (D). The groups are: 

stressed (S+) or unstressed (S-); challenged with Yersinia ruckeri, exposed or not 

exposed to catecholamine (CAT+ or CAT- respectively); unchallenged with the 

bacterium (Ch-) and samples at day 0 (Control). 

 

The top five bacterial classes detected were Alphaproteobacteria (21%), Bacilli (19%), 

Actinobacteria (19%), Gammaproteobacteria (17%) and Betaproteobacteria (4%) while 

others accounted for 21%. Alphaproteobacteria were significantly more abundant and 
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lower abundance of Bacilli in gut samples collected at day 40 (30.6% and 9.8%) than 

at day 10 (14.4% and 24.5%) and day 0 (0% and 38.1%) (p<0.05). Betaproteobacteria 

showed significantly higher abundance in samples at day 40 (7.7%) than day 10 (0.7%). 

In challenge group, Bacilli and Gammaproteobacteria had significantly lower 

abundance in CAT- (2.4%) and CAT+ (0.9%), respectively, compared to other 

treatments (p<0.05). 

 

At the family level, there was a relative high abundance of Propionibacteriaceae (19%), 

Aeromonadaceae (16%), Sphingomonadaceae (14%), followed by Staphylococcaceae 

(8%), Caulobacteraceae (6%) and Burkholderiaceae (4%). Other families and not 

assigned families accounted for 33% of the total. Abundance of families 

Aeromonadaceae and Staphylococcaceae was more dependent on different challenge 

treatments while abundance of Sphingomonadaceae and Burkholderiaceae was related 

to sampling time. Aeromonadaceae was more common in CAT- (28.6%) and the control 

(37.1%) than in CAT+ treatment (0.9%) (p<0.05). In contrast, Staphylococcaceae were 

significantly less abundant in CAT- (1.2%) compared to CAT+ (16.2%). 

Sphingomonadaceae and Burkholderiaceae were significantly more abundant at day 40 

(27.6% and 7.7%) than day 10 (3.8% and 0.7%) (p<0.05). Similarly, at genus level, 

significantly lower proportion of Staphylococcus in CAT- and a large proportion of 

Sphingomonas and Burkholderia were observed on day 40 in comparison with CAT+ 

and day 10 (Figure 4.3, Figure 4.4). 
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Figure 4.3. Significantly greater abundance of of Sphingomonas and Burkholderia on 

day 40 compared to day 10 and day 0 (Univariate statistical comparisons p < 0.05). 

 

The major genera were Propionibacterium (19%), Sphingomonas (14%), Aeromonas 

(11%) and Staphylococcus (8%). Their relative abundances across experimental factors 

and individual samples are presented in Figure 4.4.
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Figure 4.4. Abundance at genus level in different gut region (Gut), sampling time (Day), challenge group (Challenge) and stress group 

(Stress). The groups are: stressed (S+) or unstressed (S-); challenged with Yersinia ruckeri, exposed or not exposed to catecholamine 

(CAT+ or CAT- respectively); unchallenged with the bacterium (Ch-) and samples at day 0 (Control). 
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4.3.5. Gut microbiome comparisons between fish challenged with Yersinia ruckeri 

exposed (CAT+) and not exposed to the catecholamine epinephrine (CAT-) 

 

4.3.5.1. Alpha and beta diversity 

There were no differences between CAT+ and CAT- treatments in alpha diversity 

analysis (p>0.05), but a significant difference was shown in beta diversity (Figure 4.5). 

Two treatments presented significantly distinct microbial community composition and 

structure (ANOSIM R=0.55625 and p < 0.014). 

 

Figure 4.5. Beta diversity showed significantly different microbial community 

composition between fish challenged with Y. ruckeri previously exposed to epinephrine 

(CAT+) and no exposed (CAT-) 
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4.3.5.2. Taxonomic composition 

In CAT+ compared to CAT- Fusobacteria (14.4 versus 0%) and Firmicutes (19.5 versus 

0.02%) were more abundant and Actinobacteria was less abundant (1.36 versus 21.5%) 

at the phylum level, (p <0.05).  

 

The top five of abundant classes in the challenged fish were Alphaproteobacteria (55%), 

Gammaproteobacteria (14%), Actinobacteria (12%), Fusobacteria (7%) and Bacilli  

(6%). Among these only Clostridia and Fusobacteria showed significantly more 

abundant in CAT+ compared to CAT- treatment. 

 

At the family level, there was a higher abundance of Yersiniaceae, Alcanivoracaceae, 

Shewanellaceae, Microbacteriaceae, Enterobacteriaceae, Hyphomonadaceae 

(p<0.001), Aeromonadaceae, Micrococcaceae (p<0.01) and Chromatiaceae (p<0.05) 

in CAT- in comparison with CAT+ treatment. In contrast, CAT+ treatment showed 

significantly more abundant of Rhizobiaceae, Rhodobacteraceae (p<0.001), 

Fusobacteriaceae, Ruminococcaceae, Peptostreptococcaceae, Moraxellaceae, 

Actinomycetaceae (p<0.01), Pseudomonadaceae, Streptococcaceae, 

Staphylococcaceae, Flavobacteriaceae and Oxalobacteraceae (p<0.05) compared to 

CAT-.  

 

At the genus level, the top five dominant genera in the gut microbial community in 

CAT- treatment from hindgut samples at day 10 were: Caulobacter (25.1%), 
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Bradyrhizobium (23.8%), Algimonas (14.9%), Microbacterium (13.7%) and Yersinia 

(8.6%) while Fusobacterium (14.4%), Streptococcus (12.9%), Bradyrhizobium 

(12.9%), Rhizobium (12.5%) and Paracoccus (10.2%) had higher proportion in CAT+ 

treatment (Figure 4.6 and Figure 4.7). Additionally, there were 23 significant abundant 

differences at the genus level between these treatments (Table 4.2).  
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Figure 4.6. Relative abundance at the genus level of hindgut sampling at day 10 in fish 

challenged with Y. ruckeri exposed (CAT+) (bottom) or not exposed to the 

catecholamine epinephrine (CAT-) (top) 
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Figure 4.7. Heatmap abundance at genus level of individual fish (bottom) challenged 

with Y. ruckeri exposed (CAT+) and not exposed to the catecholamine epinephrine 

(CAT-)   
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Table 4.2. Significantly more abundant ASVs at the genus level of hindgut 

sampling at day 10 in fish challenged with Y. ruckeri exposed (CAT+) and not 

exposed to the catecholamine epinephrine (CAT-). 

 

CAT- p value CAT+ p value 

Marinicella 0.0003 Rhizobium 0.0059 

Yersinia 0.0003 Fusobacterium 0.0075 

Microbacterium 0.0004 Paracoccus 0.0075 

Algimonas 0.0005 Faecalibacterium 0.0076 

Enterobacter 0.0005 Flavobacterium 0.0086 

Kocuria 0.0005 Acinetobacter 0.0103 

Myroides 0.0007 Sinorhizobium 0.0112 

Shewanella 0.0008 Romboutsia 0.0114 

Serratia 0.0012 Trueperella 0.0114 

Aeromonas 0.0065 Pseudomonas 0.0163 

Pararheinheimera 0.0161 Staphylococcus 0.0276 

  Streptococcus 0.0336 
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There was a significantly higher abundance   of Marinicella, Yersinia, Microbacterium, 

Algimonas, Enterobacter, Kocuria, Myroides, Shewanella, Serratia, Aeromonas and 

Pararheinheimera in CAT- treatment compared to CAT+.    Whilst there was a 

significantly higher abundance of Rhizobium, Fusobacterium, Paracoccus, 

Faecalibacterium, Flavobacterium, Acinetobacter, Sinorhizobium, Romboutsia, 

Trueperella, Pseudomonas, Staphylococcus and Streptococcus in the CAT+ treatment 

compared to CAT-. Interestingly, at species level Y. ruckeri had a significantly higher 

abundance in the CAT- treatment compared to CAT+ (Figure 4.8). 

 

 

 

Figure 4.8. Significantly greater abundance of Yersinia ruckeri in challenged fish 

without exposure to the catecholamine epinephrine (CAT-) compared to those exposed 

to epinephrine (CAT+). 
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4.4. DISCUSSION 

The intestinal microbiota is important to the host as it can influence health, growth and 

disease status (Li et al., 2014; Llewellyn et al., 2014; Givens et al., 2015; Tran et al., 

2018). In this study the microbiome from midgut and hindgut of Atlantic salmon was 

examined in stressful and disease challenge conditions at different timepoints. The 

microbial composition was not affected by gut regions but was influenced by stress, 

challenge and sampling time. 

 

The lack of difference in composition of gut microbiota in midgut and hindgut is 

consistent with reports of similar bacterial composition of microbiota in the digestive 

tract of grouper Epinephelus coioides (Yang et al., 2012), rainbow trout (Merrifield et 

al., 2009) and juvenile Atlantic salmon (Navarrete et al., 2009). The midgut and the 

hindgut have similar physiological conditions hence they harbour similar microbiota 

(Yang et al., 2012). However, dissimilar bacterial compositions have been found in the 

different intestinal regions of many marine fish such as rabbit fish Siganus fuscescens 

(Nielsen et al., 2017), Atlantic salmon (seawater) (Gajardo et al., 2016), juvenile E. 

coioides (Sun et al., 2011) and yellow grouper (Epinephelus awoara) (Zhou et al., 2009) 

which the effect of gut region on microbiome was investigated here. These differences 

may be due to species-specificity or experimental designs or processing methods 

(Talwar et al., 2018). 
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Stress has been shown to affect the microbiota of numerous hosts. A model of chronic 

depression in mice resulted in changes in the gut microbiota or early life stress in rats 

was associated with intestinal permeability and bacterial translocation to the liver and 

spleen (Park et al., 2013; Moussaoui et al., 2014; Kelly et al., 2015). In fish, acute 

handling stress reduced the number of cultivable adherent bacteria in the proximal 

intestine of Arctic charr (Salvelinus alpinus) and in distal intestine of Atlantic salmon 

and rainbow trout but not in Atlantic cod (Gadus morhua) (Ringø et al., 2014). 

Transportation stress increased 10-fold the number of total culturable skin-associated 

bacteria in trout (Tacchi et al., 2015). In another study stress associated with presence 

of a predator modified the gut microbiome of perch (Perca fluviatilis) (Zha et al., 2018). 

Changes in mucus production and increased gut permeability could be the mechanisms 

of stress-induced alteration of host microbiota (Tacchi et al., 2015), (Kelly et al., 2015). 

The primary response to stress is the release of stress hormones and the start of an 

endocrine response that has a close interaction with the host immune system which has 

previously been suggested to affect microbiota composition (Moloney et al., 2014). In 

addition, the gut itself has been shown to induce secretion of various enzymes 

depending on what stimulus it encounters, therefore it may change enzymatic profiles 

and influence the stability of microbiota communities (Bailey et al., 2010; Sullam et al., 

2015).  

 

The gut microbiota plays important roles in protection against pathogen invasion, 

however the interactions between various components of the gut microbiota and 

pathogenic infections or diseases are still unclear. In this study, Y. ruckeri infection has 
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been shown to modulate the bacterial composition of the gut in Atlantic salmon. This 

finding is consistent with Nie et al. (2017) who reported that Vibrio anguillarum 

infection resulted in alteration of the gut microbiome of infected ayu (Plecoglossus 

altivelis). Modifications of gut bacterial composition have been observed in largemouth 

bronze gudgeon (Coreius guichenoti) suffering from furunculosis (caused by 

Aeromonas salmonicida) (Li et al., 2016) as well as in enteritis diseased grass carp 

compared to healthy fish (Tran et al., 2018). However, in contrast to those studies, in 

the study reported here fish challenged with Y. ruckeri did not show any differences in 

alpha microbial diversity in comparison to unchallenged fish. This may be because only 

surviving fish were sampled and as all the fish had previously vaccinated against 

yersiniosis, they may not have had the disease. Higher alpha diversity is frequently 

detected in healthy fish compared to diseased fish due to the invading pathogen 

outcompeting the gut commensals, hence resulting in reduction of microbial diversity 

which is closely associated with diseased fish (Nie et al., 2017; Xiong et al., 2019). In 

addition, after attachment to the host intestine, pathogens can produce toxins to damage 

the intestinal lining and induce inflammatory response of the host which may increase 

production of reactive oxygen species (Xiong et al., 2019) which could also influence 

diversity. Changes in internal environment could favour  specific bacteria overgrowth 

resulting in a shift in community composition (Winter and Bäumler, 2014; Xiong et al., 

2019). Interestingly, the gut microbial diversity of juvenile brown trout (Salmo trutta) 

was shown to increase with parasite (Tetracapsuloides bryosalmonae) load (Vasemägi 

et al., 2017).  
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Investigation of the gut microbial composition in Atlantic salmon in this study revealed 

three dominant phyla: Proteobacteria, Actinobacteria and Firmicutes. These three phyla 

have been recognised as the characteristic components of the gut microbiome of not 

only Atlantic salmon (Gajardo et al., 2016; Rudi et al., 2018; Gupta et al., 2019) but 

also for grouper Epinephelus fuscoguttatus, Epinephelus sexfasciatus and yellowtail 

scad Atule mate (Ingerslev et al., 2014; Hennersdorf et al., 2016), rainbow trout (Lyons 

et al., 2017) and gilthead seabream (Sparus aurata) (Estruch et al., 2015). Despite 

variations in relative abundance of these phyla in different studies, their presence in 

multiple fish species indicates that they are involved in important host functions such 

as food digestion, nutrient absorption and immune responses (Ghanbari et al., 2015). In 

this study, the relative abundance of Firmicutes significantly decreased with time while 

Proteobacteria showed the opposite trend. This is consistent with the finding that 

abundance of Firmicutes was reduced during V. anguillarum infection especially at late 

stages (Nie et al., 2017).  Reduction of Firmicutes and enrichment of Proteobacteria has 

also been reported and was attributed to the critical physiological changes in Atlantic 

salmon on transfer to a seawater environment (Lokesh et al., 2018) and also in salmon 

infected with Aeromonas salmonicida (Wang et al., 2018). Proteobacteria enrichment 

in the human and animal gut can be an indicator of gut microbiota imbalance and is 

associated with  disease (Shin et al., 2015). In addition, taxa belonging to the phylum 

Proteobacteria are involved in metabolic pathways such as carbon and nitrogen fixation 

and in the stress response regulatory system (Gupta et al., 2019), hence the longer 

duration of the experiment may lead to accumulation of stress to the fish and result in 

greater abundance of this phylum. Interestingly, the second most abundant phylum, 
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Actinobacteria, was found after the stress and Y. ruckeri challenge events (at days 10 

and 40) but absent in the control group (day 0). In contrast, the phylum Actinobacteria 

was reported to be more abundant in healthy Atlantic salmon than unhealthy ones 

(Wang et al., 2018).  

 

The Proteobacteria found in the gut samples comprised mainly Alphaproteobacteria, 

Gammaproteobacteria and Betaproteobacteria which are in broad agreement with a 

previous study on microflora of rainbow trout intestine. The higher significant 

abundance of Alphaproteobacteria and Betaproteobacteria and lower abundance of 

Bacilli at the later sampling times in the study reported here may have resulted from the 

Y. ruckeri infection and the stress event leading to physiological changes and host 

immune responses. These changes result in an imbalance in microbial community 

structure which can lead to the disruption in fermentation of complex carbohydrates and 

amino acids necessary to support anaerobic bacteria and therefore provide a growth 

advantage for facultative anaerobic bacteria (Proteobacteria) (Winter and Bäumler, 

2014).  

 

The genus Propionibacterium (family Propionibacteriaceae) was the most abundant 

genus found in this study (19%). This genus is commonly found in numerous freshwater 

and seawater fish species including Atlantic salmon (Godoy et al., 2015; Dehler et al., 

2017a, b), rainbow trout (Lyons et al., 2017), sea bass (Dicentrachus labrax) (Carda-

Diéguez et al., 2014; Nikouli et al., 2018), sea bream (Kormas et al., 2014; Estruch et 

al., 2015; Nikouli et al., 2018), zebra fish (Rurangwa et al., 2015) and coral Porites 
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lutea (Kuang et al., 2015). This bacterium possesses a fermentative metabolism and is 

responsible for the production of vitamin B12, hence the presence of this bacterium in 

the gut microbiota of fish may have a probiotic role (Lyons et al., 2017). Interestingly, 

this bacterium is the most prevalent in human skin, and hence there is a possibility given 

that the presence of this genus maybe represent contamination (Salter et al., 2014; 

Mollerup et al., 2016; Neumann, 2017) though care was taken to avoid contamination. 

However, the genus Propionibacterium has been previously been reportedly isolated 

from different studies in Atlantic salmon, and this bacterium is thought to be one of the 

core microorganisms in salmon gut (Godoy et al., 2015; Dehler et al., 2017a, b). 

 

Aeromonas was the second most abundant genus in this study. This finding is in 

agreement with other studies which reported that Aeromonas was one of the most 

commonly found in the intestinal tract of trout (Salmo trutta trutta) (Skrodenytė-

Arbačiauskienė et al., 2008), rainbow trout (Heikkinen et al., 2006), Atlantic salmon 

(Dehler et al., 2017a),  turbot (Scophthalmus maximus) (Ringø et al., 1996) and zebra 

fish (Cantas et al., 2012). In particular, this genus was more abundant in diseased 

largemouth bronze gudgeon (Li et al., 2016), red-operculum crucian carp (Carassius 

auratus) (Li et al., 2017) and Saprolegnia infected Atlantic salmon eggs (Liu et al., 

2014) in comparison with the heathy ones. It was revealed that Aeromonas possesses 

high adhesive capability to colonise the surface of the intestinal mucosa, and possibly 

the intestine is a primary site for stress-induced infections (Namba et al., 2007). 

However, in this study Aeromonadaceae was more common in control (37.1%) and 

challenged group CAT- (28.6%) than in CAT+ treatment (0.9%), suggesting 
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Aeromonadaceae are normal components of gut Atlantic salmon microbial 

communities. In addition, prior exposure of Y. ruckeri to the stress hormone (the CAT+ 

treatment) resulted in a dramatic decrease in the number of Aeromonadaceae in the fish 

gut. This may be because the challenge event in particular to CAT+ treatment has 

affected the gut bacterial balance and shifted to more abundant opportunistic bacteria 

and reduced the relative abundance of Aeromonadaceae.  

The genus Staphylococcus is widespread and has been detected in fish eggs and fish 

digestive tracts (Ringø and Olsen, 1999). Staphylococcus epidermidis is a fish pathogen 

in both freshwater and seawater environments and has been found in: red seabream 

(Chrysophrys major), yellow tail (Seriola quinqueradiata), grass carp, tilapia 

(Oreochromis), sea bream and sea bass (Kubilay and Ulukoy, 2004) and in intestine of 

Atlantic salmon (Ringø and Olsen, 1999). The highest relative abundance of this 

pathogenic bacterium was in CAT+ may be due to changes in the gut of infected fish 

challenged with more virulent Y. ruckeri (prior exposure to stress hormone). 

 

Both genera Sphingomonas and Burkholderia were the most abundant when sampled at 

day 40. Sphingomonas has been shown to be present in intestinal samples of many 

aquatic animals such as rainbow trout (Heikkinen et al., 2006; Lyons et al., 2017), Asian 

seabass (Lates calcarifer) (Ali et al., 2016), gilthead seabream (Floris et al., 2013), 

abalone (Lee et al., 2016). Although Sphingomonas can exhibit remarkable 

biodegradative and biosynthetic capabilities by consuming a lot of organic compounds 

(Balkwill et al., 2006), its functions in fish intestine are still unclear, possibly this genus 

aids in digestion of complex compounds (Ali et al., 2016). Interestingly, a very high 



  

 
143 

abundance of Sphingomonas (91.6%) was detected in skin mucus of brook charr 

(Salvelinus fontinalis) based on its high competitiveness for nutrients (Boutin et al., 

2013). The domination of Sphingomonas seems to be the basis for the homeostasis of 

the skin microbiome and plays a role in protection of the host from pathogens (Boutin 

et al., 2013). Sphingomonas was also detected in skin and gut of Atlantic salmon 

(Gajardo et al., 2016; Lokesh and Kiron, 2016; Zarkasi et al., 2016; Gajardo et al., 2017; 

Zarkasi et al., 2017; Wang et al., 2018) and it was more abundant in healthy compared 

to unhealthy fish, therefore suggesting that this genus is the main component of a 

healthy Atlantic salmon gut microbiome (Wang et al., 2018). Thus, to explain why 

Sphingomonas was significantly dominant in samples at day 40 further studies on the 

function of bacteria in the gut should be considered. 

 

The genus Burkholderia has been detected as a component of the skin mucus of rainbow 

trout (Lowrey et al., 2015), skin and/or intestine of Atlantic salmon (Gajardo et al., 

2016; Lokesh et al., 2018; Wang et al., 2018). Members of this genus are usually known 

as mostly plant, human and terrestrial animal pathogens (Minniti et al., 2017). Although 

Burkholderia genus has not been linked to pathogenesis in fish, the higher relative 

abundance of this genus after handling stress compared to control fish has been reported 

(Minniti et al., 2017). In this study, the highest abundance of the genus Burkholderia 

was detected at day 40, therefore, the presence of this genus may indicate that the fish 

were stressed at the later stage of experiment. 
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Surprisingly, although fish were challenged with Y. ruckeri, Yersinia was not detected 

as a dominant genus. Ohtani et al. (2014) reported that Y. ruckeri were present in 

rainbow trout intestine at 30 minutes post infection and persisted for at least 6 hours , 

before mortality started at day 3 and peaked day 7, however in this study the gut samples 

were collected at later stages of the infection (at day 10 and day 40). In addition, the 

fish used in the challenge test were previously vaccinated to protect against yersiniosis, 

potentially reducing Y. ruckeri loads so they were not high enough to be dominant at 

these sampling times. 

 

Clearer views of the effects of pre-treatment Y. ruckeri with catecholamine epinephrine 

in a challenge event were seen by reanalysing data by using different method for 

taxonomic assignment (One Codex). Generally, bacterial composition was shown more 

diversity by using One Codex for taxonomic identification compared to QIIME 2 with 

Greengenes database. Additionally, One Codex also presented a lower proportion of not 

assigned bacteria than QIIME 2 (see Figure 4.7 and Figure 4.4). This is likely due to 

difference in size between the reference databases (Minot et al., 2015; Siegwald et al., 

2017) and the different working pipelines in taxonomic assignment. At the time of 

analysis the One Codex Targeted Loci database contained 247,647 records (31,633 

unique species) while the Greengenes database used in this study was released in 2013 

and a therefore has far fewer records.  Moreover, ASVs taxonomically classified to the 

Greengenes database clustered at 99% (QIIME 2) or best assignment using a highly 

sensitive algorithm (One Codex) can lead to different results. Clustering approaches 

start with an OTU clustering step by gathering reads into OTUs based on their sequence 
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similarities. Then a representative sequence for each cluster is extracted and aligned to 

each of the 16S rDNA sequences of a reference database before finally assigning to a 

taxonomic group (Siegwald et al., 2017). In contrast, the latter method does not group 

the reads, but first compares all of them to a reference database to assign the lowest 

taxonomy or a lower common ancestor for a group of sequences of the same taxonomy. 

Different taxonomic units are then grouped based on the reads annotations (Siegwald et 

al., 2017). These approaches may result in mislabelling of OTUs due to the reference 

sequence selected for this taxon in clustering-first, however this method allows the 

discrimination of unclassified reads (Siegwald et al., 2017). In addition, One Codex has 

been reported as a more accurate and robust data platform for microbial identification 

compared to the popular software programs QIIME 1 and MOTHUR (Kopylova et al., 

2016). However, in this study no matter which method was employed, no significant 

difference in alpha diversity but significant changes in beta diversity were shown when 

the gut microbiome of challenged fish was compared between two treatments (CAT+ 

and   CAT-).  

 

 The beta diversity analysis showed there was a distinct difference in bacterial 

communities of challenged fish from CAT+ and CAT- treatment groups. Generally, 

many pathogenic bacteria were identified in the gut microbiome of challenged fish 

including Fusobacterium, Flavobacterium, Streptococcus, Pseudomonas, Yersinia, 

Serratia, Enterobacter. The presence of these bacteria suggests that Y. ruckeri challenge 

disturbed the gut microbial balance and favoured opportunistic pathogens (Li et al., 

2016). The results are consistent with the data from diseased grass carp study which had 
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a significantly higher abundance of Pseudomonas, Flavobacterium, Streptococcus (and 

Caulobacter) compared to healthy fish (Tran et al., 2018) or higher number of Y. ruckeri 

after bath challenge in rainbow trout (Ingerslev et al., 2014). Interestingly, Y. ruckeri 

was classified as the most significant abundant in challenged fish without exposure to 

catecholamine (CAT-) by using One codex but not QIIME 2 for taxonomic 

identification. This finding is in line with the results from Li et al. (2016) who reported 

Aeromonas was more abundant in largemouth bronze gudgeon suffering from 

furunculosis (caused by A. salmonicida). Detection of Y. ruckeri in the gut microbiome 

in CAT- treatment (Figure 4.7 and Figure 4.8) is completely consistent with the data 

from Y. ruckeri load in the hindgut samples at day 10 by using qPCR (chapter 3, table 

3.4), this can confirm the sensitive and accuracy of One codex in taxonomic 

identification.   

 

In conclusion, the stress and the challenge with Y. ruckeri significantly affected the gut  

microbiome of Atlantic salmon. Significant differences in microbiota profiles were also 

seen between different sampling times while gut regions showed similar compositions.  

However, the mechanisms behind the gut microbiome changes are not clear, hence 

further studies on the functions of microbiome and their links to host responses should 

address these concerns. 

  



  

 
147 

Chapter 5. GENERAL DISCUSSION 

 

Understanding host – pathogen - environment interactions is vital for management of 

infectious disease including treatment and prevention. This thesis focused on the effects 

of catecholamines on the virulence of Y. ruckeri and Atlantic salmon immunity and gut 

microbiome.  

The presence of catecholamines including norepinephrine, epinephrine and dopamine 

enhanced the growth of Y. ruckeri in serum supplemented medium which might be 

explained by the contribution of catecholamine in facilitating iron supply directly for Y. 

ruckeri growth and/or indirectly supply by stimulation of siderophore production. In 

this study, siderophore production increased significantly in the presence of 

catecholamines which was consistent with Y. ruckeri growth enhancement. Other 

virulence factors such as caseinase, lipase and haemolysin activity and biofilm 

formation were also induced by catecholamines. Some of these are in agreement with 

previous studies investigating the effects of norepinephrine (100 µM) on virulence of 

A. hydrophila (Gao et al., 2019). Although motility and haemolytic activity were not 

significantly different between norepinephrine treatment and control in agar functional 

assays, the motility and haemolysin gene expressions were significantly induced by NE 

(Gao et al., 2019). However, another study on the effects of norepinephrine and 

dopamine on virulence of Y. ruckeri indicated that only biofilm and motility were 

increased (Torabi Delshad et al., 2019). This may be because only one concentration of 

catecholamines was used (100 µM) and experiments were conducted at a different 

temperature (28ºC) while in this study (see chapter 2) effects on all virulence functional 
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assays were investigated at 18ºC with 4 concentrations of catecholamines ranging from 

25, 50, 100 and 200 µM.  

 

It is well known that the optimum temperature for Y. ruckeri growth is 28 ºC but the 

disease outbreaks in fish occur at a lower temperature of around 18 ºC (Guijarro et al., 

2015a; Mendez et al., 2018). There is some evidence of enhancement of virulence at 

the lower temperature as different genes of Y. ruckeri involved in pathogenesis, for 

example those controlling siderophore production (rucC-rupDGC), haemolysin (YhlA), 

metalloprotease (yrp1) and type IV secretion system (traH-N), all had higher expression 

at 18ºC compared  to 28ºC (Fernandez et al., 2004; Fernández et al., 2007a; Fernández 

et al., 2007b; Méndez et al., 2009; Méndez and Guijarro, 2013). Recently, a Tn5 – based 

transposon cassette containing the promoterless luxCDABE and lacZY operons, 

randomly inserted into the genome of Y. ruckeri caused interruption of gene and 

produced 168 different clones of Y. ruckeri which exhibited higher β-galactosidase 

activity at 18 ºC than at 28 ºC (Mendez et al., 2018). The interrupted genes included 

those involved in the synthesis of legionaminic (a component of the LPS structure), the 

yrp1 metalloprotease, environmental changes regulated genes (the diguanylate cyclase, 

a glycosyltransferase and a S-adenosyl methione-dependent methyltransferase) and 

genes induced under osmotic shock which have been previously implicated in virulence 

in other pathogens (Mendez et al., 2018; Wrobel et al., 2019).  

 

Temperature has been shown to induce virulence changes of many bacteria and and is 

related to most of outbreaks of many other bacterial fish diseases are associated with 
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temperature changes (Mendez et al., 2018). Several genes linked to virulence have been 

shown to be more higher expression at lower temperatures; for example genes predicted 

to encode a two-component system sensor histidine kinase, an ATP-dependent RNA 

helicase, a multidrug ABC transporter permease/ATPase, an outer membrane 

protein/protective antigen OMA87, an M43 cytophagalysin zinc-dependent 

metalloprotease and a hypothetical protein in Flavobacterium psychrophilum were 

more upregulated at 8 ºC compared to 20 ºC (Hesami et al., 2011). Similarly, a delta 

subunit of RNA polymerase rpoE, a cold-responsive potABCD and three genes 

encoding autolytic enzymes were more upregulated in Lactococcus garvieae strain 

Lg8331 isolated from rainbow trout suffering from lactococcosis at 18  ºC rather than 

37 ºC, (Aguado-Urda et al., 2013). In   A. hydrophila  the expressions of polar and lateral 

flagellins genes were temperature dependent and were higher at 25 ºC compared to 37 

ºC (Yu et al., 2007). Genes encoding for haemolysin, type 6 secretion system and 

exopolysaccharides synthesis and siderophore piscibactin have been shown to 

preferentially expressed at 15 ºC rather than 25 ºC in V. anguillarum cultured in iron 

limited medium (Lages et al., 2019). Expression of siderophore piscibactin genes in this 

bacterium was also reported higher at 18 compared to 25 ºC (Balado et al., 2018). As 

temperature can induce a lot of virulence genes or virulence factors in bacteria, studies 

on bacterial virulence should consider the effect of temperature on bacteria ( in vitro) 

and on the host as well (in vivo) because fish are poikilothermic ectotherms. 

 

Although catecholamines can influence the outcome of an infection as confirmed by in 

vivo tests in different hosts, there is limited information about the response of the host 
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to bacteria treated with catecholamine except for the survival rate. In this study, prior 

treatment of Y. ruckeri with catecholamine epinephrine caused significantly higher 

mortality compared to untreated Y. ruckeri challenged fish. Further, this was consistent 

with the change in the immune related gene expression in the blood of Atlantic salmon. 

It is possible that epinephrine enhances virulence of Y. ruckeri, as shown by subsequent 

down regulation of IL-6 and IFNγ at the early stage of infection which may have led to 

a higher rate of mortality. However, in order to confirm this, more studies are required 

that investigate gene transcriptions of the pathogen and the host. Future research using 

the next generation sequencing (RNA-seq), comparisons of virulence gene expression 

in Y. ruckeri exposed and unexposed to epinephrine (or other catecholamines) and 

incubated at a range of temperatures (including 18 ºC and 28 ºC) will yield more 

information related to virulence or pathogenesis of this bacterium. For the host, 

transcriptomic and proteomic studies in infected Atlantic salmon would also offer a 

clearer picture of the host response to Y. ruckeri. 

 

In aquaculture environments, stress of the farmed organisms cannot be avoided due to 

physical and physiological disturbances arising from transportation, crowding, handling 

and variations in the water quality (Eissa and Wang, 2016).  Fish exhibit several stress 

responses through three regulatory systems: neural, endocrine and immune system to 

mitigate the stressors and maintain haemostasis (Tort, 2011; Eissa and Wang, 2016). 

This study shows that although acute chasing fish and lowering water level did not 

influence the post challenge survival rate or plasma cortisol level, it did however induce 

the expression of two immune genes, IL 12 and CD8α, in blood at the early stage of 
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experiment (chapter 3) and altered gut microbiome (chapter 4). This indicates that stress 

had some effects on the fish, however it was not evident at the plasma cortisol level. As 

plasma cortisol was first measured at 12 hours post stress, either the stressor in this case 

was not sufficiently acute to trigger a cortisol response or the response was short lived 

and not detectable at this time point. Cortisol is a traditional stress biomarker, however 

in some circumstances it is difficult to interpret results because the stress response is 

controlled by both intrinsic and extrinsic factors (Pottinger, 2008; Eissa and Wang, 

2016). To date most of studies have used stress related genes in combination with 

hormonal levels to more fully understand the stress response (Eissa and Wang, 2016).  

 

Although there are several studies on the Atlantic salmon immune response, this is the 

first one observing the effects of Y. ruckeri (treated in vitro with epinephrine) on the 

fish immune response at the gene expression level. Exposure of Atlantic salmon 

fingerlings to Y. ruckeri at the concentration of 106 CFUmL-1 showed a significantly 

lower survival rates particularly in epinephrine treated Y. ruckeri. In addition, pre-

treatment of the bacterium with this catecholamine resulted in expression of more 

immune genes in Atlantic salmon compared to salmon challenged with untreated Y 

ruckeri. Based on the significant downregulation of IFNγ and IL 6 in the fish challenged 

with the epinephrine treated bacterium (chapter 3), and the results in in vitro (chapter 

2) it can be concluded that epinephrine enhanced the virulence of Y. ruckeri and the 

subsequent fish immune system responses to the more virulent challenge was altered in 

that some genes were downregulated. However, there was large individual variability 
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in the activation of some immune genes and some genes could not be amplified which 

indicate some limitations of the study.  

Although it is interesting to investigate the blood immune gene response to Y. ruckeri 

infection as the ERM results in lots of haemorrhage in fish, the use of whole blood for 

quantification of gene expression is limited. Firstly, blood samples may contain PCR 

inhibitors, such as heme compounds, haemoglobin and lactoferrin, immunoglobin G, 

hematin and etc (Akane et al., 1994; Al-Soud et al., 2000; Al-Soud and Rådström, 2001; 

Sidstedt et al., 2018), hence decreasing the quantification efficiency or quenching of 

florescence (Sidstedt et al., 2018). Although in this study the inhibition was minimised 

by RNA repurification and use of higher dilution template, it still was a challenge due 

to weak amplification of some genes. Secondly, red blood cells and white blood cells 

were not separated leading to an unequal proportion of these cells between samples and 

their differential functions should impact gene expression responses. Thus, observation 

of gene expression in red blood cells or white blood cells only combined similar 

analyses using spleen or head kidney samples should be included in future studies.  

 

The individual variation may be due to the different levels of infection resulting from 

the challenge method and/or differences in genetic makeup of individuals (Ingerslev et 

al., 2009). In this study, although a bath infection model was used to mimic natural 

infection routes, it may have resulted in variation of infection pressure for individual 

fish. As Y. ruckeri has been reported to invade the host by different portals through the 

gills, intestines and skin surface on the lateral line and successful entry seems to be 

dependent on a breach of the epithelium (Ohtani et al., 2014; Guijarro et al., 2018a), 
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hence infection can be different for individuals. It is also important to note that all of 

fish in this study had been previously vaccinated against yersiniosis, and therefore each 

fish may have responded to Y. ruckeri differently due to different protective effects of 

vaccine. Immune gene responses following Y. ruckeri infection in vaccinated rainbow 

trout and V. anguillarum infection in vaccinated in zebrafish were weaker than in naïve 

fish (Harun et al., 2011; Zhang et al., 2013). As most of investigated immune genes (IL 

11, TNFα, IL 2, IL 10, IL 22) in the spleen and gills of rainbow trout challenged with 

Y. ruckeri were more highly expressed in naïve than vaccinated fish (Harun et al., 2011), 

only a smaller change in gene transcription levels of challenged fish compared to the 

control could be expected in this study due to the vaccination (chapter 3).  

 

This is the first study showing that the composition of the gut microbiome can be shaped 

by a stress effect, Y. ruckeri challenges (with or without exposure to epinephrine) and 

sampling time (chapter 4). The core gut microbiome of Atlantic salmon fingerling in 

this study consisted of the phyla Proteobacteria, Actinobacteria and Firmicutes and the 

dominant genera were Propionibacterium, Sphingomonas, Aeromonas and 

Staphylococcus. Reanalysing data from the hindgut of challenged fish (at day 10 post 

infection) with a different taxonomic identification method using One Codex provided 

a clearer view of what bacterial communities changes between the two treatments 

(CAT+ and CAT-). The presence of many opportunistic pathogens in challenged fish 

(chapter 4) may indicate the disruption of the balance of the gut microbiome caused by 

challenge event, and therefore showed the link between microbial imbalances and their 

host health status.  Additionally, as the fish gut microbiota also contributes to the host 
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immune responses (see Xiong et al. (2019)), differential expression of immune genes 

between challenged fish with Y. ruckeri previously exposed or not exposed to 

epinephrine may not only occur due to the enhancement of virulence of this bacterium 

by epinephrine (chapter 3) but also due to the alteration in the gut bacterial composition. 

However, further studies on gut microbiome and whole host genome responses under 

the same challenge model are needed to confirm this. In terms of presence and quantity 

of Y. ruckeri, the detection of the bacterium in the hindgut results were more consistent 

(chapter 4) with quantifying bacterium load (using specific primers in qPCR - chapter 

3) when the microbiome was analysed using One Codex compared to QIIME 2 (chapter 

4).  

Although this research described compositional changes in gut microbial communities 

of salmon after challenge with epinephrine treated and untreated Y. ruckeri in order to 

get an improved understanding about the representative bacteria for each treatment, 

detailed studies on bacterial functions should be conducted. Studies of the relationship 

between the gut microbiome and the host immune response will assist in developing a 

health programme that incorporates knowledge of the impact of stressors with the 

potentially beneficial aspects of pre and probiotics, nutrigenomics and vaccination to 

improve fish health and prevent disease. 

 

Overall, this thesis has increased our knowledge of the interaction between virulence 

factors of Y. ruckeri and the Atlantic salmon immune response.  Exposure of Y. ruckeri 

to catecholamines enhanced growth and virulence of this bacterium as shown in  in vitro 
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functional assays. Enhancement of virulence was further confirmed after an in vivo 

infection experiment showed higher mortality and impacted immune gene expression 

in Atlantic salmon exposed to catecholamine-treated Y. ruckeri. Although an acute 

stress event did not induce a change in cortisol levels, it did result in differential 

expression of immune genes. Finally, the gut microbiome of Atlantic salmon did not 

vary between midgut and hindgut, but the composition was influenced by stress, Y. 

ruckeri challenge and time post challenge. Although this research has limitations, it 

undoubtedly provides a greater understanding about the interaction effects between the 

host and pathogen. Furthermore, apart from consolidating the accepted view that stress 

negatively impacts fish health it highlights the possibility of manipulating the host 

microbiome to potentially overcome or minimise the consequences of stressors on fish 

health that are common to aquaculture. 
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