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ABSTRACT 

Atlantic salmon farming faces several issues and challenges such as disease 

outbreaks and the limited supply of fish oil, affecting the sustainability of the industry. The 

current thesis aimed to gain a better understanding of the dietary requirement of omega-3 

long-chain polyunsaturated fatty acids (ω3 LC-PUFA; i.e. DHA+EPA), immune responses 

against Piscirickettsia salmonis or immunogens, and the immune-modulating properties of 

a functional feed in Atlantic salmon. In Chapter 2, I studied the impact of varying levels 

of DHA and EPA (0, 1.0, and 1.4% of the diet) on the hepatic transcriptome. My data 

suggested that ~1.0% of dietary ω3 LC-PUFA is sufficient to sustain the optimal growth 

performance of Atlantic salmon, but may not be enough to maintain good health and 

survival compared with fish fed diets containing a higher amount of DHA and EPA. In 

Chapter 3, Atlantic salmon parr were infected with an EM-90-like isolate of Piscirickettsia 

salmonis through intraperitoneal injection. I used microarray and qPCR analyses to study 

the head kidney transcriptomic differences between high and low infection individuals at 

21 days post-injection (DPI). Many innate and adaptive immune processes were 

dysregulated in P. salmonis-infected Atlantic salmon. In contrast, a small number of 

general physiological processes was affected. Furthermore, the comparison of individuals 

with differing infection levels has provided insights into the biological processes possibly 

involved in natural resistance against P. salmonis. In Chapter 4, I used small RNA deep 

sequencing and qPCR analyses to characterize Atlantic salmon head kidney miRNA 

expression responses to polyriboinosinic polyribocytidylic acid [pIC; a synthetic double-
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stranded RNA (dsRNA) analogue, to elicit antiviral-like responses] and formalin-killed 

typical Aeromonas salmonicida (a bacterin, to elicit antibacterial responses) stimulations. 

I identified and qPCR confirmed nine miRNA biomarkers of Atlantic salmon response to 

pIC and/or bacterin stimulations. I also found that dietary CpG ODN 1668 may be helpful 

in modulating the bacterin-triggered antibacterial immune response. In Chapter 5, as a 

follow-up study to Chapter 4, I found that pIC and/or bacterin stimulations significantly 

modulated the expression of many immune-relevant predicted target genes of previously 

identified miRNAs. Significant down-regulation of immune-relevant transcripts (e.g. tlr9, 

irf5, il1r1, hsp90ab1, itgb2) by dietary CpG ODN 1668 were evident, especially among 

pre-injection and PBS-injected fish. Significant correlations between the changes in 

mRNA and miRNA expression representing putative miRNA-target pairs provided 

insights into how miRNAs might fine-tune the expression of immune-relevant mRNAs. 

Overall, this thesis has provided new insights into the dietary requirement of ω3 LC-PUFA, 

immune responses against P. salmonis infection and immunogens, and the 

immunomodulatory functions of dietary CpG in Atlantic salmon. The novel results and 

molecular biomarkers generated by this thesis will be valuable in future research aimed at 

improving aquaculture sustainability. 
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1.1 Aquaculture production of Atlantic salmon  

The flesh of finfish provides important components of human diets (Morais et al., 

2011). It provides not only high-quality proteins, vitamins, and minerals, but is also the 

primary source of essential omega-3 long-chain polyunsaturated fatty acids (≥C20; ω3 LC-

PUFA) in human diets (Morais et al., 2011). With a variety of finfish species being farmed, 

Atlantic salmon (Salmo salar) is one of the most important species in aquaculture (Kiron, 

2012). The global production of farmed Atlantic salmon increased from approximately 1.4 

million metric tonnes in 2010 to 2.4 million metric tonnes in 2018 (FAO, 2020). The 

salmon aquaculture industry has made significant contributions to food, economic and 

employment security in many countries, especially Norway, Chile, the United Kingdom, 

and Canada (Houston and Macqueen, 2019). Worldwide demand for seafood for human 

consumption, with a significant contribution from aquaculture (~50%), continues to climb 

due to flat or decreasing global wild fisheries in the face of the rising human population 

(Tocher et al., 2006; FAO, 2020). Consequently, there is great potential for the aquaculture 

industry, including salmon farming, to expand.  

1.2 Fish diseases and outbreaks  

The significance of aquaculture production for global food security is well 

recognized (FAO, 2014). However, infectious diseases have resulted in substantial 

mortality and losses to aquaculture worldwide, affecting the growth, public acceptance and 

sustainability of the industry (Rodger, 2016). This might be due to high stocking density 

in the farm setting, which favours pathogen transmission and induces stress (Caballero-

Solares et al., 2017). Fish are exposed to a broad range of bacterial, viral, fungal and 
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parasitic pathogens (Tacchi et al., 2011). Bacterial pathogens are the most common 

causative agents of infectious diseases in farmed fish (54.9%), followed by viruses 

(22.6%), parasites (19.4%) and fungi (3.1%) (Kibenge et al. 2012). Bacterial pathogens 

that have a severe impact on salmonid aquaculture include Piscirickettsia salmonis [Gram-

negative; the cause of piscirickettsiosis or salmonid rickettsial septicaemia (SRS)] (Rise et 

al., 2004), Renibacterium salmoninarum [Gram-positive; the cause of bacterial kidney 

disease (BKD)] (Eslamloo et al., 2020a; Fryer and Sanders, 1981), Aeromonas salmonicida 

(Gram-negative; the cause of furunculosis) (Ewart et al., 2005), and Moritella viscosa 

(Gram-negative; the cause of winter-ulcer disease) (Løvoll et al., 2009). For example, SRS 

is one of the most economically significant diseases of Atlantic salmon aquaculture (Rise 

et al., 2004; Rozas and Enríquez, 2014). SRS is characterized by an aggressive systemic 

infection including liver lesions, and head kidney necrosis and inflammation (Rise et al., 

2004). P. salmonis has been identified in farmed salmonids in Canada, Ireland, Chile, and 

Norway (Rozas and Enríquez, 2014). Attempts to control SRS have been unsuccessful thus 

far due to the ineffectiveness of existing vaccines, as well as the failure of antibiotic 

treatments.  

In addition to bacterial disease, several well-known viruses that cause severe 

diseases in Atlantic salmon include salmonid alphavirus (SAV), infectious salmon anemia 

virus (ISAV), viral hemorrhagic septicemia virus (VHSV), piscine orthoreovirus (PRV),  

infectious pancreatic necrosis virus (IPNV), salmon gill poxvirus (Lang et al., 2009; 

Krasnov et al., 2021). For instance, while ISAV outbreaks were first detected in Norway 

its presence has been observed in all major salmon farming counties, including Canada 
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(Thorud and Djubvik, 1988; Rodger and Richards, 1998; Keleher et al., 1999; Godoy et 

al., 2008). It is classified as a notifiable disease by the World Organization for Animal 

Health, and culling of infected farms remains the current practice to prevent the spread to 

nearby farms (Gagne and LeBlanc, 2018).  

1.3 Fish oil (FO) in aquafeeds and its benefits 

In addition to disease, another key issue affecting the sustainability of the 

aquaculture industry is the limited supply of fish oil (FO, a marine-derived ingredient). 

Until recently, FO has been the preferable source of lipid in aquafeeds due to its excellent 

content of essential fatty acids (EFAs) such as eicosapentaenoic acid (EPA, 20:5ω3) and 

docosahexaenoic acid (DHA, 22:6ω3) (Torstensen et al., 2008; Morais et al., 2011). The 

demands for FO to meet the expansion of the aquaculture industry will exceed the supply 

from capture fisheries (e.g. herring, anchovies, capelin) which are in a static phase (FAO, 

2020). The increasing demand and limited supply and rising prices of FO have pressed 

aquaculture companies to find alternative ingredients for feed production such as vegetable 

oils (VO). However, VOs from conventional terrestrial plants often lack LC-PUFAs (≥C20; 

e.g. DHA and EPA) but are usually rich in short chain PUFAs (<C20) such as α-linolenic 

acid (ALA; 18:3ω3) and linoleic acid (LA; 18:2ω6) (Xue et al., 2015). Nevertheless, 

research efforts have been made to produce de novo LC-PUFAs from microalgae and 

genetically engineered oilseed crops in order to fill the gaps of LC-PUFA supplies (Sprague 

et al., 2017).  

Dietary lipid and fatty acids are the predominant source of energy for teleost fish 

(Leaver et al., 2008a). Essential fatty acids, especially LC-PUFAs, in dietary oils play 
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important roles in the structure of cell membranes, ion balance, cell synthesis, neural 

development, immune function and reproduction (Glencross, 2009; Rosenlund et al., 

2016). Hence, any dietary alternative to FO must satisfy the nutritional needs of the fish 

(e.g. supplying lipids and essential fatty acids used for optimal growth) without having a 

negative impact on the fish health or on quality of the flesh for human consumption. Studies 

have demonstrated that VOs (either singly or as blends) can be used to replace up to 100% 

of FO in diets containing minimal levels of fish meal without negatively influencing growth 

in salmonids (Bell et al., 2001; Torstensen et al., 2005; Bell et al., 2010; Hixson et al., 

2014; Xue et al., 2015). Replacement of FO with VOs in fish diets has been suggested to 

affect lipogenesis in teleosts (Morais et al., 2011; Xue et al., 2015). For example, Atlantic 

salmon fed FO-based diets showed lower triacylglycerol levels in the liver compared to 

vegetable oil-fed fish (Jordal et al., 2007). A number of other lipid metabolic processes, for 

example, fatty acid β-oxidation, cholesterol and fatty acid biosynthesis, were also linked to 

intake of VO-based diets (Leaver et al., 2008b; Xue et al., 2015; Hixson et al., 2017).  

Altering the fatty acid composition of the immune cells from changing dietary 

lipids might influence immune cell functions in a variety of ways such as alterations in the 

fluidity of the plasma membrane, cell signalling mechanisms and eicosanoids production 

(Calder and Grimble, 2002). Dietary ω3 and ω6 fatty acids [e.g. EPA, DHA, arachidonic 

acid (ARA; 20:4ω6)] are precursors to various classes of eicosanoids, which have 

important roles in the regulation of inflammation and immune responses (Saini and Keum, 

2018). In general, ω3 fatty acids (e.g. EPA and DHA) exhibit anti-inflammatory functions 

(Calder, 2015). In contrast, ω6 fatty acids (e.g. ARA) promote the formation of pro-



  

6 

 

inflammatory eicosanoids (Patterson et al., 2012). ARA can be converted to 2-series 

prostaglandins, 4-series leukotrienes, thromboxane, lipoxins and epoxyeicosatrienoic acids 

by cyclooxygenase (COX) and lipoxygenase (LOX) (Holen et al., 2015). In contrast to 

ARA, EPA is metabolized to 3-series prostaglandins and 5-series leukotrienes, while DHA 

can be converted to non-classical eicosanoid derivatives such as resolvins, maresins and 

protectins (Saini and Keum, 2018). Holen et al. (2015) has shown that combining EPA, 

DHA and ARA affected the transcript expression of inflammation markers and eicosanoid 

secretion (i.e. prostaglandin E2) in Atlantic salmon head kidney cells in vitro (Holen et al., 

2015). The changes in the fatty acid profiles of diets due to the replacement of FO by VOs 

have been shown to affect fish health, immune function and pathogen resistance (Bransden 

et al., 2003; Montero et al., 2003; Mourente et al., 2005; Xue et al., 2015; Yan et al., 2020). 

For example, Montero et al. (2010) have shown that gilthead seabream (Sparus aurata) fed 

complete FO replacement diets had higher expression of transcripts encoding pro-

inflammatory cytokines (tumor necrosis factor-α and interleukin 1β) after exposure to a 

bacterial pathogen (Photobacterium damselae). Atlantic salmon fed diets supplemented 

with high levels of rapeseed oil (rich in ω6 and ω9 fatty acids) and plant protein had 

enhanced innate antiviral-like response (Caballero-Solares et al., 2017). These studies 

confirm that dietary fatty acids (e.g. EPA, DHA, and ARA) play important roles in 

inflammation and immune responses.  

Several studies have examined the dietary requirement of ω3 LC-PUFA in Atlantic 

salmon under different physiological conditions and at different life stages (Ruyter et al., 

2000; Glencross et al., 2014; Rosenlund et al., 2016; Sissener et al., 2016; Bou et al., 2017a; 
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Bou et al., 2017b). A level of ≥ 1.0% (i.e. 10 g/kg) of ω3 LC-PUFA for optimal growth of 

Atlantic salmon has been suggested (Ruyter et al., 2000; Rosenlund et al., 2016; Sissener 

et al., 2016). Under laboratory conditions, 1.0% of ω3 LC-PUFA in feed seemed to be 

sufficient for post-smolt Atlantic salmon during long-term growth trials (Rosenlund et al., 

2016). In contrast, Bou et al. (2017b) have found that post-smolt Atlantic salmon fed a diet 

containing 1.0% DHA + EPA had poor survival compared with fish fed a 1.7% DHA + 

EPA diet when the fish were under demanding environmental conditions (e.g. high water 

temperature, sea lice infection, and handling stress) in sea cages. Studies on the 

determination of ω3 LC-PUFA requirements in Atlantic salmon were mostly conducted 

based on growth performance. Other aspects, including fish health and immunity, need to 

be considered when determining the nutritional requirement of EPA and DHA. Recently, 

a study evaluated the impact of ω3 LC-PUFA on Atlantic salmon performance and midgut 

health under normal and challenging condition (Løvmo et al., 2021). This study showed 

that 0.8% of ω3 LC-PUFA is sufficient to sustain growth in Atlantic salmon under normal 

conditions; however, fish fed this diet had a reduced intestinal health (e.g. impaired 

intestinal transport) in response to chronic stress when compared with fish fed 3.0% of ω3 

LC-PUFA diet. 

1.4 Fish immune system  

As in other vertebrates, fish immunity is typically divided into two distinct 

components: the innate immune response and the adaptive immune response (Martin and 

Król, 2017). Innate immunity is the first and most effective line of defense against a large 

array of pathogens; it includes physical barriers such as the skin, humoral components [e.g. 
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antimicrobial peptides (AMPs), lysozyme, complement proteins], and cellular responses 

(e.g. phagocytosis and respiratory burst activity) (Ellis, 2001). The adaptive immune 

system is engaged when a pathogen persists. In contrast to innate immunity, adaptive 

immunity is highly specific to a particular antigen and mediated by the actions of two types 

of lymphocytes, B cells that mediate antibody responses (humoral) and T cells that mediate 

cell-mediated immune responses (Secombes and Wang, 2012). The major lymphoid tissues 

in teleost fish include the thymus, head kidney, spleen, as well as mucosa-associated 

lymphoid tissues (e.g. skin, gill, gut) (Press and Evensen, 1999; Salinas, 2015). Recently, 

a new organ, the salmonid bursa (a thick lymphoepithelium dominated by T cells), has 

been described in Atlantic salmon (Bjørgen and Koppang, 2021).  

The first line of defense in the innate immune system is physical barriers such as 

skin (e.g. scales and mucus) and epithelial layer of gills and intestines that prevent the entry 

of pathogens (Magnadóttir, 2006; Smith et al., 2019). For example, the mucus secreted by 

the mucosal surface plays an essential role in the innate defense mechanisms. It creates a 

physical and chemical barrier to any offense from the environment (Ellis, 2001). The most 

abundant molecules in mucus are mucins, high molecular weight glycoproteins; the 

chemical characteristics of mucins give mucus its viscosity for trapping pathogens (Salinas 

and Magadán, 2017). Many other molecules implicated in innate immunity are also present 

in fish mucosal secretions (Gomez et al., 2013). These include lysozymes, complement 

components, cytokines, AMPs, and others (Salinas and Parra, 2015).  

If a pathogen makes its way through the physical barriers, it will face the cellular 

and humoral components of the innate immune system. Many different cell types such as 
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macrophages, granulocytes, dendritic cells, non-specific cytotoxic cells, and natural killer 

cells are involved in the cellular components of the innate immune system (Secombes and 

Wang, 2012). These innate immune cells can participate in various responses depending 

on cell type including, but not limited to, phagocytosis, activation of humoral components 

(e.g. complement pathway), and activation of the adaptive immune system through antigen 

presentation (Smith et al., 2019).  

The innate immune response is initiated when germline-encoded intracellular or 

extracellular pattern recognition receptors (PRRs) of an immune cell detect and respond to 

pathogen-associated molecular patterns (PAMPs) present on a pathogen, such as 

lipopolysaccharides (LPS; endotoxins found on the outer membrane of Gram-negative 

bacteria), peptidoglycans (found on the cell wall of both Gram-positive and Gram-negative 

bacteria), viral RNA, and bacterial DNA (Secombes and Wang, 2012; Gomez et al., 2013; 

Smith et al., 2019). Some of the PRR groups identified in teleosts include Toll-like 

receptors (TLRs), C-type lectins, and nucleotide-binding oligomerization domain (NOD)-

like receptors (NLRs) (Peatman et al., 2015).  

Among various PRRs, the family of TLRs are the best characterized innate immune 

receptors (Zhang et al., 2014). TLRs are type I transmembrane proteins that are 

characterized by three major domains: a leucine-rich repeat (LRR) extracellular domain, a 

cytoplasmic TIR domain, and a transmembrane domain (Secombes and Wang, 2012). In 

mammals, a number of PAMPs from different microbes (e.g. virus vs bacteria) can be 

detected by TLRs. For instance, lipoprotein is recognized by TLR1, 2 and 6, LPS by TLR4, 

flagellin by TLR5, double-stranded RNA by TLR3, single-stranded RNA by TLR7/8, and 
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CpG DNA by TLR9 (Mogensen, 2009; Secombes and Wang, 2012). In general, TLR 

signaling pathways can be classified into two distinct pathways [i.e. the myeloid 

differentiation primary response gene 88 (MyD88)-dependent and the MyD88-independent 

(TIR domain-containing adaptor inducing IFN-β (TRIF)-dependent)] (Rauta et al., 2014). 

All mammalian TLRs except TLR3 interact with adaptor protein MyD88 to activate the 

transcription factor nuclear factor-κB (NF-κB) and mitogen-activated protein kinases 

(MAPKs), which then induce the production of inflammatory cytokines [e.g. tumor 

necrosis factor-α (TNF-α), interleukin-1β (IL-1β)] (Zhang et al., 2014). Interestingly, the 

MyD88-mediated TLR7, 8 and 9 signaling also induces the production of type I interferons 

(IFNs) (Zhang et al., 2014). In the MyD88-independent (TRIF-dependent) pathway, TLR3 

and 4 interact with TRIF and activate the transcription factors IRF3 and NF-κB, which then 

induce genes encoding type I IFNs and inflammatory cytokines (Kanwal et al., 2014). 

The production of IFNs and the proteins encoded by IFN-stimulated genes (ISGs) 

confers the antiviral innate immune responses (Rauta et al., 2014). The IFN pathways are 

initiated by the binding of IFN-α/IFN-β to interferon alpha and beta receptors (i.e. IFNAR1 

and IFNAR2) or IFN-γ to interferon gamma receptors (i.e. IFNGR1 and IFNGR2) to 

transduce signals via Janus kinases (JAKs) and signal transducers and activators of 

transcription (STATs), resulting in expression of a wide range of ISGs (e.g. viperin, 

interferon-induced GTP-binding protein, interferon stimulated gene 15) (Mogensen, 2009). 

IFNs also play important roles in adaptive immune defenses. For example, IFN-γ or type 

II interferon exerts regulatory roles in both innate and adaptive immunity, including 
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activating macrophages, enhancing antigen presentation and promoting T cell 

differentiation and activation (Wang and Secombes, 2013) 

Pathogen recognition through PRRs can also regulate leukocyte activation and their 

recruitment to sites of infection (Mogensen, 2009). For instance, pathogen recognition by 

PRRs activate phagocytosis in cells termed phagocytes such as macrophages, monocytes, 

neutrophils and dendritic cells (Pérez et al., 2010). Respiratory burst activity, an indication 

of the oxidative potential of reactive oxygen species (ROS; e.g. hydrogen peroxide), is an 

important innate defense mechanism in fish (Nayak, 2010; Wang et al., 2019). It occurs in 

phagocytes to degrade internalized particles and bacteria by ROS.  

The humoral part of the innate immune system is mediated by macromolecules 

released into the extracellular fluids by immune cells following infection (Magnadóttir, 

2006; Uribe et al., 2011). Some of the well-known examples in fish include AMPs (e.g. 

cathelicidins, hepcidins), lysozyme, lectins, complement proteins, and acute phase proteins 

(e.g. C-reactive protein and serum amyloid proteins) (Magnadóttir, 2006; Uribe et al., 

2011). AMPs, also known as host defence peptides, exhibit antibacterial, antifungal and 

antiparasitic activity through a wide range of mechanisms including but not limited to 

disruptive or pore-forming actions against microbial membranes and protein aggregation 

(Romo et al., 2016). Lysozyme is a lytic enzyme that is able to bond to the peptidoglycan 

layer of bacterial cell walls resulting in lysis of the bacterium (Magnadóttir, 2006). In 

vertebrates including fish, two types of lysozyme have been described: (chicken) c-type 

and (goose) g-type (Smith et al., 2019). The complement system is composed of serum 

proteins that react against pathogens through three activation pathways: the classical 
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pathway, the alternative pathway and the lectin pathway (Romo et al., 2016). The 

complement system eliminates the pathogens through opsonization, enhanced 

inflammatory response and phagocytosis (Romo et al., 2016; Smith et al., 2019).  

The adaptive immune system of fish includes immunoglobulins (Igs; i.e. 

antibodies), B cells, T cells, and major histocompatibility complex (MHC), and its 

activation relies on antigen-specific receptors distributed on the surfaces of T and B cells 

(Medzhitov and Janeway Jr, 1998). The main role of B cells is to produce Igs against 

foreign antigens, and to act as antigen-presenting cells (APCs) to present antigen to T cells 

(Secombes and Wang, 2012; Smith et al., 2019). A typical Ig is comprised of two heavy 

chains and two light chains, each of which contains one N-terminal variable (V) domain 

and one or more C-terminal constant (C) domains (Mashoof and Criscitiello, 2016). The V 

domains of the heavy and light chains are generated by gene rearrangement during B cell 

development, leading to the diversification of Igs (Secombes and Wang, 2012; Smith et 

al., 2021). B cells will secrete antigen-specific Igs in response in antigen. Three classes of 

Ig have been identified in many teleost fish: IgM, IgD and IgZ/T (Hikima et al., 2011). 

Previous studies suggest a compartmentalization of Ig isotypes into mucosal (IgT/Z) and 

systemic (IgM) sites in response to pathogenic challenge (Zhang et al., 2010; Austbø et al., 

2014). IgT/Z, an Ig isotype analogous to IgA in mammals, can be secreted via polymeric 

Ig receptor (pIgR) present on epithelial cells into mucus (Merrifield and Rodiles, 2015). T 

cells express T cell receptors (TCRs) which recognize a specific antigen that has been 

processed and presented by APCs via their MHC proteins (Flajnik and Kasahara, 2010). 

The TCRs on the surface of helper (CD4+) and cytotoxic (CD8+) T-cells recognize MHC 
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class II- and MHC class I-bound antigens, respectively (Somamoto et al., 2014). The 

activated T cells eliminate pathogen via cytotoxicity of infected host cells; they also 

regulate immune response through cytokine production (Chen and Flies, 2013; Somamoto 

et al., 2014). 

1.5 miRNAs and their regulation of immune response in fish 

MicroRNAs (miRNAs) are a class of small (usually 20-24 nucleotides in length), 

non-coding RNAs that regulate gene expression at the post-transcriptional level 

(Andreassen and Høyheim, 2017; Woldemariam et al., 2019). The miRNA genes are firstly 

transcribed in the nucleus by RNA polymerase to produce primary miRNAs (pri-miRNAs), 

which then are cleaved by Drosha into shorter miRNA precursors (pre-miRNAs; ~70 

nucleotides in length) (Herkenhoff et al., 2018). Thereafter, pre-miRNAs are exported out 

of the nucleus and further processed by Dicer to produce two mature miRNAs (i.e., 5p and 

3p) (Woldemariam et al., 2019). One of the mature miRNAs is then assembled into the 

miRNA-induced silencing complex (miRISC), and this complex can form an imperfect 

complementary base-pairing mainly in the 3' untranslated region (UTR) of target mRNA 

and mediate the suppression of translation or degradation of the target mRNA (Herkenhoff 

et al., 2018). The most important part of a miRNA that contributes to the binding of target 

mRNAs is the so-called “seed sequence” or “seed region”, which is mostly situated at 

positions 2-8 in the 5' end (Hausser and Zavolan, 2014). Thousands of miRNAs have been 

identified in vertebrates, and they may potentially regulate a very large number of genes 

due to the short seed sequence (the most crucial part of the miRNA) as well as the imperfect 
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complementary base-pairing between miRNA and its target (Andreassen and Høyheim, 

2017).  

In higher vertebrates, a set of miRNAs has been previously found to play important 

roles in different immune-related mechanisms and processes such as inflammation, TLR 

signaling, cytokine production, complement and coagulation cascades, and B- and T-cell 

development (Momen-Heravi and Bala, 2018). To date, a variety of miRNAs have been 

characterized in teleosts to be involved in antibacterial and antiviral responses (Wang et 

al., 2018). A common approach used in the initial search for miRNAs that may play key 

roles in immune responses is to analyze miRNA expression between a healthy group (i.e. 

control) and a challenged group (i.e. fish that have been exposed to a pathogen or other 

immune stimulus) (Andreassen and Høyheim, 2017; Wang et al., 2018). For instance, 

miRNA-based transcriptomic analyses of Atlantic salmon tissues infected with P. salmonis 

revealed 84 and 25 differentially expressed miRNAs in the head kidney and spleen, 

respectively (Valenzuela-Miranda et al., 2017). Moreover, these differentially expressed 

miRNAs were predicted to target genes involved in immune-related pathways, such as 

chemokine-mediated signaling pathway and neutrophil chemotaxis (Valenzuela-Miranda 

et al., 2017). In contrast, a limited number of miRNAs in fish have been further 

characterized by directly studying their effect on the target genes (i.e. experimental 

validations of target genes) (Andreassen and Høyheim, 2017; Wang et al., 2018).  

1.6 Immunostimulants and immune modulation 

As discussed in the previous sections, the aquaculture industry has suffered 

significant economic losses due to bacterial and viral diseases (Rodger, 2016). The most 
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common countermeasures to prevent or contain the disease outbreaks include vaccines, 

breeding, chemicals, and antibiotics (Newaj-Fyzul et al., 2014; Dawood et al., 2018). 

However, several limitations such as public health concerns on food contamination, 

bacterial drug resistance and adverse effects on the environment have arisen in using some 

of these products (Manzetti and Ghisi, 2014; Hernández et al., 2016). It is therefore 

essential to develop alternative methods for preventing or mitigating infectious disease 

outbreaks that threaten aquaculture sustainability. One of the alternative approaches to 

improve fish health and performance is to incorporate functional feeds into health 

management (Tacchi et al., 2011; Kiron, 2012; Martin and Król, 2017). Significant 

advances within the aquafeed sector have been made, with diets being more specifically 

designed to meet the nutritional needs of species, stage of the life cycle, and health status 

of the fish (Tacchi et al., 2011).  

Functional feeds are diets designed to enhance the health and/or growth of the 

animals by supplying additional functional ingredients (i.e. additives) beyond the basic 

nutritional requirements of the animal (Martin and Król, 2017). The most common 

additives used in aquaculture diets are algae, herbs, plant extracts, probiotics, prebiotics, 

micronutrients (e.g. selenium), nucleotides, and microbial cell components (i.e. PAMPs) 

(Kiron, 2012; Vallejos-Vidal et al., 2016; Martin and Król, 2017; Dawood et al., 2018). 

Many of these additives have been shown to mitigate fish diseases by enhancing the non-

specific immune system; therefore, they have also traditionally been defined as 

immunostimulants (Tacchi et al., 2011; Kiron, 2012; Vallejos-Vidal et al., 2016). For 

example, orally administered peptidoglycan enhanced the rainbow trout (Oncorhynchus 
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mykiss) innate immune system, particularly by increasing the expression of AMP-encoding 

genes (Casadei et al., 2013; Casadei et al., 2015). Improved resistance against Vibrio 

anguillarum challenges has been reported in Japanese flounder (Paralichthys olivaceus) 

fed with dietary peptidoglycan (Zhou et al., 2006).  

Another type of PAMP used as an immunostimulant in aquaculture is unmethylated 

DNA with cytosine–phosphate–guanine oligodeoxynucleotide motifs (CpG ODN) 

(Covello et al., 2012; Purcell et al., 2013). CpG motifs in vertebrate genomes are 

suppressed and methylated; however, they are prevalent and often unmethylated in 

bacterial and some viral genomes (Carrington and Secombes, 2006; Strandskog et al., 

2007). Recognition of CpG ODN is mediated through a PRR called Toll-like receptor 9 

(TLR9), which is present on the cell surface or within endosomal compartments of different 

immune cells (e.g. macrophages) (Cuesta et al., 2008). CpG ODNs have been divided into 

three classes (i.e. A-, B-, and C-classes) based on the backbone structure and sequences, 

and each class carries its own immunostimulatory properties (Carrington and Secombes, 

2006). CpG ODN A-class contains only one unmethylated CpG motif within a palindromic 

sequence on a phosphodiester backbone and is known to induce large amounts of IFN-α 

(Strandskog et al., 2007). CpG ODN B-class contains at least one unmethylated CpG motif 

with a phosphorothioate backbone and has been shown to stimulate B-cell proliferation 

and natural killer (NK) cell activation. The third class of CpG ODNs, CpG C-class, has 

some characteristics from the first two classes and contains a central palindromic sequence 

similar to that present on A-class (Carrington and Secombes, 2006). CpG C-class can 
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stimulate B-cells, NK cells, and dendritic cells (Carrington and Secombes, 2006; 

Strandskog et al., 2007).  

The immunostimulatory properties of CpG ODNs as vaccine adjuvants and feed 

additives have been evaluated in several fish models (Carrington and Secombes, 2006; 

Strandskog et al., 2007; Purcell et al., 2013; Xue et al., 2019). For example, a B-class ODN, 

CpG ODN 205, has been shown to enhance the immune system of turbot (Scophthalmus 

maximus) and induce protection against Edwardsiella tarda challenge (Liu et al., 2010). 

CpG ODN 1668 (another B-class ODN) induced both the innate and adaptive immune 

responses of rock bream (Oplegnathus fasciatus) against iridovirus infection (Jung and 

Jung, 2017). Further, a study in Pacific red snapper (Lutjanus peru) revealed that CpG 

ODN 1668 enhanced the immune response of animals exposed to Vibrio parahaemolyticus 

(Cárdenas-Reyna et al., 2016). Finally, CpG ODN 1668 has been reported to provide 

protection against sea lice (Lepeophtheirus salmonis) infection in Atlantic salmon via feed 

as an immunostimulant (Covello et al., 2012; Purcell et al., 2013).   

1.7 Functional genomics approaches: microarrays, next-generation sequencing, and 

qPCR. 

Functional genomic approaches [microarray hybridization, next-generation 

sequencing (NGS) based methods such as RNA-sequencing (RNA-seq), and qPCR] have 

been shown to be useful for the identification of genes and molecular pathways that are 

altered in fish (e.g. Atlantic salmon) that were subjected to dietary manipulation (e.g. Xue 

et al., 2015; Jalili et al., 2019; Ytrestøyl et al., 2021), immune stimulation (e.g. Caballero-

Solares et al., 2017; Stenberg et al., 2019; Eslamloo et al., 2020b) and disease challenge 
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(e.g. Rozas-Serri et al., 2018; Eslamloo et al., 2020a; Umasuthan et al., 2020). The 

consortium for Genomic Research on All Salmonids Project (cGRASP)-designed Agilent 

4x44K salmonid oligonucleotide microarray [Gene Expression Omnibus (GEO) accession 

# GPL11299], with each slide containing four ~44,000-feature (44K) arrays, is a platform 

developed by Dr. Ben F. Koop's research team (Jantzen et al., 2011). This array comprises 

about 22,000 60-mer oligos that are similar (95%) between rainbow trout and Atlantic 

salmon, plus 14,866 additional Atlantic salmon-specific sequences and 5,661 additional 

rainbow trout-specific sequences, resulting in a broad representation of transcripts in 

salmonids with low redundancy (Jantzen et al., 2011). This particular microarray platform 

has proven to be a useful and robust tool in detecting differentially expressed transcripts in 

several diet- and immune-related studies in Atlantic salmon (e.g. Xue et al., 2015; Brown 

et al., 2016; Eslamloo et al., 2017; Caballero-Solares et al., 2018; Eslamloo et al., 2020a; 

Eslamloo et al., 2020b; Umasuthan et al., 2020; Xue et al., 2020). Compared with DNA 

microarrays, high-throughput sequencing technology does not typically rely on existing 

genomics resources of the target organisms. For example, RNA sequencing (RNA-seq) 

methods can cover all aspects of the transcriptome, allowing for the analysis of novel 

transcripts, splice variants, and non-coding RNAs (e.g. miRNAs). Advances in small RNA 

deep sequencing and bioinformatics tools have led to the detection of virus/bacteria-

responsive miRNAs in fish (Andreassen et al., 2013; Andreassen et al., 2017; Valenzuela-

Miranda et al., 2017; Eslamloo et al., 2018; Woldemariam et al., 2019; Woldemariam et 

al., 2020).  
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Real-time quantitative polymerase chain reaction (qPCR), discovered in the early 

1990s, has rapidly become the preferred analytical tool to quantify DNA abundance 

(Higuchi et al., 1992; Higuchi et al., 1993). With the addition of a reverse-transcription 

(RT) step, the qPCR technique is able to measure the levels of specific target mRNAs or 

miRNAs. Due to its high performance (i.e. sensitivity, specificity, and reproducibility), 

qPCR has been extensively used for gene expression analyses in aquaculture-related 

research. However, unlike microarray or RNA-seq, qPCR typically measures one gene or 

a few (i.e. multiplex qPCR) in a single reaction. At present, qPCR is the method of choice 

for analyzing gene expression of a moderate number of target genes with sample sizes of 

anywhere between a small number and thousands (VanGuilder et al., 2008). Last but not 

least, qPCR remains an essential and robust approach for validating microarray and RNA-

seq experiments.  

1.8 Overall research objectives of thesis 

Aquaculture is becoming the main supply of seafood for human consumption; 

therefore, it is important to conduct research that helps to address issues affecting the 

growth and sustainability of the industry. As discussed earlier, the limited supply of fish 

oil, as well as infectious diseases, are some of the key challenges faced by Atlantic salmon 

aquaculture. To these ends, the overall objectives of this thesis were to: 1) determine the 

optimal dietary requirement of ω3 LC-PUFA for Atlantic salmon that promotes growth and 

health; 2) explore the head kidney transcriptomic responses of Atlantic salmon parr to an 

EM-90-like P. salmonis isolate and fill the gaps in the current knowledge regarding 

piscirickettsiosis outbreaks involving such isolates; and 3) characterize Atlantic salmon 
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head kidney miRNA and mRNA expression responses to immunogens: polyriboinosinic 

polyribocytidylic acid [pIC; a PAMP-like synthetic double-stranded RNA (dsRNA) 

analogue, to elicit antiviral-like responses] or formalin-killed typical Aeromonas 

salmonicida (a PAMP-containing bacterin, to elicit antibacterial responses) and evaluate 

the immune-modulating properties of dietary CpG. 

To accomplish these objectives, in Chapter 2, a 14-week feeding trial was 

conducted with salmon fed three different experimental diets containing increasing levels 

of DHA+EPA (0, 1.0, and 1.4% of the diet, as formulated). I used 44K microarrays to study 

the impact of dietary DHA and EPA levels on Atlantic salmon growth and liver 

transcriptome. I also explored connections between the changes in hepatic transcriptome, 

fatty acid composition, and growth performance using linear regression and multivariate 

statistical analyses. I hypothesized that different levels of dietary DHA and EPA would 

significantly alter the growth performance and hepatic transcriptome in Atlantic salmon, 

with fish fed the highest level of DHA+EPA showing the best growth performance.  

In Chapter 3, a P. salmonis disease challenge trial involving an EM-90-like isolate 

was conducted; samples collected from multiple time points post-infection (up to 42 days) 

were included in qPCR analyses to study the temporal patterns of pathogen level and host 

immune responses. Two infection phenotypes (higher and lower infection levels) at 21 

days post-injection (DPI) were detected by multivariate analyses of pathogen load and 

levels of 4 antibacterial biomarker transcripts. I used 44K microarrays to explore the head 

kidney transcriptomic differences between high and low infection individuals, and to 

identify candidate biomarker genes that would be valuable for future SRS-related research. 
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I hypothesized that comparing the transcriptomic different between high and low infection 

fish may provide insight into the molecular mechanisms associated with the ability to evade 

or clear P. salmonis infection as well as the dysregulations leading to susceptibility and 

more adverse outcomes.  

In Chapter 4, I used small RNA deep sequencing to identify pIC- and/or bacterin-

responsive miRNAs in the head kidney of salmon fed a control diet. I also examined the 

immune-modulating properties of a functional feed (containing CpG ODN 1668) by 

evaluating the expression changes of putative antiviral and antibacterial responsive 

miRNAs identified through sequencing in pre- and post-immune stimulation individuals. 

In Chapter 5, I selected a set of immune-relevant mRNAs identified as predicted targets 

of the pIC- and/or bacterin-responsive miRNAs from Chapter 4, and studied the impact 

of dietary immunostimulant CpG on the expression of these mRNA biomarkers using 

qPCR. Finally, the connections between the changes in miRNA and mRNA expression 

were also explored. I hypothesized that the small RNA deep sequencing approach would 

be able to identify pIC- and/or bacterin-responsive miRNAs in the head kidney of salmon, 

and that the dietary immunostimulant CpG would result in modifications in the expression 

of putative antiviral and antibacterial responsive miRNAs as well as mRNAs.  
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CHAPTER 2: Liver transcriptome profiling reveals that dietary DHA 

and EPA levels influence suites of genes involved in metabolism, redox 

homeostasis, and immune function in Atlantic salmon (Salmo salar) 

 

The research described in Chapter 2 has been published in the journal Marine 

Biotechnology as: Xue, X., Hall, J.R., Caballero-Solares, A. Eslamloo, K., Taylor, R.G., 

Parrish, C.C., Rise, M.L., 2020. Liver transcriptome profiling reveals that dietary DHA and 

EPA levels influence suites of genes involved in metabolism, redox homeostasis, and 

immune function in Atlantic salmon (Salmo salar). Mar. Biotechnol. 22, 263–284. 

https://doi.org/10.1007/s10126-020-09950-x 
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2.1 Abstract 

The optimal dietary requirement of omega-3 long-chain polyunsaturated fatty acids 

(ω3 LC-PUFA), namely docosahexaenoic acid (DHA) and eicosapentaenoic acid (EPA), 

for Atlantic salmon that promotes growth and health warrants careful investigation. I used 

44K microarrays to study the influence of increasing levels of dietary DHA+EPA (0, 1.0, 

and 1.4% of the diet, as formulated) in the presence of high linoleic acid (LA) on Atlantic 

salmon growth and liver transcriptome. After a 14-week feeding trial, Atlantic salmon fed 

diet ω3LC0 (i.e. 0% of DHA+EPA) showed significantly lower final weight and weight 

gain, and higher feed conversion ratio compared with the ω3LC1.0 and ω3LC1.4 diet 

groups. The microarray experiment identified 55 and 77 differentially expressed probes 

(Rank Products analyses; PFP < 10%) in salmon fed diets ω3LC1.4 and ω3LC1.0 

compared with those fed diet ω3LC0, respectively. The comparison between ω3LC1.4 and 

ω3LC1.0 revealed 134 differentially expressed probes. The microarray results were 

confirmed by qPCR analyses of 22 microarray-identified transcripts. Several key genes 

involved in fatty acid metabolism including LC-PUFA synthesis were up-regulated in fish 

fed ω3LC0 compared with both other groups. Hierarchical clustering and linear regression 

analyses of liver qPCR and fatty acid composition data demonstrated significant 

correlations. In the current study, 1.0% ω3 LC-PUFA seemed to be the minimum 

requirement for Atlantic salmon based on growth performance; however, multivariate 

statistical analyses (PERMANOVA and SIMPER) showed that fish fed ω3LC1.0 and 

ω3LC1.4 diets had similar hepatic fatty acid profiles, but marked differences in the 

transcript expression of biomarker genes involved in redox homeostasis (mgst1), immune 
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responses (mxb, igmb, irf3, lect2a, srk2, lyz2) and LC-PUFA synthesis (srebp1, fadsd5, 

elovl2). This research has provided new insights into dietary requirement of DHA and EPA, 

and their impact on physiologically important pathways in addition to lipid metabolism in 

Atlantic salmon. 
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2.2 Introduction 

Until recently, the finfish aquaculture industry, especially for carnivorous species 

such as Atlantic salmon (Salmo salar), relied heavily on fish oil (FO) for the production of 

aquafeeds due to its excellent profile of essential fatty acids (EFAs) such as 

eicosapentaenoic acid (EPA, 20:5ω3) and docosahexaenoic acid (DHA, 22:6ω3) 

(Torstensen et al., 2008; Morais et al., 2011). The increasing demand and limited supply 

of FO have caused aquaculture companies to decrease FO in the formulation and find 

alternatives such as vegetable oils (VO) for feed production. However, VOs lack long-

chain polyunsaturated fatty acids (LC-PUFAs) but are often rich in short chain PUFAs 

such as α-linolenic acid (18:3ω3; ALA) and linoleic acid (18:2ω6; LA) (Xue et al., 2015). 

It is well known that adequate levels of DHA and EPA, as well as arachidonic acid (20:4ω6; 

ARA), are needed for normal growth, health and development in all vertebrates including 

fish (Betancor et al., 2014; Rosenlund et al., 2016). These fatty acids play key roles in the 

structure of cell membranes, ion balance, regulation of reproduction, and the function of 

the immune system (reviewed by Glencross, 2009).  

A large volume of research in recent years has focused on finding alternative lipid 

sources to replace (partially or completely) FO in aquafeeds (Montero et al., 2003; Montero 

et al., 2010; Morais et al., 2012; Xue et al., 2015; Rosenlund et al., 2016; Caballero-Solares 

et al., 2017; Eslamloo et al., 2017; Hixson et al., 2017; Caballero-Solares et al., 2018; 

Foroutani et al., 2018). Previous studies have shown that VOs such as linseed oil, canola 

oil (i.e. genetically modified version of rapeseed plant), camelina oil, and rapeseed oil, can 

be used to replace up to 100% of FO without negatively influencing growth in Atlantic 
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salmon when there is still fish meal in the diets providing adequate levels of DHA and EPA 

(Bell et al., 2001; Torstensen et al., 2005; Bell et al., 2010; Hixson et al., 2014; Xue et al., 

2015). Reduced flesh ω3 LC-PUFA content in Atlantic salmon was noted when large 

proportions of FO were replaced (Hixson et al., 2014; Foroutani et al., 2018). Moreover, 

VO dietary treatments in salmon frequently influence lipid metabolism including the 

synthesis of LC-PUFAs (reviewed by Leaver et al., 2008). For example, transcripts 

encoding enzymes involved in the bioconversion of both ω3 and ω6 PUFAs to LC-PUFAs 

[e.g., delta-5 fatty acyl desaturase (fadsd5), elongation of very long chain fatty acids 2 

(elovl2)] are often up-regulated in the liver of Atlantic salmon fed diets containing VO 

(reviewed by Leaver et al., 2008). In addition, a range of other biochemical and metabolic 

effects of VO inclusion in Atlantic salmon such as altered expression of genes involved in 

carbohydrate metabolism and immunity was also noted (Morais et al., 2011; Morais et al., 

2012; Xue et al., 2015). 

LC-PUFAs are known to play important roles in inflammation and immune 

responses (Calder, 2013; Eslamloo et al., 2017). For instance, ω3 fatty acids (e.g. EPA and 

DHA) exhibit anti-inflammatory functions through inhibition of activation of the pro-

inflammatory transcription factor nuclear factor kappa B (Calder, 2015), while ω6 fatty 

acids (e.g. ARA) promote the formation of pro-inflammatory eicosanoids (Patterson et al., 

2012). Hence, the balance between ω3 and ω6 fatty acids determines whether the 

inflammatory response is promoted or suppressed. The replacement of FO by VO resulted 

in changes in dietary fatty acid profiles and ratios (e.g. ω3/ω6), which could affect fish 

immune systems (Montero et al., 2003; Mourente et al., 2005). For example, Montero et 
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al. (2008) examined the effect of linseed and soybean oils on hepatic mx expression; 

elevated basal expression, as well as reduced phagocytic and serum alternative complement 

pathway activities, were noted in gilthead sea bream (Sparus aurata) fed VOs. In addition, 

Atlantic salmon fed diets supplemented with high levels of rapeseed oil and plant protein 

showed an enhanced antiviral immune response (Caballero-Solares et al., 2017). 

During the last two decades, the dietary requirement of ω3 LC-PUFA in Atlantic 

salmon has been examined in several studies under different conditions (e.g. life stage and 

dietary formulation) (Ruyter et al., 2000; Glencross et al., 2014; Rosenlund et al., 2016; 

Bou et al., 2017b). It has been suggested that ≥ 1.0% (i.e. 10 g/kg) of ω3 LC-PUFA (i.e. 

DHA+EPA) is needed for optimal growth of Atlantic salmon (Ruyter et al., 2000; 

Rosenlund et al., 2016; Sissener et al., 2016). Previous studies on the determination of EFA 

requirements were mostly based on fish growth and survival, which might result in 

underestimates (Bou et al., 2017a). Other aspects such as fish health should be taken into 

consideration when determining the minimal requirement of ω3 LC-PUFA in Atlantic 

salmon diets. In a more recent study, Bou et al. (2017b) have found that under demanding 

environmental conditions (e.g. high water temperature, sea lice infection, and handling 

stress) in sea cages, Atlantic salmon fed a diet containing 1.0% DHA+EPA had poor 

survival compared with fish fed a 1.7% DHA+EPA diet. However, the molecular 

mechanisms involved in poor survival, and the impact of low ω3 LC-PUFA on salmon 

metabolism, physiology and immune function, are poorly understood. 

Recently, a large feeding trial was conducted to evaluate the growth performance 

and the lipid and fatty acid composition in tissues, of Atlantic salmon fed 7 experimental 
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diets containing different levels of animal by-products, vegetable proteins, VO, and/or FO 

(Beheshti Foroutani, 2017; Beheshti Foroutani et al., 2018; Foroutani et al., 2020). Among 

the 7 experimental diets, 3 had the same levels of feed ingredients except for FO and VO 

(i.e. rapeseed oil), with graded levels of dietary DHA+EPA (0, 1.0 and 1.4% of the diet, as 

formulated). These diets were selected for the current study to increase the current 

knowledge and understanding of the physiological importance of dietary ω3 LC-PUFA in 

Atlantic salmon using molecular and genomic tools (e.g. DNA microarray). The use of 

such tools is becoming increasingly important in detecting genes and molecular pathway 

responses to nutritional variables (e.g. Xue et al., 2015; Caballero-Solares et al., 2018). I 

investigated the influence of graded levels of dietary DHA+EPA on Atlantic salmon 

growth and hepatic transcriptome. I also explored connections between the changes in 

hepatic transcriptome, fatty acid composition, and growth performance using linear 

regression and multivariate statistical analyses. Liver was chosen due to its roles in 

metabolizing nutrients as well as detoxification and immunity (Vilhelmsson et al., 2004; 

Panserat et al., 2009). This study allowed me to assess the impacts of dietary DHA and 

EPA on salmon physiology and health, and to identify and validate hepatic molecular 

biomarkers of response to varying levels of DHA+EPA. 

2.3 Materials and methods 

2.3.1 Experimental diets and animals 

The Atlantic salmon post-smolt feeding trial was conducted at the Dr. Joe Brown 

Aquatic Research Building (JBARB, Ocean Sciences Centre, Memorial University of 
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Newfoundland, Canada). Three experimental diets were formulated by EWOS Innovation 

(now Cargill Innovation Center, Dirdal, Norway) to contain different levels of DHA+EPA 

[0% (ω3LC0), 1.0% (ω3LC1.0), and 1.4% (ω3LC1.4) of the diet, as formulated; 0.75, 3.57 

and 4.74% of total fatty acids, as fed] (Table 2.1). The levels of DHA and EPA were 

obtained by including 0 to 7.4% of FO in the diets. The formulation of these 3 diets was 

published in previous investigations (Foroutani, 2017; Foroutani et al., 2018; Foroutani et 

al., 2020). However, since diet formulation is pertinent to the current study, it is provided 

herein (Table 2.1). 

Atlantic salmon post-smolts (~178 g) were randomly distributed among twelve 620 

L tanks (40 fish per tank) supplied with flow-through seawater (~11°C, dissolved oxygen 

≥ 10 mg L-1), and all fish were kept on a photoperiod of 12 h. All fish were acclimated to 

the experimental tanks for 2 weeks. Quadruplicate tanks of fish were fed each experimental 

diet to apparent satiety, twice each day for a period of 14 weeks. Apparent feed intake 

(AFI), water temperature and oxygen levels, were recorded daily. At the end of trial, 5 fish 

from each tank were euthanized by 400 mg L-1 tricaine-methane-sulfonate bath (TMS; 

Syndel Laboratories, Vancouver, BC, Canada) after 24 h of fasting. Liver tissues (50-100 

mg sample-1) were collected, flash-frozen in liquid nitrogen, and stored at -80°C until RNA 

extractions were performed. Body weight and fork length of the whole population were 

measured and recorded. This study was carried out in accordance with Animal Care 

Protocol (14-71-MR) approved by the Institutional Animal Care Committee of Memorial 

University of Newfoundland.  
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Table 2.1. Diet composition. 

 

 ω3LC0 ω3LC1.0 ω3LC1.4 

Ingredienta (% of diet)    

Fish meal 5.0 5.0 5.0 

Poultry by-product mealsb 21.6 21.4 21.6 

Corn gluten 5.0 5.1 5.0 

Soy protein concentrate 25.0 25.3 25.0 

Wheat gluten 3.3 3.4 3.3 

Fish oil 0 5.1 7.4 

Rapeseed oil 27.3 22.1 19.9 

Raw wheat 10.4 10.3 10.4 

Premixc 2.4 2.3 2.4 

Total 100 100 100 

Composition of selected fatty acids (%)d 

18:2ω6 (LA) 18.4±1.1 16.6±0.1 15.7±0.1 

18:3ω3 (ALA) 7.27±0.74 6.70±0.05 6.34±0.06 

20:4ω6 (ARA) 0.10±0.03 0.18±0.01 0.21±0.01 

20:5ω3 (EPA) 0.34±0.04 1.82±0.04 2.47±0.03 

22:6ω3 (DHA) 0.41±0.05 1.75±0.11 2.27±0.04 

Data in this table were published previously by Beheshti Foroutani et al. (2018). 
aAll ingredients were sourced from EWOS stocks. bFor confidentiality, the nature and proportions of the 

poultry by-product meals included in the diets are not provided. cPremix includes vitamins, trace elements 

and inorganic phosphorus. Composition in micronutrients of the premix is proprietary information to EWOS. 
dValues are presented as mean area percentage of fatty acid methyl ester ± SD (n = 6-9). LA: linoleic acid; 

ALA: α-linolenic acid; ARA: arachidonic acid; EPA: eicosapentaenoic acid; DHA: docosahexaenoic acid. 
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2.3.2 RNA extraction, DNase treatment, and column purification 

Liver samples were homogenized in TRIzol reagent (Invitrogen/Life Technologies, 

Carlsbad, CA, USA) with stainless steel beads (5 mm; Qiagen, Mississauga, ON, Canada) 

using a TissueLyser (Qiagen) and subjected to RNA extraction according to manufacturer 

instructions. Due to low 260/230 ratios (i.e. ranging from 0.9 to 1.7) following TRIzol 

extraction, all RNA samples were re-extracted using the phenol-chloroform phase 

separation method as described in Xue et al. (2015) and Xu et al. (2013). Total RNA 

samples were treated with DNase I (Qiagen) to degrade residual genomic DNA, and then 

purified using the RNeasy Mini Kit (Qiagen) following manufacturer protocols. RNA 

integrity was verified by 1% agarose gel electrophoresis, and RNA purity was assessed by 

A260/280 and A260/230 using NanoDrop spectrophotometry (Thermo Fisher, 

Mississauga, ON, Canada). All column-purified RNA samples in this study showed 

acceptable purity (i.e. A260/230 > 2 and A260/280 ratios > 1.9) and integrity (i.e. tight 18S 

and 28S ribosomal RNA bands). 

2.3.3 Microarray hybridization and data acquisition 

Eight individual fish (2 from each quadruplicate tank) from each experimental diet 

group were included in the microarray analysis using a common reference design (Figure 

2.1a). Twenty-four arrays were used in this study, with one array per individual fish. The 

microarray experiment was performed as previously described (Xue et al., 2015; Brown et 

al., 2016; Eslamloo et al., 2017; Caballero-Solares et al., 2018). Anti-sense amplified RNA 

(aRNA) was in vitro transcribed from 1 µg of each experimental RNA using the Amino 
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Figure 2.1. (a) Overview of the microarray experimental design and results with the 

number of differentially expressed probes (PFP < 10%) shown. (b) Venn diagram 

identifying microarray probes that are in common between gene lists. 
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Allyl MessageAmp II aRNA Amplification kit (Ambion/Life Technologies), following 

manufacturer instructions. The quality and quantity of aRNA were assessed using 

NanoDrop spectrophotometry and agarose gel electrophoresis. For each individual fish, 20 

μg of aRNA was precipitated overnight following standard molecular biology procedure 

and resuspended in 9 μl of the manufacturer’s coupling buffer. To generate the common 

reference pool, 5 μg of aRNA from each of the twenty-four samples was pooled, and 

divided into six 20 μg aliquots which were precipitated and resuspended as above. 

Resulting aRNA was labeled with either Cy3 (for the common reference) or Cy5 (for the 

experimental individuals) fluor (GE HealthCare, Mississauga, ON, Canada) through a dye-

coupling reaction, following the manufacturer's instructions. The labeling efficiency was  

measured using the "microarray" function of the NanoDrop spectrophotometer. Equal 

quantities (825 ng) of each labeled aRNA from one experimental sample and the common 

reference were pooled, fragmented following the manufacturer's instructions and co-

hybridized to a consortium for Genomic Research on All Salmonids Project (cGRASP)-

designed Agilent 44K salmonid oligonucleotide microarray (GEO accession # GPL11299) 

(Jantzen et al., 2011; Sahlmann et al., 2013) as per the manufacturer’s instructions (Agilent, 

Mississauga, ON, Canada). The arrays were hybridized at 65°C for 17 h with 10 rpm 

rotation in an Agilent hybridization oven. The array slides were washed immediately 

following hybridization as per the manufacturer's instructions. 

Each microarray was scanned at 5 µm resolution and 90% of laser power using a 

ScanArray Gx Plus scanner and ScanArray Express software (v4.0; Perkin Elmer, 

Woodbridge, ON, Canada) with photomultiplier tube (PMT) set to balance fluorescence 
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signal between channels. The resulting TIFF images containing raw microarray data were 

extracted using Imagene (v9.0; BioDiscovery Inc., El Segundo, CA). Background 

correction, data transformation (log2), print-tip Loess normalization, and removal of low-

quality/flagged spots were performed using R and the Bioconductor package mArray 

(Booman et al., 2011; Xue et al., 2015). After spot quality filtering, probes absent in more 

than 30% of the arrays (i.e. 5 arrays out of 24) were discarded, resulting in a final list of 

11,389 probes for statistical analyses. All microarray data have been submitted to Gene 

Expression Omnibus (GEO) under the accession GSE128472. 

2.3.4 Microarray data analysis 

Prior to statistical analyses, missing data points for the 11,389 probes were imputed 

using the EM_array method from LSimpute (Bo et al., 2004; Celton et al., 2010). The 

differentially expressed genes among diets were determined using Rank Products (RP), a 

non-parametric statistical method that is less sensitive to high biological variability than 

Significance Analysis of Microarrays (SAM) (Tusher et al., 2001; Breitling et al., 2004; 

Jeffery et al., 2006; Brown et al., 2016). RP analysis was conducted at a percentage of 

false-positives (PFP) threshold of 10%, using the Bioconductor package, RankProd (Hong 

et al., 2006). The resulting gene lists were annotated in Blast2GO (Conesa et al., 2005) 

using the contiguous sequences (contigs) from which informative 60mer oligonucleotide 

probes on the array were designed against the non-redundant (nr) protein database of NCBI 

(2015.09.30). The best BLASTx hit with an Expect (E) value <10-5 and an informatively 

named protein product was chosen. To ensure the accuracy of gene identification, the probe 

sequences were also BLASTn aligned against the NCBI nr/nt databases for both Atlantic 
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salmon and rainbow trout. If BLASTn and BLASTx analyses for a given probe showed 

different results, then the best BLASTn hit was reported. Gene Ontology (GO) terms 

mapped to each microarray probe in Blast2GO were collected. For some microarray-

identified probes, GO terms were obtained from Homo sapiens or Mus musculus putative 

orthologues from UniProt Knowledgebase (http://www.uniprot.org/). 

2.3.5 qPCR analysis 

I selected 22 genes of interest (GOIs; excluding paralogues) from the list of 

microarray-identified genes for real-time quantitative polymerase chain reaction (qPCR) 

analysis. One additional GOI not identified by the microarray analysis (i.e. elovl2) was 

added to the qPCR experiment.  

First-strand cDNA templates for qPCR were synthesized in 20 μL reactions from 1 

µg of DNaseI-treated, column-purified total RNA using random primers (250 ng; 

Invitrogen/Life Technologies), dNTPs (0.5 mM final concentration; Invitrogen/ Life 

Technologies) and M-MLV reverse transcriptase (200 U; Invitrogen/Life Technologies) 

with the manufacturer’s first strand buffer (1× final concentration) and DTT (10 mM final 

concentration) at 37°C for 50 min. PCR amplifications were performed in 13 μL reactions 

using 1× Power SYBR Green PCR Master Mix (Applied Biosystems/Life Technologies), 

50 nM of both the forward and reverse primers, and the indicated cDNA quantity (see 

below). The real-time qPCR analysis program consisted of 1 cycle of 50°C for 2 min, 1 

cycle of 95°C for 10 min and 40 cycles of 95°C for 15 s and 60°C for 1 min, with 

fluorescence detection at the end of each 60°C step.  
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The sequences of all primer pairs used in qPCR analyses are presented in Table 

2.2. In the case of gene paralogues, the primers were designed in an area with ≥ 3 bp 

different between the paralogues to ensure specificity. Each primer pair was quality tested 

using the 7500 Fast Real Time PCR system (Applied Biosystems/Life Technologies). 

Quality testing ensured that a single product was amplified (dissociation curve analysis) 

and that there was no primer-dimer present in the no-template control. Amplicons were 

electrophoretically separated on 2% agarose gels and compared with a 1 kb plus ladder 

(Invitrogen/Life Technologies) to verify that the correct size fragment was being amplified. 

Amplification efficiencies (Pfaffl, 2001) were calculated using cDNA synthesized from 

liver RNA samples (n = 18; 6 from each of the 3 diets) that had been pooled post-cDNA 

synthesis. Standard curves were generated using a 5-point 1:3 dilution series starting with 

cDNA representing 10 ng of input total RNA. 

Transcript levels of the GOIs were normalized to transcript levels of two reference 

genes (i.e. normalizers). To select these reference genes, qPCR primer pairs were designed 

for six candidates [60S ribosomal protein L32 (BT043656), β-actin (BG933897), 

elongation factor 1-alpha 1 (AF321836), elongation factor 1-alpha 2 (BT058669), 

eukaryotic translation initiation factor 3 subunit D (GE777139), and polyadenylate-

binding protein 1 (EG908498)] and quality tested as described above. The fluorescence 

threshold cycle (CT) values of 18 samples (6 samples from each of the 3 diets) were 

measured for each of these genes using diluted cDNA representing 5 ng of input total RNA, 

and then analyzed using geNorm (Vandesompele et al., 2002). Using this software,  
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Table 2.2. Primers used in qPCR studies. 

 

Transcript (gene symbol) Primer sequence 5'-3'a 
Efficiency 

(%) 

Size 

(bp)b 

Accession 

numberc 

Genes of interest 

elongation of very long chain fatty acids 2 

(elovl2)d 

F:GATGCCTGCTCTTCCAGTTC 100.8 113 FJ237532e 

R:GCGACTGGACTTGATGGATT    

delta 5 fatty acyl desaturase (fadsd5) F:GTCTGGTTGTCCGTTCGTTT 98.9 135 AF478472e 

R:GAGGCGATCAGCTTGAGAAA    

delta 6 fatty acyl desaturase a (fadsd6a) F:CCCCAGACGTTTGTGTCAG 97.6 181 AY458652e 

R:CCTGGATTGTTGCTTTGGAT 
   

FAD-linked sulfhydryl oxidase ALR (gfer) F:ACTACCCAGACCAGCCCTCT 96.1 101 GE791133 

R:CAGGTCCTCAGCACACTCCT 
   

fatty acid synthase b (fasb) F:TGCCATACAAGTGATGTCCTG 100.3 105 EG872804 

R:AGTGGGCACCAAACATGAAC 
   

sterol regulatory element-binding protein 1 

(srebp1) 

F:TCAACAAGTCGGCAATTCTG 90.6 100 HM561860 

R:GACATCTTCAGGGCCATGTT 
   

glucokinase (gck) F:CTTTGGAGCCAACGGAGA 97.4 131 XM_014171080f 

R:GCACCAGCTCTCCCATGTA 
   

pyruvate dehydrogenase kinase isozyme 2, 

mitochondrial precursor a (pdk2a) 

F:TTGAGTACAAAGACACCTTTGGC 93.0 134 XM_014192566 

R:GTTTCCGTCGAAAACAAGCGTG 
   

glucose-6-phosphate 1-dehydrogenase a 

(g6pda) 

F:GAGCTGCATGATGACAAGGA 86.7 137 NM_001141724 

R:TGTTCAGGGAGGAGACCATC 
   

beta-enolase a (eno3a) F:CCGCCAAACTGATTGAGAA 100.6 137 NM_001141700 

R:GCAGACCGCCAAAGACAC 
   

cysteine sulfinic acid decarboxylase a 

(csada) 

F:CCCTGTATGGTCAGCAGAATATG 91.9 128 XM_014200263 

R:CTTCTCTTTGACATCTGTGCCT 
   

cysteine sulfinic acid decarboxylase b 

(csadb) 

F:AACCCTATGGTCAGCAGCACC 93.7 127 XM_014154169 

R:TTCTCGTTGACGTCTATGCCC 
   

phospholipid hydroperoxide glutathione 

peroxidase, mitochondrial precursor a 

(gpx4a) 

F:CCCAATGGGAAAGGCTTACT 93.0 116 DY710063 

R:ACCACACTGGGATCATCCAT  
  

glutaredoxin-1 (glrx1) F:ACGGGTGTTCATCGGTAAGA 97.6 102 BT049493 

R:AGCGATCCGATTGACTTCAG 
   

microsomal glutathione S-transferase 1 

(mgst1) 

F:GGAAGACACAGGGATGGCTA 100.4 115 XM_014151199 

R:CGGAGTGATGTTCTCCAGGT 
   

retinol dehydrogenase 3a (rdh3a) F:CTGCTCTCCACCCTCGGACA 94.2 137 BT046546 

R:ACGAATAGATCCTGTTGGTTTGG 
   

interferon regulatory factor 3 (irf3) F:ACAAACAGCTGGGAACCAAC 98.2 108 NM_001172282g 

R:ATTGGATATTGCCGTTGCTC 
   

interferon-induced GTP-binding protein Mx 

b (mxb) 

F:ACGCACCACTCTGGAGAAAT 102.6 184 BT044881g 

R:CTTCCATTTCCCGAACTCTG 
   

interferon-induced protein with 

tetratricopeptide repeats 5 (ifit5) 

F:ATTGGCCTGTGTCACAAACA 93.1 191 BT046021g 

R:TGGTAGTTGTTCCCGTAGGC 
   

leukocyte cell-derived chemotaxin 2 a 

(lect2a) 

F:CAGATGGGGACAAGGACACT 98.3 150 BT059281f 

R:GCCTTCTTCGGGTCTGTGTA 
   

lysozyme CII (lyz2) F:ATACGGAATGGATGGCTACG 92.5 125 BT047934 

R:AGATGCCATAGTCGGTGGAG 
   

GTPase IMAP family member 7 a (gima7a) F:GTGGAGGACAATGGAGGAGA 103.8 101 BT048289 

R:CCATACGCTGCCAGTTTACA 
   

immunoglobulin mu heavy chain a (igma) F:AGCATTCACTTGCGTGTTTG 103.8 115 BT058702f 

R:CGGGGTGATCTTAATGACTACTG 
   

immunoglobulin mu heavy chain b (igmb) F:GAAGTTTCATTCACTTGCGTGT 99.1 121 BT059185f 

R:GCGGGATGATGTTAATGACC 
   

tyrosine-protein kinase SRK2 (srk2) F:ACCTGAACAACTCCCAGGTG 105.4 140 BT046361 

R:GAAAGTGGGCCTGTCATGTT 
   

Normalizer genes 
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elongation factor 1 alpha 1 (ef1a1) F:TGGCACTTTCACTGCTCAAG 97.5 197 AF321836e 

R:CAACAATAGCAGCGTCTCCA    

60S ribosomal protein 32 (rpl32) F:AGGCGGTTTAAGGGTCAGAT 101.7 119 BT043656e 

R:TCGAGCTCCTTGATGTTGTG    

aF: forward primer; R: reverse primer. bAmplicon size. cNucleotide sequence from GenBank used for primer 

design. delongation of very long chain fatty acids 2 was not a microarray-identified transcript. ePrimers 

previously designed in Xue et al. (2015), and quality-tested again using the reference cDNA template of the 

present study. fPrimers previously designed in Caballero-Solares et al. (2018), and quality-tested again using 

the reference cDNA template of the present study. gPrimers previously designed in Caballero-Solares et al. 

(2017), and quality-tested again using the reference cDNA template of the present study.  
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elongation factor 1-alpha 1 (geNorm M = 0.154) and 60S ribosomal protein L32 (geNorm 

M = 0.165) were determined to be the most stable. 

When primer quality testing and normalizer selection were completed, qPCR 

analyses of transcript (mRNA) expression levels of the target genes were performed using 

the ViiA 7 Real Time PCR system (384-well format) (Applied Biosystems/Life 

Technologies). Expression levels of GOIs were measured in 24 liver samples [i.e. from 8 

individual fish (2 from each quadruplicate tank) from each of the 3 diets]. In all cases, 

diluted cDNA corresponding to 4 ng of input RNA was used as template in the PCR 

reactions. On each plate, for every sample, the GOIs and normalizers were tested in 

triplicate, and a plate linker sample (i.e. a sample that was run on all plates in a given study) 

and a no-template control were included. The relative quantity (RQ) of each transcript was 

determined using the ViiA 7 Software Relative Quantification Study Application (Version 

1.2.3) (Applied Biosystems/Life Technologies), with normalization to both elongation 

factor 1-alpha 1 and 60S ribosomal protein L32 transcript levels, and with amplification 

efficiencies incorporated. For each GOI, the sample with the lowest normalized expression 

(mRNA) level was set as the calibrator sample (i.e. assigned an RQ value = 1). 

Fold-change values calculated from microarray log2 ratios, and qPCR RQs, were 

analyzed for correlation via linear regression (see below). Gene expression fold-changes 

obtained through microarray analysis were calculated as 2A-B (Hori et al., 2012), where A 

is the mean of log2 ratios from a dietary group, and B is the mean of log2 ratios from another 

dietary group. For down-regulated genes, fold-change values were inverted (−1/fold-
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change). A significant correlation between both datasets was considered as proof of the 

validity of the microarray results. 

2.3.6 Statistical analyses 

2.3.6.1 Analyzing growth and qPCR data 

All statistical analyses of growth-relevant and qPCR data were performed using 

Prism v6.0 (GraphPad Software Inc, La Jolla. CA). As mentioned earlier, the growth 

performance of salmon fed 7 experimental diets from the larger feeding trial was reported 

previously (Foroutani, 2017; Foroutani et al., 2018). The current study only focused on 3 

dietary treatments (i.e. ω3LC0, ω3LC1.0, ω3LC1.4); therefore, growth performance (e.g. 

weight gain and AFI) data were reanalyzed using one-way ANOVA followed by Tukey’s 

post hoc test for multiple comparisons at the 5% level of significance. qPCR data (i.e. RQ) 

were log2-transformed to improve the normality of data distribution, and analyzed using 

Student’s t-test in a pairwise manner to determine if there is a significant difference (p < 

0.05). 

2.3.6.2 Linear regression analyses and hierarchical clustering 

The three experimental diets under investigation were formulated with different 

levels of DHA+EPA. These differences could lead to contrasted tissue FA profiles, as well 

as changes in the liver transcriptome of the salmon. Therefore, I studied the possible 

connections between the mRNA levels of the qPCR-analyzed GOIs and the liver fatty acid 

composition. The results from the fatty acid composition analyses are published elsewhere 

(Foroutani, 2017; Foroutani et al., 2018). I analyzed the relationships between qPCR results 
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(log2 RQ) and liver fatty acid composition by linear correlation analysis. Among the GOIs, 

I chose to analyze only those showing significant differences or trends among diets. Fatty 

acids in the ω3 family (ALA, 18:4ω3, 20:3ω3, 20:4ω3, EPA, 22:5ω3, DHA) and the ω6 

family (LA, 18:3ω6, 20:2ω6, 20:3ω6, ARA, 22:4ω6, 22:5ω6), as well as the sums of 

monounsaturated fatty acids (MUFA), saturated fatty acids (SFA) and PUFA, were 

included in the analyses. Fish weight gain and other relevant parameters (e.g. EPA/ARA 

and ω3/ω6 ratios) for the interpretation of the microarray and qPCR results were also 

included. The linear regression analyses were performed with IBM SPSS Statistics, 

whereas the hierarchical clustering was carried out with PRIMER (Version 6.1.15; 

PRIMER-E Ltd, Ivybridge, UK) using Pearson correlation resemblance matrices. The 

significance of the regression was determined by an F-test (p < 0.05).  

2.3.6.3 Multivariate statistical analyses 

In addition to the statistical analyses described above, principal coordinates 

analysis (PCoA), permutational multivariate ANOVA (PERMANOVA), and similarity of 

percentages analysis (SIMPER) were performed using PRIMER to explore differences in 

liver fatty acid composition and qPCR-analyzed transcript expression among samples from 

fish fed different levels of DHA+EPA. PCoA is a multidimensional statistical scaling 

method used to explore and summarize similarities in data sets (Gower, 2014). 

PERMANOVA is a non-parametric multivariate test with statistical inferences made in a 

distribution-free setting using permutational algorithms (Anderson, 2014). SIMPER 

calculates the overall dissimilarity between groups and the contributing variables of 
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variables to the group dissimilarity (Clarke, 1993). All variables were standardized by the 

total of each variable in PRIMER prior to analyses. 

2.4 Results 

2.4.1 Atlantic salmon growth performance 

As previously stated, the growth performance, fatty acid and other lipid data for the 

larger feeding trial involving 7 experimental diets were reported elsewhere (Foroutani, 

2017; Foroutani et al., 2018; Foroutani et al., 2020). However, since the growth data are 

also important to the current study, they were reanalysed including only the 3 relevant diets. 

These data are briefly described and included in Table 2.3. Atlantic salmon fed the 

experimental diets increased in weight from 176.6-179.3 g fish−1 initially to 309.3–341.9 g 

fish−1 after 14 weeks (Table 2.3). The growth performance of salmon, as measured by final 

weight and weight gain, was significantly reduced in the ω3LC0 diet fed group, compared 

with other diets (i.e. ω3LC1.0 and ω3LC1.4) (e.g. weight gain, 132.7 g fish−1 vs 160.4-

163.8 g fish−1) (Table 2.3). In contrast, no significant difference was observed among 

organ indices such as HSI and VSI. Fish fed ω3LC0 diet had a significantly higher FCR 

than the other two diet groups (Table 2.3). 

2.4.2 Microarray profiling of the liver transcriptome 

Two hundred differentially expressed probes were detected in the microarray 

analysis of the liver transcriptome of salmon fed three experimental diets (Figure 2.1). 

Rank Products analysis (PFP < 10%) showed that 55 and 77 differentially expressed 
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Table 2.3. Growth performance and feed efficiency of Atlantic salmon fed experimental 

diets for 14 weeksa. 

 
Diet ω3LC0 ω3LC1.0 ω3LC1.4 

Initial weightb (g) 176.6 ± 26.5 179.3 ± 30.1 178.1 ± 27.5 

Final weightb (g) 309.3 ± 63.7B 339.7 ± 73.5A 341.9 ± 68.7A 

Weight gainb (g) 132.7 ± 48.6B 160.4 ± 59.7A 163.8 ± 54.7A 

HSIc (%) 1.09 ± 0.22 1.14 ± 0.22 1.10 ± 0.18 

VSId (%) 10.9 ± 1.5 11.3 ± 1.7 11.1 ± 1.3 

AFIe (g fish-1) 145.4 ± 16.7 159.0 ± 11.2 161.5 ± 19.7 

FCRf 1.10 ± 0.05A 0.99 ± 0.03B 0.99 ± 0.02B 

aValues are expressed as mean ± SD. Means with different superscript upper-case letters in the same row 

indicate significant differences among diets (p < 0.05). Data in this Table were published previously by 

Beheshti Foroutani et al. (2018) as a larger study involving seven experimental diets. They were reanalyzed 

with diets relevant to the current study. bn = 135-140. cHepatosomatic index (HSI) = 100 × (liver mass/body 

mass). n = 30-32. dViscerosomatic index (VSI) = 100 × (viscera mass/body mass). n = 30-32. eApparent feed 

intake (AFI) = feed consumption/number of fish per tank. n = 4 (calculated by tank means). fFeed conversion 

ratio (FCR) = feed consumption/weight gain. n = 4 (calculated by tank means).  
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microarray probes were identified in salmon fed diets ω3LC1.4 and ω3LC1.0 compared 

with those fed diet ω3LC0, respectively. The comparison between ω3LC1.4 and ω3LC1.0 

revealed 134 differentially expressed probes. Among all differentially expressed probes, 

183 probes had significant BLASTx or BLASTn hits (E-value < 10−5) (Supplemental 

Table S2.1). Based on their associated Gene Ontology (GO) terms and the information 

available in the literature, 30 of these BLAST-identified and functionally characterized 

probes were classified as genes involved in metabolic pathways (e.g. carbohydrate and 

lipid metabolism; Table 2.4); while 12 of these microarray probes putatively involved in 

redox homeostasis were identified (Table 2.5). Forty-nine differentially expressed probes 

were classified as genes involved in immune function (Table 2.6). BLAST identification, 

GO functional annotation, and microarray fold change values for all 200 differentially 

expressed probes are contained in Supplemental Table S2.1. 

Among differentially expressed probes classified as metabolism-relevant, 5 were 

related to nucleotide metabolism (e.g. adenylate kinase isoenzyme 6), 2 related to taurine 

biosynthesis [both probes representing cysteine sulfinic acid decarboxylase (csad)], 5 

related to carbohydrate metabolism [e.g. glucokinase (gck) and glucose-6-phosphate 1-

dehydrogenase (g6pda)], and 11 related to lipid metabolism [e.g. fadsd5 and fatty acid 

synthase (fasb)] (Table 2.4). Overall, microarray probes identified as genes involved in 

nucleotide metabolism (e.g. adenylate kinase isoenzyme 6 and cysteinyl-tRNA synthetase, 

cytoplasmic) were down-regulated in salmon fed ω3LC1.4 diet compared with ω3LC0 diet. 

Of the microarray-identified genes related to carbohydrate metabolism (e.g. glycolytic 
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Table 2.4. A subset of microarray-identified ω3 LC-PUFA responsive genes involved in 

nutrient metabolism that were differentially expressed in the liver of Atlantic salmon. 

 

Probe IDa Geneb Functional annotationc 

Fold-change (FC) valuesd 

ω3LC1.0 

 vs 

ω3LC0 

ω3LC1.4 

 vs 

ω3LC0 

ω3LC1.4 

 vs 

ω3LC1.0 

Nucleotide metabolism 

C031R072 Adenylate kinase isoenzyme 6 P:nucleotide phosphorylation -1.27 -1.88 -1.48 

C135R067 Cysteinyl-tRNA synthetase, 

cytoplasmic 

P:cysteinyl-tRNA aminoacylation -1.25 -1.96 -1.59 

C262R126 Stonustoxin subunit beta F:nucleotide binding -1.30 1.34 1.75 

C128R027 Uridine phosphorylase 2 P:nucleotide catabolic process -1.64 -1.76 -1.07 

C086R065 Kalirin RhoGEF P:'de novo' UMP biosynthetic 

process 
2.06 1.46 -1.41 

Carbohydrate metabolism 

C103R155 Trehalase precursor P:trehalose catabolic process 1.60 1.93 1.21 

C052R144 Beta-enolase (eno3a) P:glycolytic process 1.18 -1.44 -1.70 

C035R008 Glucokinase (gck) P:glycolytic process -1.25 -1.52 -1.22 

C152R045 Glucose-6-phosphate 1-
dehydrogenase (g6pda) 

P:glucose metabolic process -1.76 1.03 1.80 

C146R081 Glyceraldehyde-3-phosphate 
dehydrogenase 

P:glycolytic process -2.26 -1.55 1.46 

Lipid metabolism 

C223R038 Delta-5 fatty acyl desaturase 

(fadsd5) 

P:unsaturated fatty acid 

biosynthetic process† 

-1.38 -1.80 -1.30 

C038R110 PREDICTED: delta-6 fatty acyl 

desaturase isoform X1 (fadsd6a)* 

P:unsaturated fatty acid 

biosynthetic process† 

-1.62 -1.78 -1.10 

C004R046 Fatty acid synthase (fasb) P:fatty acid biosynthetic process -1.76 -2.03 -1.16 

C220R061 PREDICTED: fatty acid synthase-
like* 

P:fatty acid biosynthetic process -1.18 -2.22 -1.88 

C049R002 Perilipin-2 P:long-chain fatty acid transport -1.12 -1.69 -1.50 

C251R020 Probable phospholipid-transporting 

ATPase IA 

P:phospholipid translocation -1.29 1.38 1.78 

C086R136 Pyruvate dehydrogenase kinase 

isozyme 2, mitochondrial 

precursor (pdk2a) 

P:regulation of fatty acid oxidation -1.64 -1.36 1.21 

C255R096 PREDICTED: fatty acyl-CoA 

hydrolase precursor, medium 
chain-like isoform X2* 

P:fatty acid metabolic process† -1.91 -1.11 1.73 

C230R060 Very long-chain acyl-CoA 

synthetase 

F:very long-chain fatty acid-CoA 

ligase activity 
1.73 1.57 -1.10 

C098R149 Sterol regulatory element-binding 

protein 1 (srebp1) 

P:positive regulation of lipid 

biosynthetic process 

1.27 -1.39 -1.77 

C134R089 PREDICTED: diacylglycerol O-
acyltransferase 2-like* 

P:triglyceride biosynthetic 
process† 

1.18 -1.45 -1.70 

Other metabolic processes 

C054R118 Cysteine sulfinic acid 

decarboxylase (csad) 

P:taurine biosynthetic process 1.86 1.41 -1.33 

C077R080 Cysteine sulfinic acid 

decarboxylase (csada) 

P:taurine biosynthetic process 1.56 1.80 1.15 

C023R106 Lysine-specific demethylase 2B-
like isoform X1 

P:primary metabolic process -1.29 1.34 1.73 

C227R133 Putative aminopeptidase W07G4.4 P:proteolysis -1.19 1.60 1.91 

C099R009 Receptor-type tyrosine-protein 

phosphatase F precursor 

F:protein tyrosine phosphatase 

activity 

-1.29 1.44 1.86 

C060R108 Cytochrome c oxidase subunit II C:respiratory chain complex IV 1.05 1.28 1.23 
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C097R143 NADH dehydrogenase 
[ubiquinone] 1 alpha subcomplex 

subunit 4-like 2 

C:mitochondrial respiratory chain 
complex IV 

1.46 -1.10 -1.60 

C119R046 Isocitrate dehydrogenase [NAD] 
subunit alpha, mitochondrial 

precursor 

P:tricarboxylic acid cycle -1.23 1.41 1.74 

C079R021 Receptor activity-modifying 
protein 1 precursor 

P:positive regulation of cellular 
biosynthetic process 

-1.67 -1.26 1.32 

aRefers to the identifier of the probe on the 44K microarray. bThe protein name of the best BLASTx hit of 

microarray probe. BLASTn-identified genes are denoted with an asterisk (*). For qPCR-analyzed genes 

(underlined), gene symbol is indicated in brackets, differentiating paralogues if possible. cRepresentative 

gene ontology (GO) term mapped to each microarray probe. Complete GO terms for each probe are shown 

in Supplemental Table S2.1. GO term obtained from Homo sapiens or Mus musculus putative orthologues 

denoted with a dagger (†). GO categories: biological process (P), molecular function (F), and cellular 

component (C). dFold-change (FC) values between two dietary treatments with bold font indicate statistical 

significance (PFP < 10%). 
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Table 2.5. A subset of microarray-identified ω3 LC-PUFA responsive genes involved in 

redox homeostasis that were differentially expressed in the liver of Atlantic salmon. 

 

Probe IDa Geneb Functional annotationc 

Fold-change (FC) valuesd 

ω3LC1.0 

 vs 

ω3LC0 

ω3LC1.4 

 vs 

ω3LC0 

ω3LC1.4 

 vs 

ω3LC1.0 

Redox homeostasis 

C064R163 Glutaredoxin-1 (glrx1) P:cell redox homeostasis 2.00 -1.02 -2.03 

C058R098 Glutaredoxin-1 (glrx1) P:cell redox homeostasis 1.36 -1.38 -1.88 

C121R018 Glutaredoxin-1 (glrx1) P:cell redox homeostasis 1.24 -1.49 -1.85 

C224R002 Glutaredoxin-1 (glrx1) P:cell redox homeostasis 1.20 -1.55 -1.86 

C136R102 Microsomal glutathione S-transferase 

1 (mgst1) 

P:glutathione metabolic process 1.68 -1.18 -1.98 

C013R125 Phospholipid hydroperoxide 
glutathione peroxidase, mitochondrial 

precursor (gpx4a) 

P:response to oxidative stress 1.54 1.36 -1.13 

C049R143 Alcohol dehydrogenase 1 F:S-
(hydroxymethyl)glutathione 

dehydrogenase activity 

-1.14 1.56 1.78 

C247R158 Branched-chain-amino-acid 

aminotransferase, cytosolic 

P:oxidation-reduction process -1.09 1.64 1.78 

C061R061 Retinol dehydrogenase 12 P:oxidation-reduction process -1.25 -1.70 -1.36 

C042R054 Probable D-lactate dehydrogenase, 

mitochondrial 

P:oxidation-reduction process -1.45 1.24 1.80 

C264R033 Retinol dehydrogenase 3 (rdh3a) P:oxidation-reduction process -1.71 1.18 2.01 

C126R012 FAD-linked sulfhydryl oxidase ALR 

(gfer) 

P:oxidation-reduction process -2.42 -1.35 1.79 

a,b,c,dAll column constructions are as described in Table 2.4.  
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Table 2.6. A subset of microarray-identified ω3 LC-PUFA responsive genes involved in 

immune function that were differentially expressed in the liver of Atlantic salmon. 
 

Probe IDa Geneb Functional annotationc 

Fold-change (FC) valuesd 

ω3LC1.0 

 vs 

ω3LC0 

ω3LC1.4 

 vs 

ω3LC0 

ω3LC1.4 

 vs 

ω3LC1.0 

Antibacterial 

C159R112 Leukocyte cell-derived chemotaxin 2 
precursor (lect2a) 

P:response to bacterium -2.33 1.27 2.97 

C164R142 Leukocyte cell-derived chemotaxin 2 

precursor (lect2a) 

P:response to bacterium -2.00 1.05 2.09 

C134R121 Leukocyte cell-derived chemotaxin 2 

precursor (lect2a) 

P:response to bacterium -1.99 1.15 2.29 

C172R005 Lysozyme C II precursor (lyz2) P:defense response to bacterium -1.49 1.13 1.69 

C099R149 Lysozyme C II precursor (lyz2) P:defense response to bacterium -1.17 1.40 1.63 

C247R087 Pleiotrophic factor-alpha-2 precursor P:defense response to bacterium -1.49 1.19 1.77 

C195R122 CD59 Glycoprotein P:defense response to Gram-

negative bacterium 

-1.15 1.62 1.86 

C085R091 Serum amyloid A-5 protein 
precursor* 

P:acute-phase response† 1.15 1.26 1.09 

Antiviral 

C093R102 Interferon regulatory factor 3 (irf3) P:defense response to virus† 1.40 -1.29 -1.80 

C236R043 Interferon-induced GTP-binding 

protein Mx b (mxb) 

P:response to type I interferon 1.44 -1.47 -2.12 

C055R128 Interferon-induced protein with 

tetratricopeptide repeats 5 (ifit5) 

P:defense response to virus† 1.39 -1.49 -2.07 

C058R152 Interferon-induced very large 
GTPase 1 

F:GTP binding 1.57 -1.06 -1.67 

C159R004 Interferon-inducible protein Gig2-

like, partial 

P:defense response to virus -1.77 -1.22 1.44 

C128R041 Galectin-9* P:cellular response to interferon-

gamma† 

-1.14 -1.91 -1.68 

C180R027 GTPase IMAP family member 7 
(gima7a) 

F:GTP binding -1.25 -2.14 -1.71 

C042R095 GTPase IMAP family member 7 

(gima7a) 

F:GTP binding 1.57 -1.25 -1.96 

Adaptive immune response 

C027R162 MHC class I antigen P:antigen processing and 

presentation of peptide antigen 
via MHC class I 

1.03 1.32 1.28 

C192R116 MHC class I antigen P:antigen processing and 

presentation of peptide antigen 
via MHC class I 

1.51 -1.47 -2.22 

C197R118 Immunoglobulin light chain 

precursor  

P:antigen processing and 

presentation of peptide antigen 
via MHC class I 

1.67 -1.03 -1.71 

C166R162 Ig kappa chain V-III region MOPC 

63 precursor 

P:immune response† 1.37 1.94 1.41 

C151R068 Ig mu chain C region membrane-

bound form (igm) 

P:adaptive immune response† 1.21 1.94 1.60 

C264R117 Ig mu chain C region membrane-

bound form (igm) 

P:adaptive immune response† 1.28 2.35 1.84 

C205R051 Ig mu chain C region membrane-

bound form (igm) 

P:adaptive immune response† 1.28 1.75 1.37 

C012R159 Ig mu chain C region membrane-

bound form (igm) 

P:adaptive immune response† 1.36 1.79 1.32 

C061R085 Ig mu chain C region membrane-
bound form (igm) 

P:adaptive immune response† 1.48 1.95 1.32 

C075R137 Ig mu chain C region membrane-

bound form (igm) 

P:adaptive immune response† 1.80 2.05 1.13 
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C087R072 Immunoglobulin superfamily 
member 6 precursor 

P:cell surface receptor signaling 
pathway† 

1.72 -1.04 -1.79 

Other immune-related 

C190R106 PREDICTED: fucolectin-6-like* P:regulation of complement 

activation, lectin pathway† 
-1.85 -1.42 1.30 

C246R052 Nuclear factor of activated T-cells 5-

like* 

P:positive regulation of 

NIK/NF-kappaB signaling† 
1.70 1.65 -1.03 

C057R114 PREDICTED: purine nucleoside 
phosphorylase-like* 

P:positive regulation of T cell 
proliferation 

-1.77 -1.81 -1.03 

C127R051 Purine nucleoside phosphorylase P:positive regulation of T cell 

proliferation 

-1.55 -1.92 -1.24 

C137R023 4F2 cell-surface antigen heavy chain P:leukocyte migration† -1.78 -1.36 1.31 

C163R079 PREDICTED: C-C motif chemokine 

19-like* 

P:inflammatory response† -1.70 -1.38 1.24 

C068R097 PREDICTED: ladderlectin-like* F:carbohydrate binding -1.13 1.55 1.74 

C134R069 Lectin precursor P:immune response 1.05 -1.49 -1.56 

C187R013 Proteasome subunit beta type-6 

precursor 

P:immune system process -1.22 -1.73 -1.42 

C117R007 Caspase recruitment domain-
containing protein 9 

P:positive regulation of innate 
immune response 

-1.72 1.03 1.77 

C089R017 Rho/Rac guanine nucleotide 

exchange factor 2 

P:innate immune response -1.88 -1.06 1.76 

C240R145 Tyrosine-protein kinase FRK P:innate immune response 1.72 1.12 -1.54 

C050R143 Tyrosine-protein kinase SRK2 (srk2) P:innate immune response 1.76 -1.27 -2.24 

C108R011 Stabilin-2 precursor P:positive regulation of 

lymphangiogenesis 

-1.35 1.21 1.64 

C156R109 Eukaryotic translation initiation 
factor 4 gamma 2 

P:cytokine-mediated signaling 
pathway 

2.11 -1.36 -2.86 

C029R088 CD9 antigen C:integral component of 

membrane 

1.30 -1.45 -1.89 

a,b,c,dAll column constructions are as described in Table 2.4. 
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process), three were significantly down-regulated (e.g. gck, g6pda) in fish fed ω3LC1.0 

diet compared with ω3LC0 diet; beta-enolase (eno3a) was down-regulated by ω3LC1.4 

diet compared with both ω3LC0 and ω3LC1.0 diets, this down-regulation being 

statistically significant for ω3LC1.0 diet. Regarding lipid metabolism relevant genes, 6 of 

them (e.g. fadsd5 and fasb) were significantly down-regulated by ω3LC1.4 diet compared 

with ω3LC0 diet; sterol regulatory element-binding protein 1 (srebp1) and very long-chain 

acyl-CoA synthetase were up-regulated in fish fed ω3LC1.0 diet compared with ω3LC1.4 

and ω3LC0 diets, respectively. In addition, three lipid metabolism-related probes [i.e. 

pyruvate dehydrogenase kinase isozyme 2, mitochondrial precursor (pdk2a); fatty acyl-

CoA hydrolase precursor, medium chain-like isoform X2; and fatty acid synthase (fasb)], 

were down-regulated in fish fed ω3LC1.0 diet compared with ω3LC0 diet. Of the genes 

related to other metabolic processes, 2 probes encoding csad were up-regulated in fish fed 

ω3LC1.0 and/or ω3LC1.4 diets compared with ω3LC0 group. 

Regarding the redox relevant differentially expressed genes, glutaredoxin-1 (glrx1; 

probe C064R163), microsomal glutathione S-transferase 1 (mgst1), and phospholipid 

hydroperoxide glutathione peroxidase, mitochondrial precursor (gpx4a) were up-

regulated in fish fed ω3LC1.0 diet compared with fish fed ω3LC0 diet (Table 2.5). All 

probes representing glrx1 and mgst1 were also up-regulated in ω3LC1.0 group compared 

with ω3LC1.4 group. In addition, 5 probes representing genes involved in redox 

homeostasis [e.g. alcohol dehydrogenase 1 and retinol dehydrogenase 3 (rdh3a)] were 

down-regulated by ω3LC1.0 diet compared with ω3LC1.4 diet.  
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Among the immune-related probes identified as differentially expressed between 

diet groups, 8 probes were classified as antibacterial [e.g. leukocyte cell-derived 

chemotaxin 2 precursor (lect2a) and lysozyme CII precursor (lyz2)], 8 probes were 

annotated as antiviral [e.g. interferon regulatory factor 3 (irf3) and interferon-induced 

GTP-binding protein Mx (mxb)], and a number of probes were related to adaptive immune 

response [e.g. Ig mu chain C region membrane-bound form (igm)] and other immune 

processes [e.g. tyrosine-protein kinase SRK2 (srk2) and stabilin-2 precursor] (Table 2.6). 

Overall, 7 of those classified as antibacterial (e.g. lect2, lyz2, and CD59 glycoprotein) were 

up-regulated by ω3LC1.4 diet compared with ω3LC1.0 diet. Genes involved in the antiviral 

response [e.g. irf3, mxb, and interferon-induced protein with tetratricopeptide repeats 5 

(ifit5)] were down-regulated in fish fed ω3LC1.4 diet compared with fish fed ω3LC1.0 diet 

except for interferon-inducible protein Gig2-like, partial. Among microarray-identified 

genes related to antigen processing and presentation, 7 probes representing 

immunoglobulin genes (e.g. igm) were up-regulated in fish fed ω3LC1.4 diet compared 

with ω3LC0 group. It is worth noting that srk2, classified under “other immune-related”, 

was up-regulated by ω3LC1.0 diet compared with both ω3LC0 and ω3LC1.4 diets.  

2.4.3 qPCR validation 

Twenty-two microarray-identified genes (excluding paralogues and elovl2) were 

subjected to qPCR validation. Eight of these transcripts (36.4%), namely fadsd5, fadsd6a, 

fasb, mgst1, glrx1, pdk2a, lect2a and lyz2, were shown to be significantly affected by 

dietary DHA and EPA; twelve of the remaining transcripts analyzed agreed with the 

microarray results in the direction of change (i.e. up- or down-regulation) (Figures 2.2-



  

61 

 

2.4). In addition, the fold-change values calculated from microarray log2 ratios and fold-

change values calculated from qPCR RQs showed a highly significant correlation (R2 = 

0.5835; p < 0.0001), indicating good overall validation of microarray results by qPCR 

(Supplemental Figure S2.1). 

Considering metabolism-related transcripts, expression levels of fadsd5, fadsd6a 

and fasb were significantly lower in fish fed ω3LC1.0 and ω3LC1.4 diets compared with 

fish fed ω3LC0 diet except for fadsd5 which only showed a trend (p = 0.09) in fish fed 

ω3LC1.0 (Figure 2.2b-d). Transcript expression levels of elovl2 trended higher (p = 0.09) 

in fish fed the ω3LC0 diet compared with the ω3LC1.0 group (Figure 2.2a). Although not 

statistically significant, srebp1 transcript levels appeared to be down-regulated by the 

ω3LC1.4 diet compared with fish fed diets with lower levels of DHA and EPA (Figure 

2.2e; p = 0.12 and p = 0.06). In addition, pdk2a transcript levels were down-regulated by 

both ω3LC1.0 and ω3LC1.4 diets, with this down-regulation (~ 2-fold) being statistically 

significant for the ω3LC1.0 diet (Figure 2.2f). There were no significant differences in 

transcript expression levels of carbohydrate metabolism-related (gck, g6pda, and eno3a) 

and taurine biosynthetic process relevant (csada and csadb) genes among dietary groups 

(Figure 2.2g-k); however, the qPCR results did agree with the microarray results in 

direction of change. 

Considering redox-relevant transcripts, mgst1 expression level was significantly 

up-regulated by the ω3LC1.0 diet compared with ω3LC0 and ω3LC1.4 (Figure 2.3b); the 

up-regulation of glrx1 expression by the ω3LC1.0 diet was only significant when compared 
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Figure 2.2. qPCR analysis of transcripts with putative roles in lipid (a-f), carbohydrate (g-

i), and taurine (j-k) metabolism in the liver of salmon fed diets contain different levels of 

ω3 LC-PUFA. Columns and error bars represent mean relative quantity (RQ) values and 

SE, respectively. Significant difference by dietary treatment is indicated with asterisks 

(Student's t-test: *, p < 0.05). Fold-change is shown in brackets next to the asterisks. 
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Figure 2.3. qPCR analysis of transcripts with putative roles in redox homeostasis (a-e) in 

the liver of salmon fed diets containing different levels of ω3 LC-PUFA. Columns and 

error bars represent mean relative quantity (RQ) values and SE, respectively. Significant 

difference by dietary treatment is indicated with asterisks (Student's t-test: *, p < 0.05; **, 

p < 0.001). Fold-change is shown in brackets next to the asterisks. 
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Figure 2.4. qPCR analysis of transcripts with putative roles in immune function (a-i) in 

the liver of salmon fed diets contain different levels of ω3 LC-PUFA. Columns and error 

bars represent mean relative quantity (RQ) values and SE, respectively. Significant 

difference by dietary treatment is indicated with asterisks (Student's t-test: *, p < 0.05). 

Fold-change is shown in brackets next to the asterisks.  
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with ω3LC1.4 (Figure 2.3c). There were no significant differences in the transcript 

expression levels of gpx4a, rdh3a and gfer among dietary treatments; furthermore, the 

qPCR results did not agree with the microarray results for rdh3a and gfer in direction of 

change (Figure 2.3a, d and e). 

Expression levels of three well-known antiviral transcripts (irf3, mxb and ifit5), as 

well as gima7a, all trended lower (p-values ranging from 0.06 to 0.14) in fish fed ω3LC1.4 

compared with fish fed ω3LC1.0 and/or ω3LC0 diets (Figure 2.4a-d). There were no 

significant differences in srk2 and igma transcript expression levels among dietary groups 

(Figure 2.4e and f); however, igmb levels trended higher (p = 0.08) in the liver of salmon 

fed ω3LC1.4 diet compared with ω3LC0 (Figure 2.4g). Fish fed ω3LC1.4 diet also 

significantly up-regulated lect2a and lyz2 transcript expression compared with ω3LC1.0 

diet (Figure 2.4h and i). 

2.4.4 Correlations between transcript expression levels and liver fatty acids 

In hierarchical clustering analyses, transcripts involved in the interferon pathway 

(e.g. mxb, irf3, and ifit5) grouped with most of the lipid metabolism-related transcripts (e.g. 

srebp1, fadsd6a, and fasb) in Cluster I (Figure 2.5). Cluster II consisted of igmb and mgst1; 

while the antibacterial transcripts (lyz2 and lect2a) were segregated in Cluster III. 

Interestingly, elovl2 and pdk2a were grouped together in Cluster IV, separate from other 

lipid metabolism transcripts. Liver FA levels and ratios were segregated into three major 

groups by clustering analysis (Figure 2.5). All of the ω6 fatty acids including ARA 

(20:4ω6) except 20:2ω6, as well as MUFA, were grouped together (Cluster I), while most 
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Figure 2.5. Matrix representing Pearson's correlation coefficients between RQs (log2-

transformed) of the qPCR-analyzed transcripts (rows) and the different lipid composition 

parameters (columns) in the liver of salmon fed the experimental diets. Transcriptomic and 

phenotypic data were arranged based on hierarchical clustering analyses performed using 

Pearson correlation resemblance matrices (PRIMER, Version 6.1.15, Ivybridge, UK). 

Pearson's correlation coefficients with significant regressions (p < 0.05) are shown. EPA: 

eicosapentaenoic acid (20:5ω3); ARA: arachidonic acid (20:4ω6); SFA: saturated fatty 

acids; PUFA: polyunsaturated fatty acid; DHA: docosahexaenoic acid (22:6ω3); MUFA: 

monounsaturated fatty acids.  
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of the ω3 fatty acids were grouped in Clusters II and III. Cluster II comprised DHA 

(22:6ω3), EPA (20:5ω3), 22:5ω3, the sum of SFA, and the sum of PUFA, as well as two 

important fatty acids ratios (EPA/ARA and ω3/ω6). DHA/EPA, weight gain, and 20:2ω6, 

as well as ω3 LC-PUFA precursors (18:3ω3, 20:3ω3, and 20:4ω3), were grouped in Cluster 

III.  

Fatty acid synthesis-related transcript expression levels (namely fadsd6a, fadsd5, 

and/or fasb) exhibited major significant correlations with different fatty acid parameters 

according to the linear regression analysis (Figure 2.5). Among these transcripts, there 

were a total of 13 significantly positive correlations found with five ω6 fatty acids (22:4ω6, 

20:3ω6, ARA, 22:5ω6, 18:2ω6) and the sum of MUFA, and a total of 18 negative 

correlations found with five ω3 fatty acids (DHA, EPA, 18:3ω3, 20:4ω3, 20:3ω3), the sums 

of SFA and PUFA, and fatty acid ratios (EPA/ARA and ω3/ω6). Levels of srebp1, mxb, 

and irf3 were positively and negatively correlated with 20:3ω6 and ω3/ω6, respectively. In 

addition, levels of mxb, irf3, and gima7a were negatively correlated with EPA; while mxb 

and gima7a also showed negative correlations with EPA/ARA. Levels of glrx1 showed a 

positive correlation with 20:2ω6. Levels of pdk2a showed positive correlations with 

18:2ω6, 18:3ω6, and 18:4ω3, and negative correlations with DHA, EPA, 20:2ω6, ω3/ω6, 

and weight gain. Surprisingly, levels of elovl2 were only negatively correlated with EPA. 

No significant correlation was found between levels of ifit5, srk2, mgst1 and of two 

antibacterial transcripts (lyz2 and lect2a) with hepatic lipid composition parameters. 
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2.4.5 Treatment comparisons by multivariate statistical analyses 

PCoA was able to segregate the three dietary groups, and confirmed the 

associations between the transcriptomic (i.e. transcription of qPCR-analyzed genes) and 

phenotypic (i.e. liver fatty acid composition) parameters (Figure 2.6a). The ω6 fatty acid 

family (e.g. 20:3ω6, 22:5ω6, ARA) and ω3 fatty acid family (e.g. EPA and DHA), as well 

as ratios of EPA/ARA and ω3/ω6, had the greatest influence on PCO1. PCO1 accounted 

for 36.8% of the variation among samples (Figure 2.6a). PCO2 explained 17.1% of the 

variability, and was most strongly influenced by 22:5ω3, srk2, ifit5, glrx1, and mgst1. 

PERMANOVA was conducted in order to quantitatively compare differences among 

samples from fish fed different levels of DHA+EPA in fatty acid composition and 

transcript expression. The results showed that all pair-wise comparisons between diets 

were highly significant (Figure 2.6b). SIMPER was further conducted to explore the major 

drivers that differentiated dietary treatments. The comparison of the liver fatty acid profile 

and transcript expression between fish fed ω3LC1.4 and ω3LC0 diets was the most 

dissimilar (average dissimilarity = 27.99%), with 8 fatty acids and/or ratios (e.g. 18:3ω6, 

22:5ω6, EPA/ARA) and 4 lipid metabolism-related transcripts (e.g. fadsd5, fasb, srebp1) 

as the top 50% contributing variables to this dissimilarity (Figure 2.6b). The comparison 

of the liver fatty acid profile and transcript levels between fish fed ω3LC1.0 and ω3LC0 

diets was less dissimilar (average dissimilarity = 24.87%), with 6 fatty acids (e.g. 18:3ω6, 

22:5ω6, ARA) and 7 transcripts (e.g. fadsd5, elovl2, mxb) as the top 50% contributing 

variables to this dissimilarity. The comparison of the liver fatty acid profile and transcript 
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Figure 2.6. (a) Principal coordinate analysis (PCoA), (b) permutational multivariate 

ANOVA (PERMANOVA) and similarity of percentages analysis (SIMPER), of analyzed 

transcripts (log2 RQ values) and the different lipid composition parameters in the liver of 

salmon fed the experimental diets. p (perm) is the statistical significance value obtained 

from PERMANOVA. The pair-wise comparisons were conducted with 9999 permutations. 

Average dissimilarity and contributing variables (top 50%) were obtained through 

SIMPER. 
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levels between fish fed ω3LC1.4 and ω3LC1.0 diets was the least dissimilar (average 

dissimilarity = 20.23%), with only 1 fatty acid (20:3ω3) and 10 transcripts (e.g. mgst1, 

mxb, lect2a, and srebp1) as the top 50% contributing variables to this dissimilarity. 

2.5 Discussion 

2.5.1 Effects of dietary ω3 LC-PUFA on the growth performance of Atlantic salmon 

The goal of the current study was to evaluate the influence of graded levels of 

dietary DHA and EPA (0, 1.0 and 1.4% of the diet, as formulated; 0.75, 3.57 and 4.74% of 

total fatty acids, as fed), in the presence of high levels of LA, on Atlantic salmon 

performance and hepatic transcript expression. High levels of LA in diets primarily resulted 

from the inclusion of rapeseed oil as the main oil source. The relatively low DHA+EPA (< 

2%) and high lipid content (> 27%) in the current experimental diets may be regarded as 

practical for modern salmon farming (Rosenlund et al., 2016; Eslamloo et al., 2017). In 

contrast to the growth data presented by Foroutani et al. (2018) which involved 7 dietary 

treatments, data reanalysis including only the 3 diets relevant to the present study showed 

that Atlantic salmon post-smolts performed better on ω3LC1.0 and ω3LC1.4 diets 

compared with fish fed ω3LC0 diet based on the growth parameter assessment. Similarly, 

Rosenlund et al. (2016) used VO mix (rapeseed, palm, and linseed oils) to substitute FO in 

order to manipulate dietary levels of ω3 LC-PUFA and showed that Atlantic salmon have 

a specific requirement for DHA+EPA at 2.7 to 4.4% of total fatty acids (approximately 1.0 

to 1.5% of diet) based on long-term growth performance data. Another study on salmon 

smolts also showed better growth when fed with 1.0% DHA supplemented with 1.0% EPA 
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(as fed) compared to fish fed only DHA supplemented diets (Glencross et al., 2014). 

Collectively, these results support the hypothesis that approximately 1.0% of dietary ω3 

LC-PUFA (mainly EPA and DHA) is needed for optimal growth of Atlantic salmon. 

However, the impact of low level of dietary ω3 LC-PUFA in the presence of high level of 

LA on salmon metabolism, physiology and immune function is less well understood.  

2.5.2 Effects of dietary ω3 LC-PUFA on nutrient metabolism of Atlantic salmon 

In the current microarray experiment, two genes directly involved in glycolysis, gck 

(not significant in the qPCR analysis, but agreeing in direction of change) and 

glyceraldehyde-3-phosphate dehydrogenase, showed decreased expression in fish fed 

ω3LC1.0 and ω3LC1.4 diets compared with fish fed ω3LC0 diet, suggesting possible 

decreased hepatic glycolysis in Atlantic salmon fed ω3LC1.0 and ω3LC1.4 diets. Gck 

phosphorylates glucose to produce glucose-6-phosphate, the first step in most glucose 

metabolism pathways, in the liver of fish and other vertebrates (Wilson, 1994). Similarly, 

in mammals, higher contents of PUFAs including DHA and EPA are known to suppress 

hepatic glycolysis through the inhibition of genes involved in glucose utilization (Dentin 

et al., 2005).  

Gck activity supplies the oxidative branch of the pentose phosphate pathway (PPP) 

with glucose-6-phosphate (Wamelink et al., 2008). G6pda encodes an enzyme that 

mediates this pathway and was microarray-detected in the current study as down-regulated 

by ω3LC1.0 diet. qPCR analyses of g6pda support the trend (although not significant) 

observed in the microarray results, which showed down-regulation in fish fed ω3LC1.0 

and ω3LC1.4 diets compared with fish fed ω3LC0 diet. G6pd reduces NADP+ to NADPH 



  

72 

 

while oxidizing glucose-6-phosphate (Wamelink et al., 2008). The production of NADPH 

is needed for fatty acid biosynthesis and the maintenance of the redox state of hepatocytes 

in fish and other vertebrates (Hemre et al., 2002). G6pd activity was previously found to 

be inhibited by both DHA and EPA in a rainbow trout hepatocyte study (Alvarez et al., 

2000). Therefore, the down-regulation trends of genes involved in the PPP in fish fed 

ω3LC1.0 diet may reflect the lower demand of NADPH for fatty acid biosynthesis in these 

fish. 

Pdk2a encodes an enzyme that directly inhibits pyruvate dehydrogenase activity, 

and thereby inhibits the formation of acetyl-coA from pyruvate (i.e. end product of 

glycolysis). The current qPCR analysis confirmed significant up-regulation of pdk2a 

transcript in fish fed ω3LC0 diet compared with the ω3LC1.0 group. As previously 

discussed, fish fed the ω3LC0 diet might have increased glycolysis, which provides 

substrates and energy for fatty acid synthesis. The up-regulation of pdk2a in fish fed 

ω3LC0 diet may represent a negative feedback mechanism in restricting the conversion of 

glucose into fatty acids. Hemre et al. (2002) suggested that carbohydrate in fish diets is 

needed to stimulate lipid biosynthesis not so much through the delivery of carbon 

backbones (i.e. acetyl-coA), but instead via increased availability of reducing equivalents 

(i.e. NADPH). Nevertheless, the present study also showed that the expression level of 

pdk2a was negatively correlated with several lipid composition parameters in the liver 

including EPA, DHA, and ω3/ω6 ratio, suggesting roles in fatty acid metabolism. In sum, 

further research is needed on the molecular mechanisms controlling conversions of glucose 
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for fatty acid/lipid synthesis in the liver of Atlantic salmon, especially under a limited 

supply of dietary ω3 LC-PUFA.  

In the current study, the expression levels of transcripts involved in the LC-PUFA 

biosynthesis pathway (i.e. fadsd5 and fadsd6a) and in the formation of LC-FA from acetyl-

CoA and malonyl-CoA (i.e. fasb) were down-regulated in salmon fed ω3LC1.0 and/or 

ω3LC1.4 diets. In a previous study in Atlantic salmon, the macrophage-like SHK-1 cell 

line showed decreased transcript expression of genes involved in fatty acid biosynthesis 

(fas, fadsd5 and fadsd6a) in response to EPA/DHA supplementation, and these genes were 

thought to be targets of srebp1 (Minghetti et al., 2011). The transcript expression of srebp1 

in the present qPCR study was reduced (although not significantly) in fish fed ω3LC1.4 

diet, which was also observed previously (Betancor et al., 2014; Hixson et al., 2017). 

Collectively, these results confirm that srebp1 plays a key role in regulating fatty acid 

synthesis including LC-PUFA biosynthesis. The current linear regression analyses showed 

that fatty acid biosynthesis-related genes except elovl2 were positively correlated with ω6 

fatty acids, and negatively correlated with ω3 fatty acids and two important fatty acid ratios 

(i.e. EPA/ARA and ω3/ω6). These findings further confirmed that the ω3 LC-PUFA 

synthesis pathway can be activated when dietary EPA and DHA levels are low. In addition, 

as suggested by Katan et al. (2019), the positive correlation identified between fatty acid 

biosynthesis-related transcripts and some of the ω6 fatty acids found in the current study 

may indicate an activated ω6 LC-PUFA biosynthesis pathway in fish fed ω3LC0 diet. 

The elongase-encoding transcript elovl2 was less affected (i.e. no significant 

changes) by dietary DHA and EPA compared with desaturase-encoding transcripts; 
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however, the elovl2 transcript level did correlate negatively with the liver EPA level. The 

transcript expression response of elovl2 to dietary ω3 LC-PUFA level in Atlantic salmon, 

usually resulting from replacing FO with different VOs, varies greatly across different 

studies and experimental settings (Morais et al., 2009; Xue et al., 2015; Hixson et al., 2017). 

The regulatory mechanism for elongase-encoding genes including elovl2 in Atlantic 

salmon warrants further investigation.  

According to the microarray analyses, csad (both a and b), encoding key enzymes 

in taurine synthesis, were up-regulated (not significant in the qPCR analyses, but agreeing 

in direction of change) in fish fed ω3LC1.0 compared with fish fed ω3LC0 diet. Taurine is 

a sulfonic acid/free amino acid found in high concentrations in the tissues of animals 

including mammals, birds, fish and aquatic invertebrates (Salze and Davis, 2015). In 

mammals, taurine is involved in a variety of functions including bile salt conjugation, 

osmoregulation, antioxidation, immunomodulation, and neuroprotection (Salze and Davis, 

2015). A previous study examined the effect of taurine supplementation on antioxidant 

status of totoaba (Totoaba macdonaldi), and showed a significant reduction of liver lipid 

peroxidation (Bañuelos-Vargas et al., 2014). It is important to note that the taurine levels 

(although not measured) were expected to be the same across the three experimental diets 

since the feed ingredients (e.g. FM and poultry by-product meals) that contain taurine were 

not changed across diet formulations. I hypothesize that the increased expression (although 

not significant) of csad in fish fed ω3LC1.0 diet may be a response to increased lipid 

peroxidation as suggested by the expression of two redox homeostasis relevant genes 

(mgst1 and glrx1; see discussion below). 
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2.5.3 Effects of dietary ω3 LC-PUFA on redox homeostasis of Atlantic salmon 

The qPCR analysis of mgst1 and glrx1 transcript expression confirmed their up-

regulation by the ω3LC1.0 diet compared with the ω3LC0 diet. Mgst1, a membrane bound 

glutathione transferase, has been shown to be able to neutralize lipid peroxides and 

conjugate other reactive intermediates to glutathione (reviewed by Schaffert, 2011). 

Rabbits fed high DHA diets showed increased expression of MGST1, coinciding with 

enhanced lipid peroxidation in the liver (Gladine et al., 2012). Similarly, Betancor et al. 

(2015) found that zebrafish fed DHA-rich diet had considerably increased lipid 

peroxidation. Glrx1, a small thiol transferase, protects against oxidative stress by reducing 

disulfides in targeted proteins. It relies on the reducing power of glutathione to maintain 

and regulate the cellular redox state (reviewed by Lillig et al., 2008). The transcript 

expression of glrx1 was increased in manila clam (Venerupis philippinarum) after chemical 

stress and bacterial challenge (Mu et al., 2012). It is worth noting that only one significantly 

positive correlation (i.e. 20:2ω6 with glrx1) was found between liver fatty acids and the 

transcript levels of these two redox relevant genes. Collectively, Atlantic salmon fed 1.0% 

of DHA+EPA diet may exhibit higher oxidative stress; however, such an effect was 

diminished in fish fed ω3LC1.4 diet. The mechanism for the decrease in oxidative stress 

in the liver of Atlantic salmon fed ω3LC1.4 diet remains unknown. 

2.5.4 Effects of dietary ω3 LC-PUFA on the hepatic immune-relevant gene 

expression of Atlantic salmon 

Fatty acids, particularly LC-PUFA, play an important role in innate immune 

responses (Calder, 2013; Eslamloo et al., 2017). According to the current qPCR results, the 
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mRNA levels of three well-known antiviral genes (irf3, mxb and ifit5) as well as gima7a 

showed consistent down-regulation trends (i.e. not significant) in fish fed ω3LC1.4 

compared with fish fed both ω3LC0 and ω3LC1.0 diets. This trend could also be 

interpreted as up-regulated expression in fish fed the lower DHA+EPA diets (i.e. ω3LC0 

and ω3LC1.0) relative to those fish fed the higher DHA+EPA diet. The constitutive 

transcript expression of mx in gilthead sea bream liver was elevated in fish fed a VO diet 

compared with FO control group (Montero et al., 2008). Furthermore, in a separate liver 

transcriptome study, Caballero-Solares et al. (2018) reported that a high vegetable diet 

(VEG; involving both fish meal and FO replacements) up-regulated the basal expression 

of antiviral transcripts (i.e., mxa, mxb, and ifit5). Alongside this study, Eslamloo et al. 

(2017) utilized an ex vivo model to study the effects of ω3LC1.0 and ω3LC1.4 diets on 

transcriptome profile of antiviral immune response in Atlantic salmon macrophages; 

however, the constitutive expression and viral mimic (i.e. polyriboinosinic 

polyribocytidylic acid) induction of mxb did not change in macrophages of Atlantic salmon 

fed different levels of dietary DHA+EPA (i.e. 1.0% vs 1.4%). Therefore, the mxb transcript 

responses seen in present and previous studies suggest that the influence of dietary 

EPA+DHA on antiviral gene expression of Atlantic salmon may be cell- and/or tissue-

dependent.  

The current linear regression analyses showed that the transcript expression of 

antiviral genes and/or gima7a correlated negatively with hepatic ω3/ω6 and EPA/ARA 

ratios, and EPA, and positively with 20:3ω6. This suggests that the expression changes in 

antiviral genes may be a function of ω3/ω6 and EPA/ARA ratios in the liver tissue rather 
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than being directly caused by different levels of dietary DHA and EPA. It is important to 

note that the dietary ARA content in ω3LC0 diet was actually lower compared with the 

other two feeds (Table 2.1); however, ARA level in the liver of fish fed this diet was 

significantly higher than fish fed other two diets (Foroutani, 2017). This is likely due to the 

higher expression of genes related to LC-PUFA biosynthesis in the fish fed ω3LC0 diet 

since these genes work on both ω3 and ω6 LC-PUFA synthesis pathways. Higher amounts 

of liver ARA in fish fed ω3LC0 diet may enhance the synthesis of ARA-derived 

eicosanoids, which promote stronger inflammation than those synthesized from EPA 

(Calder, 2013). In the present microarray experiment, no suggestion of changes in hepatic 

eicosanoid metabolism was found. However, Eslamloo et al. (2017) reported an increased 

transcript level of fabp4 (fatty acid-binding protein, adipocyte) in macrophages of Atlantic 

salmon fed ω3LC1.0 compared to ω3LC1.4, and this gene plays putative roles in positive 

regulation of inflammatory cytokine production. Further experiments are needed to 

elucidate the effect of different dietary DHA+EPA levels, and ω3/ω6 and EPA/ARA ratios, 

on interferon pathway activity, eicosanoid metabolism and ultimately immunity against 

viral infection in Atlantic salmon. 

Immunoglobulins (Igs), including IgM, are mediators of both innate and adaptive 

immunity in fish and other vertebrates (Ye et al., 2013; Makesh et al., 2015). In the present 

microarray experiment, the transcript levels of immunoglobulin genes including igm 

(represented by 7 probes) were higher (although not significant in the qPCR analyses) in 

fish fed ω3LC1.4 diet compared with ω3LC0 group. Similarly, the transcript level of igm 

was higher in the pyloric caeca of Atlantic salmon fry fed with FO diet compared with VO 
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diet fed fish based on RNA-seq analysis (Jalili et al., 2019). Moldal et al. (2014) also 

reported that Atlantic salmon fed a high soybean oil diet had significantly lower expression 

of both igm and igt in the distal intestine compared with FO control diet, agreeing with the 

higher transcript level of igm in ω3LC1.4 group from the present work. This suggests that 

higher level of DHA+EPA in the diet of Atlantic salmon may be associated with higher 

abundance of genes involved in adaptive immune responses.  

In contrast to antiviral transcript expression (i.e. irf3, mxb and ifit5), several key 

genes of the innate immune systems for defense against bacterial infection including lect2a, 

lyz2, pleiotrophic factor-alpha-2 precursor and CD59 glycoprotein, were shown by 

microarray and/or qPCR analyses to be more highly expressed in the liver of Atlantic 

salmon fed ω3LC1.4 diet compared with ω3LC1.0 group. Lect2 acts as a chemotactic 

factor to activate neutrophils, and its transcript expression was shown to be induced in 

various tissues in Vibrio alginolyticus-infected croceine croaker (Pseudosciaena crocea) 

(Li et al., 2008), and in Vibrio harveyi-infected Asian seabass (Lates calcarifer) (Fu et al., 

2014). The transcript expression of lect2 was also found to be influenced by diet in previous 

FO replacement studies in Atlantic salmon, and it was significantly up-regulated in the 

liver of salmon fed FO/high ω3 LC-PUFA diets (Morais et al., 2012; Xue et al., 2015). 

Lyz2 encodes an antimicrobial enzyme that plays a key role in the innate immune system 

(Gao et al., 2012). Lysozyme enzymatic activity in serum was significantly increased in 

large yellow croaker fed high ω3 LC-PUFA diets (Zuo et al., 2012). Similarly, in gilthead 

sea bream, the serum lysozyme activity showed a trend toward higher levels in fish fed FO 

diets compared with soybean and linseed oil replacement diets (Montero et al., 2010). 
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However, other studies on the inclusion of dietary VO in fish including Atlantic salmon 

showed no impact on serum lysozyme activity (Bell et al., 2006; Betancor et al., 2016). 

Cheng et al. (2015) reported that transgenic zebrafish (with enhanced liver-specific 

expression of fadsd6 and elovl5a) had significantly higher tissue DHA and EPA, and higher 

survival after challenging with Vibrio vulnificus, compared with the wild type controls. 

Collectively, my data and the results of others suggest that a higher dietary level of 

DHA+EPA (1.4%) in Atlantic salmon may be associated with stronger expression of 

antibacterial genes. 

Finally, it is worth noting that in a recent study Atlantic salmon fed 0.2 and 1.0% 

of DHA+EPA diets in the presence of high amounts of LA in a commercial sea cage setting 

showed a significant decrease in survival after delousing at high water temperature 

compared with fish fed 1.7% DHA+EPA diet (Bou et al., 2017b). This study suggested 

that 1.0% of dietary DHA+EPA in Atlantic salmon diet may be too low to maintain fish 

health or robustness under stressful conditions. Together with the current microarray and 

qPCR results related to immune-relevant genes, it is reasonable to hypothesize that Atlantic 

salmon fed 1.4% DHA+EPA of diet (i.e., ω3LC1.4) may have increased resistance to 

bacterial infection compared with fish fed 0% and 1.0% of DHA+EPA in diets in the 

presence of high dietary LA.  

2.5.5 Overall differences in fatty acid composition and transcript expression among 

fish fed different DHA+EPA levels 

Multivariate analyses including PCoA, PERMANOVA and SIMPER were 

conducted to explore overall differences in fatty acid composition and transcript expression 
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among samples from fish fed different levels of DHA+EPA. The loadings in the PCoA plot 

related to diet-driven changes. The ω6 fatty acid family and fatty acid biosynthesis-related 

transcripts were associated with the ω3LC0 diet (right side of the plot), while ω3 LC-PUFA 

loadings and fatty acid ratios appeared on the left side of the plot with the ω3LC1.4 diet. It 

is not surprising to see the fatty acid biosynthesis-related transcripts were more correlated 

with the ω6 fatty acid family since these diets contain higher amounts of short chain ω6 

fatty acids (e.g. LA) compared with short chain ω3 fatty acids (e.g. ALA). Overall, the 

PCoA validated the correlations between the transcriptomic and phenotypic parameters 

observed in the linear regression and hierarchical clustering analyses. 

As expected, there were marked differences in liver fatty acid composition and 

transcript expression of the qPCR-analyzed genes across dietary treatment as shown by 

PERMANOVA. The ω6 fatty acid family and fatty acid biosynthesis-related transcripts 

were the major drivers in the dissimilarity observed between fish fed ω3LC1.0 and 

ω3LC1.4 diets and those fed ω3LC0 diet. Interestingly, the majority of the top 50% 

variables contributing to the dissimilarity in the ω3LC1.4 and ω3LC1.0 diet comparison 

were the qPCR-analyzed genes including those with redox-relevant (mgst1), antiviral (mxb 

and irf3), antibacterial (lect2a and lyz2), and fatty acid biosynthesis-related (srebp1, 

fadsd5, and elovl2) functional annotations. This further indicates that fish fed ω3LC1.4 and 

ω3LC1.0 diets had similar hepatic fatty acid profiles, but contrasting transcript expression 

profiles. Since the increase in dietary DHA+EPA (from 1.0 to 1.4%) significantly 

modulated hepatic transcript expression of genes involved in several important pathways, 
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1.0% of dietary ω3 LC-PUFA (i.e. DHA+EPA) may not be the optimal level for Atlantic 

salmon under current diet formulations, especially with high inclusion of LA. 

2.6 Conclusions 

The present study demonstrates the use of functional genomic tools and techniques 

to identify and validate hepatic molecular biomarkers of Atlantic salmon response to 

different levels of dietary DHA+EPA in the presence of high LA. Overall, my results 

indicate that the experimental diets modulated the transcript expression of genes involved 

in carbohydrate metabolism, fatty acid synthesis, redox homeostasis, and immunity. Fish 

fed the 0% DHA+EPA diet (i.e. ω3LC0) seemed to be able to increase fatty acid synthesis 

capacity including LC-PUFA synthesis. Based on growth performance alone, 1.0% of ω3 

LC-PUFA (as formulated) seems to be a minimum requirement for Atlantic salmon. 

However, the transcript expression data showed modulation of molecular biomarkers 

involved in redox homeostasis (mgst1 and glrx1) and innate immune responses (irf3, mxb, 

lect2a, and lyz2) between ω3LC1.0 and ω3LC1.4 dietary treatments. In addition, there were 

significant correlations between some of these immune biomarkers (e.g. mxb and irf3) and 

liver fatty acid composition (e.g. EPA/ARA ratio and EPA). Therefore, the hepatic 

transcript expression changes may be a function of ω3/ω6 and EPA/ARA ratios in the tissue 

rather than being directly caused by different levels of dietary DHA and EPA. Finally, it is 

important to stress that future experiments such as environmental/pathogen challenges (e.g. 

virus vs bacteria) are needed to further assess the potential effects of dietary DHA and EPA 

on fish physiology and health. Also, the interaction between levels of DHA+EPA, shorter 
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chain precursors (ALA and LA) and fatty acid ratios (e.g. EPA/ARA and ω3/ω6) in the 

context of VO inclusion on Atlantic salmon health warrants further investigation.  

2.7 Supplemental materials 

The Supplemental Table and Figure for this chapter can be found in the 

supplemental materials of Xue et al. (2020) [available at: (https://doi.org/10.1007/s10126-

020-09950-x)]. These files (as listed below) have also been supplied in a zipped folder that 

accompanies this thesis. 

 

Supplemental Table S2.1. Complete list of microarray identified ω3 LC-PUFA 

responsive genes that were differentially expressed in the liver of Atlantic salmon (Rank 

Products analyses; PFP < 10%). 

 

Supplemental Figure S2.1. Scatterplot of gene expression fold-change values between 

diets calculated from the microarray log2 ratios and qPCR relative quantity (RQ) ratios. 

Each dot represents the fold-change of dietary comparison (ω3LC1.0 vs ω3LC0, 

ω3LC1.4vs ω3LC0, or ω3LC1.4 vs ω3LC1.0) for a given gene. 
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CHAPTER 3: Transcriptome profiling of Atlantic salmon (Salmo salar) 

parr with higher and lower pathogen loads following Piscirickettsia 

salmonis infection 

 

The research described in Chapter 3 has been published in the journal Frontiers in 

Immunology as: Xue, X., Caballero-Solares, A., Hall, J.R., Umasuthan, N., Kumar, S., 

Jakob, E., Skugor, S., Hawes, C., Santander, J., Taylor, R.G., Rise, M.L., 2021. 

Transcriptome profiling of Atlantic salmon (Salmo salar) parr with higher and lower 

pathogen loads following Piscirickettsia salmonis infection. Front. Immunol. 12, 789465. 
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3.1 Abstract 

Salmonid rickettsial septicemia (SRS), caused by Piscirickettsia salmonis, is one 

of the most devastating diseases of salmonids. However, the transcriptomic responses of 

Atlantic salmon (Salmon salar) in freshwater to an EM-90-like isolate (highly prevalent 

across Chilean salmon farms) have not been explored. Here, Atlantic salmon parr were 

infected with an EM-90-like isolate and time-course qPCR analyses of pathogen load and 

four biomarkers (campb, hampa, il8a, tlr5a) of innate immunity were conducted on the 

head kidney samples. Transcript expression of three of these genes (except hampa), as well 

as pathogen level, peaked at 21 days post-injection (DPI). Multivariate analyses of infected 

individuals at 21 DPI revealed two infection phenotypes [lower (L-SRS) and higher (H-

SRS) infection level]. Five fish from each group (Control, L-SRS, and H-SRS) were 

selected for transcriptome profiling using a 44K salmonid microarray platform. I identified 

1,636 and 3,076 differentially expressed probes (DEPs) in the L-SRS and H-SRS groups 

compared with the control group, respectively (FDR = 1%). Gene ontology term 

enrichment analyses of SRS-responsive genes revealed the activation of a large number of 

innate (e.g. “phagocytosis”, “defense response to bacterium”, “inflammatory response”) 

and adaptive (e.g. “regulation of T cell activation”, “antigen processing and presentation 

of exogenous antigen”) immune processes, while a small number of general physiological 

processes (e.g. “apoptotic process”, development and metabolism relevant) was enriched. 

Transcriptome results were confirmed by qPCR analyses of 42 microarray-identified 

transcripts. Furthermore, the comparison of individuals with differing levels of infection 

(H-SRS vs L-SRS) generated insights into the biological processes possibly involved in 
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disease resistance or susceptibility. This study demonstrated a low mortality (~30%) EM-

90-like infection model and broadened the current understanding of molecular pathways 

underlying P. salmonis-triggered responses of Atlantic salmon, identifying biomarkers that 

should aid in diagnosis and other methods to combat this pathogen.  
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3.2 Introduction 

There is an excellent potential for the aquaculture industry to expand to fulfill the 

worldwide seafood demand for human consumption (FAO, 2018). Atlantic salmon (Salmo 

salar) is one of the most economically important species currently farmed in the marine 

finfish aquaculture sector (Kiron, 2012). However, infectious diseases have resulted in 

substantial mortality and losses for Atlantic salmon aquaculture worldwide, affecting the 

growth and sustainability of the industry. Piscirickettsiosis or salmonid rickettsial 

septicemia (SRS) caused by the intracellular Gram-negative bacterial pathogen, 

Piscirickettsia salmonis, constitutes one of the main infectious diseases in salmonid 

aquaculture (Rise et al., 2004; Hernandez et al., 2016). For example, in Chile, it was 

estimated by the National Fisheries and Aquaculture Service that about 50% of disease-

causing mortalities in Atlantic salmon were attributed to piscirickettsiosis in 2020 

(Sernapesca, 2021). The economic losses caused by piscirickettsiosis to the Chilean 

aquaculture industry were approximately USD 700 million yearly (Maisey et al., 2017; 

Meza et al., 2019b). Occurrences of this pathogen have also been reported in farmed 

salmonids in Norway, Scotland, Ireland and Canada (Meza et al., 2019b; Jones et al., 2020). 

P. salmonis causes systemic, chronic septicemia in fish, which is characterized by a variety 

of clinical signs, including a discoloured and swollen head kidney, anemia, enlarged 

spleen, and skin and liver lesions (Rise et al., 2004; Maisey et al., 2017; Nourdin-Galindo 

et al., 2017). Although research progress has been made in several in vitro and in vivo 

models, the molecular mechanisms involved in P. salmonis pathogenesis are not entirely 

known (Maisey et al., 2017; Nourdin-Galindo et al., 2017). Attempts to control this disease 
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thus far have been unsuccessful due to the low efficacy of existing vaccines and antibiotic 

treatments (Rise et al., 2004; Nourdin-Galindo et al., 2017). 

Previous transcriptomic analyses of Atlantic salmon challenged with live P. 

salmonis showed up-regulation of genes involved in oxidative and inflammatory pathways 

(Rise et al., 2004; Tacchi et al., 2011) as well as up-regulation of genes related to cellular 

iron metabolism (Rise et al., 2004; Pulgar et al., 2015). These studies revealed the 

activation of numerous immune responses upon P. salmonis infection. However, it remains 

unclear which of these immune responses are protective and what role is played by the host 

iron withholding response (also known as nutritional immunity), which aims to limit the 

access of bacteria to iron and heme, by promoting intracellular storage away from invading 

pathogens (Cherayil, 2011; Díaz et al., 2021). The key iron regulator Hepcidin exerted a 

protective effect against the extracellular Flavobacterium columnare in grass carp 

(Ctenopharyngodon idella) (Wei et al., 2018), while suppression of hepcidin was 

associated with protection in Atlantic salmon challenged by the facultative intracellular 

Aeromonas salmonicida bacterium (Škugor et al., 2009). In contrast, a previous study with 

an iron chelator that successfully reduced the amount of available iron, had induction of 

hepcidin-1 in multiple organs of Atlantic salmon undergoing P. salmonis infection that 

coincided with improved survival compared with the groups supplemented with iron 

(Valenzuela-Muñoz et al., 2020). The study of Díaz et al. (2021) also showed positive 

effects of the iron chelator deferoxamine mesylate in P. salmonis infected salmon SHK-1 

cells which coincided with an increase in hepcidin expression. Possible host-pathogen 

interactions, such as the suppression of genes encoding pro-apoptotic proteins and 
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induction of cell proliferation-related genes were also suggested in early studies (Rise et 

al., 2004; Tacchi et al., 2011). The modulation of these host pathways may represent a 

mechanism used by P. salmonis to ensure the maintenance of host cells and to allow them 

to survive and replicate within host cells (Tacchi et al., 2011). In addition, this pathogen 

may inhibit the adaptive immune response in infected fish as a mechanism to evade host 

defenses and promote replication and survival (Rise et al., 2004; Tacchi et al., 2011; Rozas-

Serri et al., 2018b). 

In Chile, the existence of two distinct P. salmonis genogroups, LF-89-like and EM-

90-like strains, has been reported (Nourdin-Galindo et al., 2017; Saavedra et al., 2017; 

Meza et al., 2019b). Saavedra et al. (2017) found that EM-90-like isolates, similar to LF-

89-like ones, are highly prevalent and disseminated across Chilean marine farms. Studies 

revealed differences between these two genogroups in relation to geographic distribution, 

antibiotic susceptibility and host specificity (Saavedra et al., 2017). For example, P. 

salmonis field isolates showed a marked host preference with EM-90-like isolates 

exclusively recovered from farmed Atlantic salmon (Saavedra et al., 2017). Comparative 

pan-genome analysis of LF-89 and EM-90 strains has identified strain-specific virulence 

factors linked to adherence, colonization, invasion factors, and endotoxins (Nourdin-

Galindo et al., 2017). These genomic divergences may directly be associated with inter-

genogroup differences in pathogenesis and host-pathogen interactions (Nourdin-Galindo 

et al., 2017; Rozas-Serri et al., 2017; Rozas-Serri et al., 2018a; Rozas-Serri et al., 2018b). 

As a result, there has been a growing interest in studying the piscirickettsiosis resulting 

from EM-90-like isolates (Rozas-Serri et al., 2017; Rozas-Serri et al., 2018a; Rozas-Serri 
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et al., 2018b; Meza et al., 2019a; Meza et al., 2019b). Rozas-Serri et al. (2018b) evaluated 

the transcriptomic changes of post-smolt Atlantic salmon challenged with an EM-90-like 

P. salmonis via cohabitation in seawater. Fish infected with EM-90-like isolate showed 

extremely high mortality (100% in Trojans and 94.9% in cohabitant fish) (Rozas-Serri et 

al., 2017; Rozas-Serri et al., 2018a; Rozas-Serri et al., 2018b). However, relatively small 

numbers of differentially expressed genes (298 in Trojans and 170 in cohabitant fish) were 

identified. Meza et al. (2019a) also analyzed the disease development of salmon after being 

challenged with an EM-90-like strain in seawater and resulted in 100% mortality in both 

Trojan and cohabitant fish. The transcriptomic responses of Atlantic salmon parr in 

freshwater to an EM-90-like isolate have not been explored. Although piscirickettsiosis has 

often been reported in seawater-reared salmonids, previous reports have documented the 

disease in coho salmon (Oncorhynchus kisutch) and rainbow trout (O. mykiss) farmed in 

freshwater (Bravo, 1994; Gaggero et al., 1995), and experimental infection trials have been 

successfully demonstrated in freshwater reared coho salmon, Atlantic salmon and rainbow 

trout (Almendras et al., 1997; House et al., 1999; Smith et al., 1999).  

The present study aimed to explore the head kidney transcriptomic responses of the 

Atlantic salmon parr from a low mortality EM-90-like P. salmonis infection trial. Fish head 

kidney is one of the major organs of the immune system and is the functional homolog of 

the bone marrow (i.e. main site of haematopoiesis) in higher vertebrates (Zapata et al., 

2006). A low mortality infection model is needed to fill the gaps in the current knowledge 

regarding piscirickettsiosis outbreaks involving EM-90-like strains; this model can also be 

beneficial in evaluating the performance of novel functional feeds designed to improve fish 
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health and mitigating/reducing disease incidence in aquaculture. Samples collected from 

multiple time points post-infection (up to 42 days) were included to study the temporal 

patterns of pathogen level and host immune responses. All exposed fish in the present study 

received the same dose of P. salmonis; however, two infection phenotypes (higher and 

lower infection levels) at 21 days post-injection (DPI) were detected by multivariate 

analyses of pathogen load and levels of 4 antibacterial transcript biomarkers. A number of 

previous disease challenge studies in Atlantic salmon have shown that pathogen load can 

be used as a good indicator of disease resistance (Jørgensen et al., 2008; Timmerhaus et 

al., 2012; Dettleff et al., 2015; Pulgar et al., 2015). Dettleff et al. (2015) found that the 

bacterial load of fish infected with P. salmonis was significantly lower in resistant 

individuals when compared with the susceptible ones; the resistant fish had increased 

expression of c-type lysozyme in the head kidney, while the susceptible fish demonstrated 

an exaggerated innate immune response. Therefore, a specific focus on the transcriptional 

differences between lower and higher infection individuals (i.e. L-SRS vs H-SRS) was also 

attempted using the consortium for Genomic Research on All Salmonids Project 

(cGRASP)-designed Agilent 44K salmonid oligonucleotide microarray (Jantzen et al., 

2011). This particular microarray platform has proven to be a useful and robust tool in 

detecting differentially expressed transcripts in several immune-related studies in Atlantic 

salmon and rainbow trout (Sutherland et al., 2014a; Sutherland et al., 2014b; Müller et al., 

2015; Eslamloo et al., 2017; Eslamloo et al., 2020a; Eslamloo et al., 2020b; Umasuthan et 

al., 2020). I hypothesize that the exploration into transcriptomic differences between high 

and low infection individuals may provide insight into the molecular mechanisms 
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associated with the ability to evade or clear P. salmonis infection as well as the 

dysregulations leading to susceptibility and more adverse outcomes. Finally, this study 

revealed candidate biomarker genes that should be valuable for future SRS-related 

research. 

3.3 Materials and methods 

3.3.1 Experimental animals 

The P. salmonis disease challenge trial was conducted at the Cargill Innovation 

Center (Colaco, Chile). Atlantic salmon parr (64.2 ± 10.4 g mean initial weight ± SD) were 

randomly distributed into 10 challenge tanks (200 L) with 125 fish/tank. Prior to the study, 

30 fish were screened for Flavobacterium psychrophilum, P. salmonis, Renibacterium 

salmoninarum, infectious pancreatic necrosis virus (IPNV) and infectious salmon anemia 

virus (ISAV) using real-time quantitative polymerase chain reaction (qPCR), and were 

negative for all of these pathogens (data not shown). Fish were kept in a flow-through 

freshwater system (~15.2°C and 24 h light). Oxygen in the tank was maintained at 92.3 ± 

7.3% (mean ± SD) of saturation. Fish were held for 14 days prior to the start of the infection 

trial to acclimate to tank conditions. A standard EWOS commercial diet (EWOS Micro 50) 

was supplied using automatic feeders over a period of 18 h per day (from 2:00 pm to 8:00 

am) and fed to satiation. Fish were fasted 12 h before and after all experimental procedures 

(e.g. injection and sampling).  

An EM90-like strain of P. salmonis was purchased from Fundacion Fraunhofer 

Chile Research (Puerto Montt, Chile). The bacteria were cultured in CHSE-214 cells 
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according to standard operating procedures of Fundacion Fraunhofer Chile Research, and 

the inoculum with the desired infectious titer was prepared and transferred under chilled 

conditions within 1 h to the Cargill Innovation Center challenge facility on the day of the 

infection. The inoculum (i.e. suspension of CHSE-214 cells infected with P. salmonis) was 

checked for contaminations (i.e. IPNV, ISAV, Piscine reovirus, R. salmoninarum, 

Flavobacterium sp., Aeromonas salmonicida) using qPCR. The titer of the inoculum [i.e. 

median tissue culture infective dose (TCID50)] was determined on CHSE-214 cells using 

an endpoint dilution assay. All fish from the challenge group (7 tanks) were anesthetized 

using benzocaine (150 µL L-1 BZ-20®, Veterquímica S.A., Maipú, Santiago, Chile) and 

intraperitoneally (IP) injected with 0.1 mL of bacterial inoculum with a titer of 100.83 

TCID50/mL. The target titer of 101 TCID50/mL (real titer 100.83 TCID50/mL) was chosen 

based on results from previously conducted dose dilution trials (101-104 TCID50/mL) with 

the same bacterial isolate at the Cargill Innovation Center. The aim of this trial was to 

achieve a slow onset of mortality and to reach about 30-40% accumulative mortality over 

the duration of the trial to evaluate the pathological changes over time.  Fish from the mock-

injection control group (3 tanks) were anesthetized as above, and IP injected with 0.1 mL 

of the medium that was used to prepare the bacterial inoculum (i.e. minimum essential 

medium, MEM) (Figure 3.1A,B). Ten fish per tank [3 tanks from the challenge group (i.e. 

P. salmonis-injected) and 3 tanks from the control group (CON)] were euthanized using an 

overdose of benzocaine (300 µL L-1 BZ-20®) and dissected on the day before injection 

(PRE) of the remaining fish, as well as 2, 7, 13, 21 and 42 DPI. Head kidney samples were 
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Figure 3.1. Overview of the infection trial, sampling and cumulative mortality. (A) The 

tank allocation and the number of fish for each treatment group [Control (MEM media 

injected), P. salmonis-injected (sampling), P. salmonis-injected (no sampling)]. (B) 

Timeline of the overall study with sampling regime showing the number of days post-

infection (DPI). Four out of 7 tanks in the challenge group [i.e. P. salmonis-injected (no 

sampling)] were left untouched in order to monitor mortality. (C) Cumulative mortality in 

each treatment group. No significant difference was found in the cumulative mortality by 

the end of the infection trial between P. salmonis-injected (sampling) and P. salmonis-

injected (no sampling) groups (p = 0.42; Student’s t test). 
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collected and stored in RNAlater (Ambion/Life Technologies, Austin, TX, USA) for 48 h 

at 4°C and transferred to -80°C until RNA extraction. Four out of 7 tanks in the challenge 

group were left untouched in order to monitor mortality (Figures 3.1A,B). All procedures 

in this study were conducted following the guidelines of the Canadian Council on Animal 

Care (CCAC, 2005). 

3.3.2 RNA extraction, DNase treatment, and column purification 

RNAlater was removed prior to RNA extraction. All samples were lysed in TRIzol 

reagent (Invitrogen/Life Technologies, Carlsbad, CA, USA) using a tissue homogenizer 

(Precellys 24, Bertin Instruments, Montigny-le-Bretonneux, France), and subjected to 

RNA extraction according to manufacturer instructions. Forty micrograms of each total 

RNA sample were treated with 6.8 Kunitz units of DNase I (QIAGEN, Mississauga, ON, 

Canada) to degrade residual genomic DNA, and then purified using the RNeasy Mini Kit 

(QIAGEN) following manufacturer protocols. RNA integrity was verified by 1% agarose 

gel electrophoresis, and RNA purity was assessed by A260/280 and A260/230 ratios using 

NanoDrop spectrophotometry (Thermo Fisher, Mississauga, ON, Canada).  

3.3.3 qPCR analysis of pathogen load and candidate host immune biomarkers 

For pathogen load assessment, specific primers and probe for the P. salmonis 16S-

23S ribosomal RNA internal transcribed spacer (ITS; in-house developed by Cargill 

Innovation) were used for pathogen load detection, with Atlantic salmon elongation factor 

1 alpha 1 (ef1a1) (Lockhart et al., 2007) levels analyzed as an internal control (i.e. 

reference gene). Primer and probe sequences for these genes can be found in Supplemental 
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Table S3.1. Pathogen load was assessed across all available samples (n = 337) in technical 

duplicates using a probe-based detection (i.e. TaqMan) kit AGPATH-ID ONE-STEP RT-

PCR (Ambion/Life Technologies) and the ViiA7 Real-Time PCR system (Applied 

Biosystems/Life Technologies). The reaction mix contained 6.5 μL of 2X RT-PCR Buffer, 

0.52 μL of 25X RT-PCR Enzyme Mix, 0.88 μL detection enhancer, 900 nM of forward 

primer, 600 nM of reverse primer, 225 nM of probe, 50 ng of RNA template, and DEPC-

treated water to reach a final volume of 13 μL. The real-time PCR thermal cycling profile 

consisted of the reverse transcription step at 45°C for 10 min, the reverse transcriptase 

inactivation/initial denaturation step at 95°C for 10 min, and the amplification step of 45 

cycles of 95°C for 15 s and 60°C for 45 s. Prior to pathogen load assessment, head kidney 

RNA templates from three infected animals were selected to test the performance and 

amplification efficiencies of primers, and determine the optimal input RNA quantity. 

Amplification efficiencies (Pfaffl, 2001) of ITS and ef1a1 for pathogen load assessment 

were determined from three standard curves performed using a 5-point 1:3 dilution series 

starting with 150 ng of input total RNA. The reported efficiencies are an average of the 

three values. The infection level assays for each sample were then measured using 50 ng 

of input RNA in each reaction. No-template and positive (RNAs from three highly infected 

fish) controls were included in each plate run. The relative quantity (RQ) of P. salmonis 

ITS was determined using the ViiA 7 Software Relative Quantification Study Application 

(Version 1.2.3) (Applied Biosystems/Life Technologies), with normalization to ef1a1 

transcript levels, and with amplification efficiencies incorporated. The sample with the 
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lowest detectable expression level was set as the calibrator sample (i.e. assigned an RQ 

value = 1.0).  

Following the bacterial screening, smaller sample sizes of the control fish (i.e. PRE 

and time-match controls) together with all available fish from the P. salmonis-injected 

group (except for 2 DPI) (total n = 192) were further subjected to qPCR analyses of 4 well-

known antibacterial biomarkers [campb (Bridle et al., 2011; Rozas-Serri et al., 2018b; 

Eslamloo et al., 2020b; Soto-Dávila et al., 2020; Zanuzzo et al., 2020), hampa (Pulgar et 

al., 2015; Eslamloo et al., 2020a; Zanuzzo et al., 2020), il8a (Tacchi et al., 2011; Rozas-

Serri et al., 2018a; Zanuzzo et al., 2020), and tlr5a (Rozas-Serri et al., 2018a; Eslamloo et 

al., 2020b)] to assess the infection and host immune response dynamics. The qPCR analysis 

for these genes was conducted on a ViiA7 384 well platform (Applied Biosystems/Life 

Technologies), and the methods (e.g. cDNA synthesis, primer quality control, and PCR 

program) for these assays are described in Section 2.5. Transcript levels of these four 

biomarkers were normalized to transcript levels of two endogenous control genes. To select 

these control genes, the expression of 6 candidate normalizers [i.e. 60S ribosomal protein 

32 (rpl32; BT043656), β-actin (actb; BG933897), ef1a1 (AF321836), ef1a2 (BT058669), 

eukaryotic translation initiation factor 3 subunit D (eif3d; GE777139), and polyadenylate-

binding protein 1 (pabpc1; EG908498)] was measured in 48 out of 192 individuals (i.e. 

25%) involved in this screen step and then analyzed using geNorm (Vandesompele et al., 

2002). Using this software, eif3d (geNorm M = 0.217) and rpl32 (geNorm M = 0.211) were 

determined to be the most stable across infection levels and time points. The expression 

levels (RQ) of these genes were analyzed using a two-way ANOVA test, followed by Sidak 



  

103 

 

multiple comparisons post hoc test in order to identify significant differences between P. 

salmonis injected and control groups at each time point, and within one treatment group at 

multiple time points. The normality of the qPCR data (i.e., RQ values) was analyzed using 

the Shapiro-Wilk and Kolmogorov-Smirnov normality tests. All of the statistical tests 

above were performed using Prism v7.0 (GraphPad Software Inc., La Jolla, CA, USA). 

Differences were considered statistically significant when p < 0.05. 

3.3.4 Transcriptome profiling by 44K microarray 

3.3.4.1 Selection of time point and individuals 

The RQ of P. salmonis ITS across the infection course peaked at 21 DPI, with all 

exposed fish testing positive (Figure 3.2A,B). Complete results of P. salmonis ITS 

expression levels in all samples can be seen in Supplemental Table S3.2. Similar to P. 

salmonis ITS levels, the transcript expression of campb, il8a and tlr5a also peaked at 21 

DPI and was significantly higher compared with the time-matched control fish (Figure 

3.2). Therefore, I decided to study the transcriptomic responses of Atlantic salmon to P. 

salmonis at the peak of infection and presumed peak of most immune activities (i.e. 21 

DPI). In addition, multivariate statistical analyses (i.e. principal component analysis and 

hierarchical clustering) were performed using PRIMER (Version 6.1.15; PRIMER-E Ltd., 

Ivybridge, UK) to identify different infection phenotypes. Within infected fish, there were 

two infection level phenotypes identified at 21 DPI (except fish #C7-8): one group of fish 

with higher transcript levels of P. salmonis ITS and the antibacterial biomarkers (H-SRS) 
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Figure 3.2. Detection of P. salmonis transcript and evaluation of candidate immune 

biomarkers in the head kidney of Atlantic salmon across different time points. (A) 

Transcript levels (i.e. relative quantity) of P. salmonis 16S-23S ribosomal RNA internal 

transcribed spacer (ITS) in the head kidney of Atlantic salmon injected with the same dose 

of bacterial inoculum, as determined by TaqMan assays across all sampling time points. 

(B) The relative prevalence of P. salmonis positive (i.e. detection of P. salmonis ITS) in 

fish that were injected with bacterial inoculum. (C-F) qPCR analysis of host immune 

biomarkers (campb, hampa, il8a, tlr5a) in both control (CON) and P. salmonis injected 

fish. Data are mean ± SE. The expression levels of these genes were analyzed using a two-

way ANOVA test, followed by Sidak multiple comparisons post hoc test. An asterisk 

indicates a significant difference between time-matched P. salmonis injected and control 

groups. Different letters represent the significant differences within an injection group over 

time. All data presented in the Figure are provided in Supplemental Table S3.2.  
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and another group of fish with lower transcript levels of P. salmonis ITS and the 

antibacterial biomarkers (L-SRS) (Supplemental Figure S3.1A,B). The level of P. 

salmonis ITS in fish classified as H-SRS was significantly higher (19.1-fold) than that of 

L-SRS fish (Supplemental Figure S3.1C). Five individual fish from each infection 

phenotype (L-SRS or H-SRS) that were more closely clustered based on multivariate 

analysis were included in the microarray analysis along with five fish from the control 

group (i.e. CON) (Supplemental Figure S3.1D). 

3.3.4.2 Microarray hybridization and data acquisition 

The cGRASP-designed Agilent 4×44K salmonid oligonucleotide microarray 

(Jantzen et al., 2011; Xue et al., 2015; Eslamloo et al., 2017) was used to evaluate the 

impact of P. salmonis infection on the Atlantic salmon head kidney transcriptome at 21 

DPI. With a common reference design, 15 arrays were used in this study, with one array 

per individual fish. The microarray experiment was performed as previously described 

(Xue et al., 2015; Eslamloo et al., 2020a; Umasuthan et al., 2020; Xue et al., 2020). Briefly, 

anti-sense amplified RNA (aRNA) was in vitro transcribed from 1 µg of each RNA 

template using the Amino Allyl MessageAmp II aRNA Amplification kit (Ambion/Life 

Technologies), following the manufacturer's instructions. For each fish, 20 μg of aRNA 

were precipitated overnight following standard molecular biology procedures and re-

suspended in 9 μl of the manufacturer's coupling buffer. To generate the common reference 

pool, 5 μg of aRNA from each of the fifteen samples were pooled, and divided into 20 μg 

aliquots, which were precipitated and re-suspended as above. Resulting aRNA was labelled 

with either Cy3 (for the common reference) or Cy5 (for the experimental individuals) fluor 
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(GE HealthCare, Mississauga, ON, Canada) through a dye-coupling reaction, following 

the manufacturer's instructions. Equal quantities (825 ng) of each labelled aRNA from one 

experimental sample and the common reference were pooled, fragmented following the 

manufacturer's instructions and co-hybridized to a cGRASP-designed Agilent 44K 

salmonid oligonucleotide microarray (GEO accession # GPL11299) (Jantzen et al., 2011) 

as per the manufacturer's instructions (Agilent, Mississauga, ON, Canada). The arrays were 

hybridized at 65°C for 17 h with 10 rpm rotation in an Agilent hybridization oven. The 

array slides were washed immediately following hybridization as per the manufacturer's 

instructions. Slides were dried by centrifuging at 200 × g for 5 min at room temperature 

prior to scanning. 

Each microarray was scanned at 5 µm resolution and 90% of laser power using a 

ScanArray Gx Plus scanner and ScanArray Express software (v4.0; Perkin Elmer, 

Woodbridge, ON, Canada) with photomultiplier tube (PMT) set to balance fluorescence 

signal between channels. The resulting TIFF images containing raw microarray data were 

extracted using Imagene (v9.0; BioDiscovery Inc., El Segundo, CA). Background 

correction, data transformation (log2), print-tip Loess normalization, and removal of low-

quality/flagged spots were performed using R and the Bioconductor package mArray 

(Booman et al., 2011; Xue et al., 2015; Xue et al., 2020). After spot quality filtering, probes 

absent in more than 25% of the arrays (i.e. 4 arrays out of 15) were discarded, resulting in 

a final list of 20,701 probes for statistical analyses. All microarray data have been 

submitted to Gene Expression Omnibus (GEO) under the accession GSE178327. 

3.3.4.3 Differential expression analysis and probe annotation 
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Prior to statistical analyses, missing data points for the 20,701 probes were imputed 

using the EM_array method from LSimpute (Bo et al., 2004; Celton et al., 2010). The 

differentially expressed probes (DEPs) among groups (i.e. L-SRS vs CON; H-SRS vs 

CON; H-SRS vs L-SRS) were determined using Significance Analysis of Microarrays 

(SAM) (Tusher et al., 2001). SAM was conducted at a false discovery rate (FDR) cutoff of 

1% to focus on the most significant DEPs, using the Bioconductor package siggenes 

(Schwender et al., 2006). The resulting gene lists were annotated using the probe sequences 

(60mer) for gene identification by BLASTn against the NCBI nr/nt databases for both 

Atlantic salmon and rainbow trout. Stringent filtering criteria (only 2 allowed mismatches 

with un-gapped alignment option) were applied for the 60mer probe BLASTn hits. The 

contiguous sequences (contigs) from which the microarray probes were designed were also 

used for gene identification by BLASTx against the NCBI Swiss-Prot database (April 2019 

version). If there were no or non-informative BLASTn results for a given probe, then the 

best BLASTx hit that had an Expect (E) value <10-5 and an informatively named protein 

hit was reported. The gene symbols for probes were assigned from HUGO Gene 

Nomenclature Committee (HGNC; https://www.genenames.org/) and/or GeneCards 

(https://www.genecards.org/) databases. Using R and gplots package, a hierarchically 

clustered heat map was constructed with microarray normalized log2 ratios (Cy5/Cy3 

ratios) of all identified DEPs using Euclidean distance and Ward's agglomerative linkage 

method (ward.D2). 

3.3.4.4 GO term enrichment test and visualization of GO term networks 
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GO term enrichment tests were performed on lists of DEPs (i.e. 166 L-SRS 

responsive only, 1470 overlap, and 1606 H-SRS responsive only) using ClueGO (Bindea 

et al., 2009) and CluePedia plugins in Cytoscape (v3.7.0) (Shannon et al., 2003). The 

biological process (BP) GO database (20.12.2019) was used. The enrichment analysis was 

performed using a right-sided hypergeometric test after its adjustment by the Bonferroni-

Hochberg procedure with a p-value set at 0.01 (i.e. FDR = 1%). GO term fusion strategy 

and a Kappa-statistics score of 0.5 were employed to integrate GO categories, minimize 

the complexity, and create a functionally organized GO cluster network. For each cluster 

(reflected by a different colour), a GO term with the lowest p-value was selected as the 

leading term in each functional group (i.e. highly connected terms within the GO network). 

As previously described in Eslamloo et al. (2020a), the enriched GO terms were classified 

using Gene Ontology Browser (http://www.informatics.jax.org) into 6 functional themes: 

(1) "adaptive immune response"; (2) "immune response"; (3) "response to stress"; (4) 

"development"; (5) "metabolic process"; and (6) "cellular process, localisation, and 

structure". The enriched GO terms for DEPs responsive to L-SRS only were classified into 

three themes ("adaptive immune response", "immune response", and "cellular process, 

localization, and structure"). The GO terms were classified based on the biological process 

to which they were related and/or their parent terms (especially for highly specific terms). 

Finally, a hierarchically clustered heat map was constructed based on probes having the 

associated GO term “adaptive immune response” using Genesis (Sturn et al., 2002); all 

data were median-centred and clustered using Pearson correlation and complete linkage 

hierarchical clustering as in Rise et al. (2015). 
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3.3.5 qPCR confirmation of microarray-identified DEPs 

In total, 42 candidate P. salmonis-responsive biomarkers were selected for qPCR 

analysis. In addition to samples chosen for the microarray study, the remaining samples 

from both infection level groups (see Section 3.3.4.1 and Supplemental Figure S3.1 for 

sample classification) at 21 DPI (total n = 37; 11 L-SRS, 17 H-SRS, and 9 CON) were also 

included in the qPCR experiment. 

First-strand cDNA templates for qPCR were synthesized in 20 μL reactions from 1 

µg of DNaseI-treated, column-purified total RNA using random primers (250 ng; 

Invitrogen/Life Technologies), dNTPs (0.5 mM final concentration; Invitrogen/ Life 

Technologies) and M-MLV reverse transcriptase (200 U; Invitrogen/Life Technologies) 

with the manufacturer's first strand buffer (1× final concentration) and DTT (10 mM final 

concentration) at 37°C for 50 min. PCR amplifications were performed in 13 μL reactions 

using 1× Power SYBR Green PCR Master Mix (Applied Biosystems/Life Technologies), 

50 nM of both the forward and reverse primers, and the indicated cDNA quantity (see 

below). The real-time analysis program consisted of 1 cycle of 50°C for 2 min, 1 cycle of 

95°C for 10 min and 40 cycles of 95°C for 15 sec and 60°C for 1 min, with fluorescence 

detection at the end of each 60°C step.  

The sequences of all primer pairs used in qPCR analyses are presented in 

Supplemental Table S3.1. Each primer pair was quality tested using the QuantStudio 6 

Flex Real-Time PCR System (384-well format) (Applied Biosystems/Life Technologies). 

Quality testing ensured that a single product was amplified (dissociation curve analysis) 

and that there was no primer-dimer present in the no-template control. Amplification 
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efficiencies (Pfaffl, 2001) were calculated using two cDNA templates that were pooled 

post-cDNA synthesis: one pool of 5 CON samples and one pool of 5 H-SRS samples. 

Standard curves were generated using a 5-point 1:3 dilution series starting with cDNA 

representing 10 ng of input total RNA. The reported efficiencies (Supplemental Table 

S3.1) are an average of the two values.  

After completing the primer quality control tests, qPCR analyses of transcript 

expression levels of the target genes were performed using the QuantStudio 6 Flex Real-

Time PCR System (Applied Biosystems/Life Technologies). Diluted cDNAs 

corresponding to 5 ng of input RNA were used as templates in the PCR reactions. The CT 

values of the GOIs and references genes were determined using the QuantStudio Real Time 

PCR Software Relative Quantification Study Application (Version 1.3) (Applied 

Biosystems/ Life Technologies). The RQ of each transcript was determined using a qBase 

relative quantification framework (Hellemans et al., 2007; Xue et al., 2019), with 

normalization to both rpl32 and eif3d (see Section 3.3.3 for normalizer gene testing), and 

with amplification efficiencies incorporated. The RQs of each transcript were calibrated 

against the control group.  

All qPCR data (i.e. RQ values) were subjected to the Grubbs' test to identify 

potential outliers, and log2-transformed to meet the normality assumption. The normality 

of the qPCR data (i.e., log2 RQ values) was analyzed using the Shapiro-Wilk and 

Kolmogorov-Smirnov normality tests. In total, 19 RQ values were determined to be 

statistical outliers in the entire dataset (i.e., out of 1554 RQ values), and were excluded 

from the study. Fold-change values derived from microarray and qPCR were log2-
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transformed and analyzed for correlation via linear regression as performed in previous 

studies (Caballero-Solares et al., 2018; Umasuthan et al., 2020; Xue et al., 2020). A 

significant correlation (p < 0.05) between both datasets was considered as confirmation of 

the microarray results. Transcript expression differences between groups were analyzed 

using a one-way ANOVA followed by Tukey's post hoc test for multiple comparisons at 

the 5% level of significance. Furthermore, the relationships between the expression of 

qPCR-studied transcripts and P. salmonis infection level were assessed using linear 

correlation analysis. Control fish were excluded from this analysis as all of these fish tested 

negative for P. salmonis (i.e. no RQ available). All of the statistical tests above were 

performed using Prism v7.0 (GraphPad Software Inc., La Jolla, CA, USA). 

3.4 Results 

3.4.1 Cumulative mortality 

The cumulative mortality of fish infected with an EM-90-like isolate (sampling and 

non-sampling groups), as well as non-infected controls, are shown in Figure 3.1C. The 

mortality rate in the sampling group does not consider fish that were removed for sample 

collection. The first mortalities in both P. salmonis-injected groups were registered at 20 

DPI. The cumulative mortality of the P. salmonis-injected (sampling) group by the end of 

the infection trial reached 32.7%, which was not significantly different from the P. 

salmonis-injected (no sampling) group (i.e. 28.5%).  
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3.4.2 qPCR analysis of pathogen load and candidate host immune biomarkers 

The P. salmonis ITS transcript level was assessed using a Taqman assay. All head 

kidney samples for the PRE and 2 DPI were negative for the ITS transcript (Figure 

3.2A,B). The infection prevalence of P. salmonis (detectable pathogen ITS) reached 100% 

at both 13 and 21 DPI, and the mean ITS expression level peaked at 21 DPI based on all 

available samples tested.  

Four well-known antibacterial biomarker transcripts (campb, hampa, il8a and 

tlr5a) were analyzed via qPCR to assess the infection and host immune response dynamics 

(Figures 3.2C-F). The highest expression level of campb, il8a and tlr5a in response to P. 

salmonis infection was observed at 21 DPI, while the expression of hampa in the P. 

salmonis-injected group peaked at 13 DPI. All four genes assayed in the current study were 

significantly up-regulated in the P. salmonis-injected group at both 13 and 21 DPIs 

compared with time-matched mock-injection controls, except for campb, which was only 

significant at 21 DPI. Further multivariate statistical analyses of the infection level and the 

expression of 4 antibacterial biomarkers of individuals collected at 21 DPI revealed 

infection and immune response phenotypes (i.e. L-SRS and H-SRS), with the exception of 

fish C7-8 which did not group with either phenotype (Supplemental Figure S3.1A,B). 

Complete qPCR results for P. salmonis ITS level and these four antibacterial biomarkers 

can be found in Supplemental Table S3.2.  

3.4.3 Global transcriptomic expression in salmon head kidney 

In this study, I used the cGRASP-designed Agilent 44K microarray platform 

(Jantzen et al., 2011) to explore the transcriptomic response of Atlantic salmon head kidney 
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Figure 3.3. Overview of the head kidney transcriptomic responses of Atlantic salmon with 

higher (H-SRS) and lower (L-SRS) levels of P. salmonis compared with the control group 

at 21 days post-injection (DPI). Differentially expressed probes (DEP) were identified by 

Significance Analysis of Microarray (FDR = 1%). (A) Venn diagram illustrates the total 

number of DEPs in L-SRS or H-SRS groups in comparison to the control fish (CON). (B) 

Venn diagram shows the corresponding number of DEPs that were up- or down-regulated 

in L-SRS or H-SRS groups in comparison to the control fish (CON). (C) Hierarchical 

clustering analyses of samples based on all P. salmonis responsive probes (n = 3242).  
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to P. salmonis at 21 DPI. Fish showing a lower (L-SRS) or a higher (H-SRS) level of the 

P. salmonis infection were selected for comparison of their transcriptome profiles with the 

mock-injection control group (CON). The overall results of the microarray study, including 

the number of genes identified in each comparison, are summarised in Figure 3.3A,B. In 

total, 3242 significantly differentially expressed probes (DEPs) were identified in the P. 

salmonis-injected groups using SAM analyses (FDR = 1%) compared to the control 

(CON). However, SAM analysis failed to detect any significant DEPs when comparing H-

SRS and L-SRS groups directly. The complete gene lists, including gene names and 

symbols, are shown in Supplemental Table S3.3. As illustrated by the Venn diagrams 

(Figure 3.3A,B), the two significant comparisons in the present study shared 1470 DEPs 

(849 up- and 621 down-regulated). Among these DEPs, the direction of gene expression 

regulation by P. salmonis infection was all the same among H-SRS and L-SRS when 

compared with the control group; however, they often differed in the degree of regulation 

(i.e. fold-change) with the H-SRS group generally showing higher fold-changes (Figure 

3.3C). In addition, there was a larger number of SRS-responsive probes in the H-SRS group 

compared with the L-SRS group (i.e. 3076 vs 1636), suggesting a higher level of P. 

salmonis infection was associated with a more pronounced gene expression response. 

Using all identified DEPs in hierarchical analyses, all mock-injection control samples 

clustered in a separate branch from all infected samples; however, within each infected 

group (i.e. L-SRS or H-SRS), only 4 out of 5 samples were clustered together (Figure 

3.3C).  
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3.4.4 Insight into biological pathways regulated by P. salmonis (L-SRS vs H-SRS) 

To identify host molecular pathways regulated by P. salmonis infection, I compared 

the GO Biological Process (BP) term compositions of SRS-responsive transcript lists to 

that of the whole array using a Fisher's exact test in ClueGO (FDR = 1%). First, I identified 

292 BP terms enriched in SRS-responsive transcripts (1,470 DEPs) overlapping both 

infection groups (L-SRS and H-SRS) (Figure 3.4; Supplemental Table S3.4). The BP 

terms enriched by SRS (Figure 3.4) were associated with adaptive immune response 

(38.0%), immune response (36.3%), cellular process, localisation, and structure (10.3%), 

development (5.8%), metabolic process (5.1%), and response to stress (4.5%). A large 

number of BP terms involved in adaptive immunity were enriched by P. salmonis infection 

in Atlantic salmon. These included many terms related to lymphocyte differentiation and 

activation (e.g. “B cell activation”, “regulation of T cell activation”, “lymphocyte 

proliferation”, “immunoglobulin mediated immune response”, “response to interferon-

gamma”), and some terms related to antigen presentation processes (e.g. “antigen 

processing and presentation of exogenous antigen”) (Figure 3.4; Supplemental Table 

S3.4). A total of 81 DEPs contributing to the enriched GO term, “adaptive immune 

response”, were used in constructing a heatmap to reveal the transcript profile of adaptive 

immunity-related genes (Supplemental Figure S3.2). Among these genes, 66 DEPs (e.g. 

tap1, tap2, ifng, irf1, cd209a, bcl10, ada) were up-regulated and 15 DEPs (e.g. il7r, cd5, 

foxp3) were down-regulated by P. salmonis infection (Supplemental Figure S3.2). A 

diverse and large group of BP terms related to the innate immune response (e.g. 
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Figure 3.4. Enriched biological processes GO term networks of SRS-responsive probes (n 

= 1470) in the head kidney of Atlantic salmon at 21 days post-injection (DPI) shared by 

both H-SRS and L-SRS groups. Nodes represent significantly enriched GO terms [right-

sided hypergeometric test, p-values (p < 0.01) corrected by Benjamini-Hochberg]. GO 

terms are grouped by functional theme and arranged to fit the sectors of a pie chart 

representing the proportion of GO terms in each functional theme. Nodes are coloured 

according to the functional theme to which they were assigned. Grey lines in between GO 

terms indicate high connectivity (kappa coefficient > 0.5). Lines with arrows indicate the 

direction of positive regulation between GO terms, and lines with diamonds indicate the 

direction of regulation between GO terms.  
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“phagocytosis”, “defense response to bacterium”, “response to interleukin-1”, “response 

to virus”, “chemotaxis”, “leukocyte migration”, “inflammatory response”) and regulation 

of immune response (e.g. “regulation of I-kappaB kinase/NF-kappaB signalling”, 

“regulation of defense response”, “regulation of leukocyte migration”) were activated in 

response to SRS infection. In addition, pathways related to various cellular processes (e.g. 

“positive regulation of programmed cell death”, “positive regulation of peptidase activity”, 

“homeostatic process”) were regulated in P. salmonis-infected salmon (Figure 3.4; 

Supplemental Table S3.4). Lastly, SRS affected head kidney genes related to 

development (e.g. “positive regulation of vasculature development”), metabolic process 

(e.g. “carboxylic acid metabolic process”), and response to stress (e.g. “regulation of 

reactive oxygen species metabolic process”) (Figure 3.4; Supplemental Table S3.4).  

There were 166 DEPs only identified in the L-SRS group (L-SRS vs Control) 

associated with several immune-related BP terms (73.6%), including “response to type I 

interferon”, “regulation of cytokine-mediated signaling pathway”, and “alpha-beta T cell 

activation”. In addition, many of these DEPs were involved in cellular process, localisation, 

and structure (26.3%), such as “regulation of muscle cell apoptotic process” and “actin 

filament-based movement” (Figure 3.5A; Supplemental Table S3.5). A much larger set 

of DEPs (n = 1606) was identified only in the H-SRS group (H-SRS vs Control), and their 

over-represented BP terms (n = 269; Figure 3.5B; Supplemental Table S3.6) were similar 

in number and diversity to the enriched terms associated with the overlapping SRS-

responsive DEPs. Briefly, 37.5% of the enriched BP terms were linked with the adaptive 
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Figure 3.5. Enriched biological processes GO term networks of (A) SRS-responsive 

probes only identified in L-SRS group (n = 166) and (B) SRS-responsive probes only 

identified in H-SRS group (n = 1606) in the head kidney of Atlantic salmon at 21 days 

post-injection (DPI). Nodes represent significantly enriched GO terms [right-sided 

hypergeometric test, p-values corrected by Benjamini-Hochberg of 0.01 (i.e. FDR = 1%)]. 

GO terms are grouped by functional theme and arranged to fit the sectors of a pie chart 

representing the proportion of GO terms in each functional theme. Nodes are coloured 

according to the functional theme to which they were assigned. Grey lines in between GO 

terms indicate high connectivity (kappa coefficient > 0.5). Lines with arrows indicate the 

direction of positive regulation between GO terms, and lines with diamonds indicate the 

direction of regulation between GO terms.  
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immune response (e.g. “regulation of T cell activation”, “response to interferon-gamma”, 

“B cell differentiation”, “hematopoietic or lymphoid organ development”), and 31.2% 

were associated with the immune response (e.g. “myeloid cell differentiation”, “regulation 

of cytokine production”) (Figure 3.5B; Supplemental Table S3.6). The enriched BPs in 

the transcript list only identified in the H-SRS group also included terms related to cellular 

process, localisation, and structure (15.6%; e.g. “cellular transition metal ion homeostasis”, 

“programmed cell death”, “vesicle budding from membrane”), metabolic process (7.8%; 

e.g. “carbohydrate derivative metabolic process”), response to stress (4.8%; e.g. “reactive 

oxygen species metabolic process”), and development (3.0%; e.g. “regulation of 

multicellular organismal process”) (Figure 3.5B; Supplemental Table S3.6). 

3.4.5 qPCR confirmation 

Forty-two transcripts representing various molecular pathways [innate immune 

response (i.e. antibacterial response, inflammatory response, immune lipid mediators, 

antiviral response), cellular immunity (i.e. leukocyte activation and migration, antigen 

presentation and recognition), and other physiological processes (i.e. oxidative stress 

response, iron metabolism, apoptosis)] based on GO term enrichment analyses were 

selected for qPCR confirmation using a complete set of biological replicates collected at 

21 DPI (total n = 37; 11 L-SRS, 17 H-SRS, and 9 CON). All of the transcripts evaluated 

for qPCR confirmation, except for frrs1b, agreed with the microarray results in the 

direction of change (i.e. up- or down-regulation) (Figures 3.6-3.8). In addition, the log2 

fold-change values calculated from microarray and qPCR data showed a highly significant 
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Figure 3.6. qPCR analyses of P. salmonis-responsive genes involved in the innate immune 

response. Fish with lower (L-SRS; n = 11) and higher (H-SRS; n = 17) level of P. salmonis 

infection at 21 days post-injection (DPI) as well as time-matched control (CON; n = 9) 

were used for qPCR confirmation. Average log2 RQs with SE bars are plotted. Different 

letters represent the significant differences among treatments (p < 0.05) with fold-change 

relative to control indicated below the x-axis. For qPCR fold-change calculation, overall 

fold up-regulation was calculated as 2A-B, where A is the mean of log2 RQ from the L-SRS 

or H-SRS groups, and B is the mean of log2 RQ from the CON group. For down-regulated 

transcripts, fold-change values were further inverted (-1/fold-change). (A) toll-like 

receptor 5a; (B) cathelicidin antimicrobial peptide b; (C) caspase recruitment domain-

containing protein 9; (D) complement c3a; (E) interleukin 1 beta; (F) interleukin 8a (alias 

C-X-C motif chemokine ligand 8a); (G) serum amyloid A-5 protein; (H) gelsolin precursor; 

(I) cholesterol 25-hydroxylase a; (J) arachidonate 12-lipoxygenase, 12S-type; (K) 

lipocalin-type prostaglandin D synthase; (L) interferon-induced GTP-binding protein Mx 

a; (M) interferon-induced protein with tetratricopeptide repeats 5; (N) radical S-adenosyl 

methionine domain-containing protein 2a.  
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Figure 3.7. qPCR analysis of P. salmonis-responsive genes involved in cellular immunity 

(e.g. leukocyte activation and function). Fish with lower (L-SRS; n = 11) and higher (H-

SRS; n = 17) level of P. salmonis infection at 21 days post-injection (DPI) as well as time-

matched control (CON; n = 9) were used for qPCR confirmation. Average log2 RQs with 

SE bars are plotted. Different letters represent the significant differences among treatments 

(p < 0.05) with fold-change relative to control indicated below the x-axis. For qPCR fold-

change calculation, overall fold up-regulation was calculated as 2A-B, where A is the mean 

of log2 RQ from the L-SRS or H-SRS groups, and B is the mean of log2 RQ from the CON 

group. For down-regulated transcripts, fold-change values were further inverted (-1/fold-

change). (A) macrophage colony-stimulating factor 1 receptor; (B) galectin 9b; (C) 

galectin 9c; (D) interferon gamma; (E) adenosine deaminase-like a; (F) matrix 

metalloproteinase 13c; (G) metalloproteinase inhibitor 2b (alias: tissue inhibitor of 

metalloproteinase 2b); (H) allograft inflammatory factor 1; (I) B-cell lymphoma/leukemia 

10a; (J) proline-serine-threonine phosphatase-interacting protein 2a; (K) tropomodulin-

4a; (L) beta-2-microglobulin precursor a; (M) tapasin; (N) MHC class II antigen alpha 

chain 1; (O) cd83 antigen c; (P) T cell receptor alpha.  
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Figure 3.8. qPCR analysis of P. salmonis-responsive genes involved in redox homeostasis 

and other cellular processes. Fish with lower (L-SRS; n = 10) and higher (H-SRS; n = 16) 

level of P. salmonis infection at 21 days post-injection (DPI) as well as time-matched 

control (CON; n = 8) were used for qPCR confirmation. Average log2 RQs with SE bars 

are plotted. Different letters represent the significant differences among treatments (p < 

0.05) with fold-change relative to control indicated below the x-axis. For qPCR fold-

change calculation, overall fold up-regulation was calculated as 2A-B, where A is the mean 

of log2 RQ from the L-SRS or H-SRS groups, and B is the mean of log2 RQ from the CON 

group. For down-regulated transcripts, fold-change values were further inverted (-1/fold-

change). (A) neutrophil cytosol factor 2; (B) thioredoxin b; (C) catalase c; (D) sestrin-1a; 

(E) selenoprotein p b; (F) heme oxygenase 1a; (G) hepcidin a; (H) ferric-chelate reductase 

1a; (I) ferric-chelate reductase 1b; (J) ferritin, middle subunit; (K) apoptosis inducing 

factor mitochondria associated 2; (L) BCL2/adenovirus E1B 19 KDa protein-interacting 

protein 3-like a.  
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correlation (R2 = 0.8653; p < 0.0001), showing excellent overall confirmation of the 

microarray results by qPCR (Supplemental Figure S3.3). 

qPCR results for 14 transcripts involved in the innate immune response are shown 

in Figure 6. Expression levels of tlr5a, campb, card9, il1b, il8a, saa5, ch25ha and alox12 

were significantly induced by P. salmonis infection in both H-SRS and L-SRS groups 

(Figure 3.6A-C,E-G,I,J). On the contrary, SRS-induced expression of c3a was only 

significant in the H-SRS group (Figure 3.7D). The expression levels of gsn, pgds, and 

three well-known antiviral genes (rsad2a, ifit5, mxa) were repressed by P. salmonis 

infection in both the H-SRS and L-SRS groups except for rsad2a, which only showed a 

significant difference between L-SRS and the control (Figure 3.6H,K-N). All genes in this 

category, except for the three antiviral genes, exhibited infection level-dependent up-

regulation (e.g. tlr5a, campb, il8a, il1b, saa5, c3a) or down-regulation (i.e. gsn, pgds). 

Sixteen transcripts playing roles in the leukocyte activation and function were subjected to 

qPCR analysis in the current study (Figure 3.7). Genes related to leukocyte activation, 

differentiation and migration (i.e. csf1r, lgals9c, ifng, adala, mmp13c, timp2b, aif1, bcl10a, 

pstip2a) were induced in both L-SRS and H-SRS groups, whereas the expression of two 

other genes (lgals9b and tmod4a) were repressed compared with the control fish (Figure 

3.7A-K). P. salmonis infection significantly induced four genes related to antigen 

presentation (mhciia1, tapbp, cd83c, b2ma); however, it suppressed the expression of tra 

(encoding T cell receptor alpha, which is involved in antigen recognition) in both L-SRS 

and H-SRS groups (Figure 3.7L-P). Overall, in this category, 6 genes showed infection 
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level-dependent up-regulation (ifng, timp2b, bcl10a, pstpip2a, b2ma, tapbp), and 1 gene 

showed infection level-dependent down-regulation (tmod4a).  

Expression levels of 12 transcripts encoding proteins related to other physiological 

processes (i.e. redox homeostasis, iron metabolism, and apoptosis) were also evaluated 

(Figure 3.8). Among the 5 genes related to the oxidative stress response, 2 of them (ncf2, 

txnb) had increased expression in fish infected with P. salmonis (with txnb only significant 

for L-SRS group), while the other three transcripts (catc, sesn1a, selenopb) showed the 

opposite regulation (Figure 3.8A-E). Considering iron metabolism-related transcripts, 

expression levels of hmox1a, hampa, and frrs1a were significantly higher in fish infected 

with P. salmonis, whereas the level of frrs1b was not affected (Figure 3.8F-I). In addition, 

SRS suppressed the transcript expression of ftm (Figure 3.8J). Considering apoptotic 

relevant genes, the expression levels of aifm2 and bnip3la were higher (only for H-SRS) 

and lower in fish infected with P. salmonis compared with the control, respectively (Figure 

3.8K,L). Overall, 4 genes (ncf2, hmox1a, hampa, frrs1a) exhibited infection level-

dependent up-regulation, and 2 genes (catc, sesn1a) showed infection level-dependent 

down-regulation among all genes in this category.  

3.4.6 Correlation analyses for the expression of qPCR-assessed transcripts with the 

level of P. salmonis infection 

Of the 42 qPCR-analyzed transcripts, 25 showed a significant correlation with the 

level of P. salmonis infection (Table 3.1). The RQ values of hampa, frrs1a, il8a, timp2b, 

campb, tlr5a, ifng, ch25ha, il1b, pstpip2a, bcl10a, saa5, tapbp, card9, ncf2, hmox1a,  
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Table 3.1. Correlation analyses for the expression of qPCR-studied transcripts with the 

level of P. salmonis infection.  

 

Transcript1 
Direction of 

change2 

Pearson 

r 

p-

value 
Theme Putative Function 

Significant positive correlation 

hampa Up-regulation 0.841 <0.001 Other physiological processes Iron metabolism 

frrs1a Up-regulation 0.777 <0.001 Other physiological processes Iron metabolism 

il8a Up-regulation 0.775 <0.001 Innate immune response Inflammatory response 

timp2b Up-regulation 0.760 <0.001 Cellular immunity Leukocyte migration 

campb Up-regulation 0.750 <0.001 Innate immune response Antibacterial response 

tlr5a Up-regulation 0.703 <0.001 Innate immune response Antibacterial response 

ifng Up-regulation 0.689 <0.001 Cellular immunity Leukocyte activation 

ch25ha Up-regulation 0.681 <0.001 Innate immune response Immune lipid mediators 

il1b Up-regulation 0.676 <0.001 Innate immune response Inflammatory response 

pstpip2a Up-regulation 0.646 <0.001 Cellular immunity Leukocyte migration 

bcl10a Up-regulation 0.577 0.001 Cellular immunity Leukocyte migration 

saa5 Up-regulation 0.569 0.002 Innate immune response Inflammatory response 

tapbp Up-regulation 0.496 0.007 Cellular immunity Antigen presentation and recognition 

card9 Up-regulation 0.467 0.012 Innate immune response Inflammatory response 

ncf2 Up-regulation 0.450 0.016 Other physiological processes Oxidative stress response 

hmox1a Up-regulation 0.421 0.026 Other physiological processes Iron metabolism 

alox12 Up-regulation 0.413 0.029 Innate immune response Immune lipid mediators 

aifm2 Up-regulation 0.385 0.043 Other physiological processes Apoptosis 

c3a Up-regulation 0.378 0.047 Innate immune response Antibacterial response 

Significant negative correlation 

sesn1a Down-regulation -0.796 <0.001 Other physiological processes Oxidative stress response 

pgds Down-regulation -0.640 <0.001 Innate immune response Immune lipid mediators 

selenopb Down-regulation -0.552 0.002 Other physiological processes Oxidative stress response 

gsn Down-regulation -0.521 0.004 Innate immune response Inflammatory response 

ftm Down-regulation -0.441 0.019 Other physiological processes Iron metabolism 

tra Down-regulation -0.419 0.026 Cellular immunity Antigen presentation and recognition 

Non-significant correlation 

tmod4a Down-regulation -0.351 0.067 Cellular immunity Leukocyte migration 

catc Down-regulation -0.342 0.075 Other physiological processes Oxidative stress response 

mhciia1 Up-regulation 0.298 0.124 Cellular immunity Antigen presentation and recognition 

lgals9c Up-regulation 0.269 0.167 Cellular immunity Leukocyte activation 

aif1 Up-regulation 0.249 0.201 Cellular immunity Leukocyte migration 

b2ma Up-regulation 0.244 0.211 Cellular immunity Antigen presentation and recognition 

adala Up-regulation 0.225 0.250 Cellular immunity Leukocyte activation 

mmp13c Up-regulation 0.196 0.318 Cellular immunity Leukocyte migration 

lgals9b Down-regulation -0.156 0.427 Cellular immunity Leukocyte activation 

csf1r Up-regulation -0.097 0.624 Cellular immunity Leukocyte activation 

txnb Up-regulation -0.096 0.627 Other physiological processes Oxidative stress response 

frrs1b - 0.090 0.647 Other physiological processes Iron metabolism 

mxa Down-regulation -0.069 0.727 Innate immune response Antiviral response 

cd83c Up-regulation 0.063 0.751 Cellular immunity Antigen presentation and recognition 

ifit5 Down-regulation -0.040 0.839 Innate immune response Antiviral response 

bnip3la Down-regulation -0.037 0.850 Other physiological processes Apoptosis 

rsad2a Down-regulation 0.033 0.869 Innate immune response Antiviral response 

1Control fish were excluded from the current analysis. 2Direction of transcript expression change as compared 

to the control groups. hampa, hepcidin a; frrs1a, ferric-chelate reductase 1a; il8a, interleukin 8a; timp2b, 

metalloproteinase inhibitor 2b (alias: tissue inhibitor of metalloproteinase 2b); campb, cathelicidin 

antimicrobial peptide b; tlr5a, toll-like receptor 5a; ifng, interferon gamma; ch25ha, cholesterol 25-
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hydroxylase a; il1b, interleukin 1 beta; pstpip2a, proline-serine-threonine phosphatase-interacting protein 

2a; bcl10a, B-cell lymphoma/leukemia 10a; saa5, serum amyloid A-5 protein; tapbp, tapasin; card9, caspase 

recruitment domain-containing protein 9; ncf2, neutrophil cytosol factor 2; hmox1a, heme oxygenase 1a; 

alox12, arachidonate 12-lipoxygenase, 12S-type; aifm2, apoptosis inducing factor mitochondria associated 

2; c3a, complement c3a; sesn1a, sestrin-1a; pgds, lipocalin-type prostaglandin D synthase; selenopb, 

selenoprotein p b; gsn, gelsolin precursor; ftm, ferritin, middle subunit; tra, T cell receptor alpha; tmod4a, 

tropomodulin-4a; catc, catalase c; mhciia1, MHC class II antigen alpha chain 1; lgals9c, galectin 9c; aif1, 

allograft inflammatory factor 1; b2ma, beta-2-microglobulin precursor a; adala, adenosine deaminase-like 

a; mmp13c, matrix metalloproteinase 13c; lgals9b, galectin 9b; csf1r, macrophage colony-stimulating factor 

1 receptor; txnb, thioredoxin b; frrs1b, ferric-chelate reductase 1b; mxa, interferon-induced GTP-binding 

protein Mx a; cd83c, cd83 antigen c; ifit5, interferon-induced protein with tetratricopeptide repeats 5; 

bnip3la, BCL2/adenovirus E1B 19 KDa protein-interacting protein 3-like a; rsad2a, radical S-adenosyl 

methionine domain-containing protein 2a.  
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alox12, aifm2 and c3a were positively correlated with the infection level, whereas sesn1a, 

pgds, selenopb, gsn, ftm and tra showed significant negative correlations with the 

expression level of P. salmonis ITS. Interestingly, 13 out of the remaining 17 transcripts 

(mhciia1, lgals9c, aif1, adala, mmp13c, lgals9b, csf1r, txnb, mxa, cd83c, ifit5, bnip3la, 

rsad2a) that did not have significant correlations with the level of P. salmonis infection, 

still exhibited either an increase or decrease in their expression in infected groups compared 

with control fish; their expression did not differ between L-SRS and H-SRS groups 

(Figures 3.6-3.8; Table 3.1).  

3.5 Discussion 

3.5.1 A low mortality model of piscirickettsiosis in Atlantic salmon parr involving an 

EM-90-like strain but with a strong transcriptomic response in head kidney  

Improved understanding of the molecular mechanisms involved in the host 

response to P. salmonis will accelerate the development of effective diagnostics, vaccines, 

therapeutics, and nutritional solutions to combat SRS. The present study used a robust 

microarray platform, the cGRASP-designed Agilent 44K salmonid oligonucleotide 

microarray (Jantzen et al., 2011), to explore the transcriptomic response of the Atlantic 

salmon head kidney from a low mortality P. salmonis EM-90-like strain infection in 

freshwater. EM-90-like strains represent an epidemiologically relevant group in the current 

situation of piscirickettsiosis (e.g. in Chilean salmon aquaculture) (Saavedra et al., 2017); 

however, it has received fewer research efforts compared with that of LF-89-like isolates. 

Piscirickettsiosis has often been reported in seawater-reared salmonids; the disease in coho 
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salmon and rainbow trout farmed in freshwater has also been documented previously 

(Bravo, 1994; Gaggero et al., 1995; Rozas and Enríquez, 2014). The lower incidence of 

SRS outbreaks in freshwater may be related to the instability of the bacterium in this 

environment (Rozas and Enríquez, 2014). Nevertheless, experimental infection trials have 

been successfully demonstrated in freshwater reared coho salmon, Atlantic salmon and 

rainbow trout with up to 98% mortalities (Almendras et al., 1997; House et al., 1999; Smith 

et al., 1999).   

Two recent studies on the development of challenge models involving P. salmonis 

EM-90-like isolates in Atlantic salmon post-smolts showed extremely high mortalities 

(>95%) in both Trojan and cohabitant groups (Rozas-Serri et al., 2017; Meza et al., 2019a). 

In contrast, much lower mortalities (28.5-32.7%) were observed in fish injected with an 

EM-90-like strain in the present study. Although the life stages of salmon in the current 

study differed from previous challenge models, the lower mortality rate observed here is 

likely due to the lower amount/concentration of bacterial inoculum given to the fish. A low 

mortality EM-90-like P. salmonis infection model is needed to fill in the gaps in the current 

knowledge on piscirickettsiosis, and it can be an essential tool to develop and test future 

preventive measures (e.g. functional feed) against the disease.  

The infection prevalence of P. salmonis in all fish analyzed was 100% at both 13 

and 21 DPI, with the highest transcript level of P. salmonis ITS detected at 21 DPI (Figure 

3.2A,B). Congruently, the screening of four well-known antibacterial biomarkers (campb, 

hampa, il8a and tlr5a) in salmon head kidney also showed similar immune response 

dynamics. Although different challenge models (IP vs cohabitation) were used, the current 
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results agree well with a previous study by Rozas-Serri et al. (2018a), where they found 

that the expression of many mediators of innate immunity (e.g. il1b, il8) correlated 

positively with the bacterial load in the head kidney of Atlantic salmon infected with an 

EM-90-like isolate. Based on the current assessment of immune biomarker gene expression 

and pathogen levels across all sampling time points, I focused my efforts on profiling the 

transcriptome response of Atlantic salmon head kidney to P. salmonis infection at 21 DPI, 

a time point that is likely to reveal the highest transcriptome modulation. In addition, all 

fish in the current study were infected with the same dose of P. salmonis inoculum; 

however, multivariate statistical analyses (i.e. PCA and clustering analysis) of infected fish 

at 21 DPI revealed two infection level phenotypes: a lower P. salmonis level with lower 

expression of antibacterial biomarkers (L-SRS); and a higher P. salmonis level with higher 

expression of antibacterial biomarkers (H-SRS) (Supplemental Figure S3.1). These two 

phenotypes observed in the current study are likely indicative of SRS resistance with H-

SRS being more susceptible and L-SRS being less susceptible to P. salmonis. 

Although several transcriptomic studies have examined the impact of P. salmonis 

infection in Atlantic salmon (Rise et al., 2004; Tacchi et al., 2011; Pulgar et al., 2015; 

Rozas-Serri et al., 2018b; Moraleda et al., 2021), only one study, carried out by Rozas-

Serri et al. (2018b), focused on an EM-90-like isolate in post-smolts. Despite a relatively 

low mortality rate observed in the present study, I have identified a much larger set of P. 

salmonis-responsive molecular biomarkers (a total of 3,242 DEPs) in the head kidney of 

Atlantic salmon compared with the results (298 DEGs in the IP injection model) of Rozas-

Serri et al. (2018b). Although the salmon’s life stage differed between studies, the smaller 
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number of transcripts identified therein may be attributed to the difference in response to 

the studied time points (5 vs 21 days). There is a high variation in the transcriptomic 

response (i.e. total numbers of differentially expressed probes/genes) to infection in 

Atlantic salmon among studies involving other strains of P. salmonis (e.g. LF-89). For 

instance, the first transcriptome study using a 3.5K GRASP cDNA microarray identified 

69 transcripts differentially expressed in response to P. salmonis in Atlantic salmon head 

kidney, following 14 days of infection (Rise et al., 2004). Pulgar et al. (2015) used the same 

time point (14 DPI) and a 32K cGRASP cDNA microarray, identified approximately 2,500 

DEPs between infected and non-infected fish among Atlantic salmon families with varying 

levels of susceptibility to the infection. In contrast, only 207 P. salmonis-responsive 

transcripts in the head kidney of Atlantic salmon were detected two days post-infection 

using a different version of the 44K oligo microarray compared with the present study 

(Tacchi et al., 2011). As discussed earlier, this is likely due to a mild transcriptomic 

modulation during an early stage of P. salmonis infection. 

To confirm the microarray results, 42 transcripts representing various molecular 

pathways [innate immune response (e.g. antibacterial response, inflammatory response), 

cellular immunity (e.g. leukocyte activation and migration), and other physiological 

processes (e.g. oxidative stress response, iron metabolism)] were subjected to qPCR 

analyses using larger numbers of biological replicates in addition to those that were 

included in the microarray study. All of the qPCR-analyzed transcripts, except for frrs1b, 

agreed with microarray results in the direction of change and statistical significance in at 

least one of the comparisons (i.e. L-SRS vs control or H-SRS vs control). A highly 
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significant correlation (R2 = 0.8653; p < 0.0001) was also obtained between microarray 

and qPCR data, suggesting an excellent overall confirmation of microarray results by 

qPCR.  

3.5.2 P. salmonis infection affects host innate immunity 

In the present study, I examined the global gene expression response in both lower 

and higher P. salmonis level individuals compared with the time-matched control fish; the 

identified pathways overlapping between lower and higher infection level groups (L-SRS 

and H-SRS) may represent the core defense response in Atlantic salmon. The pathway 

enrichment analysis of SRS-responsive transcripts overlapping between both infection 

groups (1,470 DEPs) showed a large number of BPs (36.3%) associated with innate 

immune responses were regulated in response to P. salmonis infection (Figure 3.4; 

Supplemental Table S3.4). Enriched BP terms related to immune response include 

“positive regulation of NF-kappaB transcription factor activity”, “defense response to 

bacterium”, “regulation of inflammatory response”, “response to interleukin-1”, and 

“response to virus and chemotaxis”. Similar to the current study, previous transcriptomic 

analyses of head kidneys in Atlantic salmon infected with P. salmonis revealed an activated 

innate immune defense response mechanism (Rise et al., 2004; Tacchi et al., 2011; Pulgar 

et al., 2015; Rozas-Serri et al., 2018b). 

In the current study, 14 genes directly involved in the innate immune response were 

analyzed by qPCR (Figure 3.6). P. salmonis infection showed up-regulation of tlr5a, 

campb, card9 and c3a in both L-SRS and H-SRS groups compared with the control, except 

for c3a, which was only significant in H-SRS group. The flagellin-dependent activation of 
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Tlr5, a pattern-recognition receptor (PRR), has been well recognized in mammals and a 

similar mechanism has been reported in some teleosts [e.g. rainbow trout and Japanese 

flounder (Paralichthys olivaceus)] (Zhang et al., 2014). However, some recent studies on 

non-motile bacterial infection models in Atlantic salmon (e.g. P. salmonis and R. 

salmoninarum) (Rozas-Serri et al., 2018b; Eslamloo et al., 2020a), as well as the current 

research, suggest that the induction of tlr5a in Atlantic salmon may not be flagellin-

dependent. Transcripts campb and c3a encode an antimicrobial peptide and a complement 

protein, respectively; they are both essential members of humoral components of innate 

immunity against a large array of pathogens (Ellis, 2001). In agreement with my results, 

the transcript expression of Atlantic salmon camp and c3 was induced in fish infected with 

EM-90-like P. salmonis isolate (Rozas-Serri et al., 2018b). Card9 is an adaptor protein that 

mediates signals from PRRs to activate inflammatory cytokines, playing a key role in the 

innate immune response to several intracellular pathogens in humans (Hsu et al., 2007). 

The increased expression of campb, c3a, and card9 in fish infected with P. salmonis in the 

present study indicate stimulation of innate immune response.  

The innate immune pathways activated by P. salmonis infection modulated the 

expression of il1b, il8a, saa5, and gsn, which are associated with inflammation and acute 

phase response. Il1b is one of the earliest expressed pro-inflammatory cytokines after 

activation of host PRRs (Zou and Secombes, 2016), and enables organisms to respond 

promptly to an infection by inducing a cascade of reactions leading to inflammation 

(Seppola et al., 2008). A member of the CXC chemokine family, Il8/Cxcl8, regulated by 

Il1b, functions as a chemotactic factor by recruiting specific subsets of leukocytes to sites 
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of inflammation and infection (Seppola et al., 2008). As in my study, Rozas-Serri et al. 

(2018a) observed up-regulation of both il1b and il8 in the head kidney of Atlantic salmon 

challenged by LF-89-like and EM-90-like isolates. Saa5 plays a significant role in the acute 

phase response in animals suffering from infection or injury, and its transcript levels 

increased dramatically in rainbow trout with Yersinia ruckeri infection (Raida and 

Buchmann, 2009). In mammals, GSN is a crucial regulator of actin filament assembly and 

disassembly; however, recent evidence from mammals suggests that GSN inhibits the 

inflammatory and cytokine response induced by LPS and overexpression of GSN decreases 

inflammation and apoptosis in experimental allergic encephalomyelitis animals (Cheng et 

al., 2017; Gao et al., 2017). Moreover, in agreement with the current results, Eslamloo et 

al. (2020a) also showed the decreased expression of gsn in Atlantic salmon infected with 

R. salmoninarum. The suppressed gsn expression may enhance the overall inflammatory 

response in the P. salmonis infected Atlantic salmon.  

The present study showed that P. salmonis infection modulated transcripts 

encoding lipid mediators (i.e. ch25ha, alox12, and pgds), which play vital roles in the 

innate immune response. Ch25h converts cholesterol to oxysterol 25-hydroxycholesterol 

to maintain cholesterol homeostasis (Abrams et al., 2020). Studies in mammals and fish 

suggested that Ch25h has additional functions in immunomodulation (e.g. antiviral and 

antibacterial activities) and can positively and negatively regulate the inflammatory 

responses (Zhang et al., 2019; Abrams et al., 2020; Zhao et al., 2020). Similar to my study, 

R. salmoninarum induced the expression of ch25ha in Atlantic salmon head kidney 

(Eslamloo et al., 2020a). Transcripts alox12 and pgds encode enzymes that act on different 
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polyunsaturated fatty acid substrates to generate bioactive lipid mediators (e.g. 

eicosanoids) and mediate inflammatory response (Gómez-Abellán and Sepulcre, 2016; 

Zheng et al., 2020). The observed down-regulation of pgds in the head kidney of Atlantic 

salmon infected with P. salmonis in this study agrees well with previous Atlantic salmon 

infection and immune challenge models (Rise et al., 2004; Caballero-Solares et al., 2017; 

Eslamloo et al., 2020a). These data confirm that lipid mediators could be playing important 

roles in different infectious diseases in Atlantic salmon.  

Three well-known antiviral (or viral-induced) biomarkers studied by qPCR (i.e. 

mxa, ifit5, and rsad2a) had decreased mRNA expression in fish infected with P. salmonis 

in the present study. Previous studies on sea lice infection models in Atlantic salmon 

showed similar down-regulation of several antiviral effector genes, including those that 

were regulated by the interferon pathway (Krasnov et al., 2012; Umasuthan et al., 2020). 

Further, sea lice-infected Atlantic salmon that had lower expression of antiviral genes 

showed higher infectious salmon anemia viral load and mortality (Barker et al., 2019). It 

is worth noting that the current microarray analyses also revealed increased expression of 

additional mx paralogues and other transcripts known to be involved in antiviral response 

(e.g. interferon-induced protein 44, guanylate-binding protein 1) (Power et al., 2015; Li et 

al., 2016) upon P. salmonis infection (Supplemental Table S3.3). Therefore, it is possible 

that some aspects of antiviral immunity were altered, which could influence their 

susceptibility to viral infection. 
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3.5.3 P. salmonis infection affects host cellular immunity 

The present study showed that SRS influenced molecular pathways (e.g. “leukocyte 

migration”, “leukocyte activation”, “CD4-positive alpha-beta T cell activation”, “antigen 

processing and presentation of exogenous antigen”) involved in both innate and adaptive 

cellular immunity. More than one-third of over-represented BPs from the overlapping SRS-

responsive transcript list (1,470 DEPs) were related to adaptive immunity. In contrast, 

relatively low numbers of P. salmonis-responsive transcripts associated with adaptive 

immune response were identified by other relevant studies (Rise et al., 2004; Tacchi et al., 

2011; Pulgar et al., 2015; Rozas-Serri et al., 2018b). Nevertheless, Atlantic salmon infected 

with live Renibacterium salmoninarum (an intracellular Gram-positive bacterial pathogen, 

causative agent of Bacterial Kidney Disease) also revealed an extensive amount of adaptive 

immune processes being regulated (Eslamloo et al., 2020a). 

Sixteen transcripts studied by qPCR in the current investigation play essential roles 

in leukocyte activation, migration, and function, and their mRNA levels in Atlantic salmon 

head kidney were significantly modulated by P. salmonis infection (Figure 3.7). For 

instance, P. salmonis induced four transcripts (i.e. csf1r, lgals9c, ifng, adala) and 

suppressed one transcript (i.e. lgals9b) that play putative roles in macrophage and/or 

lymphocyte activation. Csf1r acts as the receptor for colony stimulating factor 1, which 

regulates the production, differentiation, and function of monocytes/macrophages (Rojo et 

al., 2019). In grass carp (Ctenopharyngodon idellus), Csf1r was identified as a specific 

surface marker of monocytes/macrophages, and its transcript level in various tissues was 

elevated in fish infected with Aeromonas hydrophila (Chen et al., 2015). Mammalian 
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LGALS9 induces antibacterial activity in macrophages infected with Mycobacterium 

tuberculosis through macrophage activation and IL1B secretion (Sada-Ovalle et al., 2012), 

consistent with the up-regulation of one lgals9 paralogue (i.e. lgals9c) in salmon infected 

with P. salmonis found in the present study. The opposite transcript expression change of 

lgals9b observed here suggests that these paralogues have undergone regulatory and 

potentially functional divergence. IFNG or type II interferon is a cytokine that exerts 

regulatory roles in both innate and adaptive immunity, including activating macrophages, 

enhancing antigen presentation and promoting T cell differentiation and activation (Tacchi 

et al., 2011; Wang and Secombes, 2013; Zou and Secombes, 2016; Eslamloo et al., 2020a). 

Adal, an enzyme involved in the salvage of purine nucleotides, also plays an important role 

in regulating T cell activation and differentiation (Dong et al., 1996; Martinez‐Navio et 

al., 2011).  

The present qPCR study showed that P. salmonis infection modulated transcripts 

that play key roles in immune cell migration and actin/cytoskeleton reorganization 

(mmp13c, timp2b, aif1, bcl10a, pstpip2a, tmod4a) (Figure 3.7). Matrix metalloproteinases 

(MMPs) are a family of zinc-containing proteolytic enzymes that exert multiple roles in 

the immune response to infection, including facilitating leucocyte recruitment and 

migration, modulating cytokine and chemokine activity, and extracellular matrix 

remodelling (Elkington et al., 2005). In the zebrafish heart regeneration model, the 

inhibition of both Mmp9 and Mmp13 resulted in impaired tissue regeneration and 

leukocyte recruitment (Xu et al., 2018). However, excess Mmp activity following infection 

may lead to immunopathology favouring the pathogen, agreeing with the up-regulation of 
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transcript encoding Timp2b, a regulatory inhibitor of Mmps, in P. salmonis-infected 

salmon. The cytoskeleton and its components (e.g. different actins), well known for their 

roles in cell division, shape and movement, have essential functions in innate immunity 

and cellular self-defense (Mostowy and Shenoy, 2015; Rozas-Serri et al., 2018b; Moraleda 

et al., 2021). In mammals, transcripts encoding AIF1, PSTPIP2, and BCL10 positively 

regulate actin polymerization and/or filopodia formation, while Tmod4 prevents actin 

filaments from elongation (Chitu et al., 2005; Kelemen and Autieri, 2005; Rueda et al., 

2007; Yamashiro et al., 2012; Zhao et al., 2013; Sikora et al., 2020). The activated actin 

polymerization is likely to contribute to the promotion of immune cell mobility and 

migration in P. salmonis infected animals (Pulgar et al., 2015). The transcript expression 

of tmod4 in Atlantic salmon was also suppressed by R. salmoninarum (Eslamloo et al., 

2020a). Future studies are needed to better understand the function of cytoskeletal 

remodelling during piscirickettsiosis. Part of the observed responses could contribute to 

phagocytosis, which may eliminate P. salmonis bacteria. At the same time, intracellular 

bacterial pathogens such as P. salmonis and R. salmoninarum likely need to modulate 

cytoskeleton rearrangements to favour their replication in host cells (Ramirez et al., 2015; 

Moraleda et al., 2021).  

The activation of cytotoxic T lymphocytes by recognition of antigenic peptides 

presented on major histocompatibility complex (MHC) molecules associated with antigen-

presenting cells (APCs) is a critical process in the adaptive immunity of vertebrates 

(Jørgensen et al., 2007; Grimholt, 2016). As shown by the current qPCR analyses, 

transcripts involved in antigen processing, presentation, and recognition (i.e. b2ma, tapbp, 
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mhciia1, cd83c, tra) were modulated by P. salmonis infection (Figure 3.7). B2m is a 

component of MHC class I molecules, which bind and present endogenously derived 

peptides to CD8+ T-cells (Grimholt, 2016). Tapbp is an MHC class I antigen-processing 

molecule present in the endoplasmic reticulum that helps the stabilization of a multimeric 

peptide-loading complex (Jørgensen et al., 2007). Unlike MHC class I, the MHC class II 

molecules primarily reside on the surface of professional APCs such as dendritic cells 

which present the antigens derived from extracellular proteins to CD4+ T-cells (Grimholt, 

2016; Yamaguchi and Dijkstra, 2019). In mammals, CD83 is a member of the 

immunoglobulin (Ig) superfamily and a surface marker on mature dendritic cells (Li et al., 

2019). In addition to the roles that CD83 plays in lymphocyte development, a previous 

study revealed that CD83 influences cell-surface MHC class II expression on B cells and 

other APCs in mice, therefore affecting antigen presentation (Kuwano et al., 2007). The 

increased transcript expression of genes involved in both MHC class I and II in the present 

study suggests the importance of antigen processing and presentation pathways in the 

Atlantic salmon response to SRS. Interestingly, the current microarray study showed lower 

transcript levels of T-cell receptors [represented by 63 probes for T-cell receptor alpha (tra) 

and 6 probes for T-cell receptor beta] in fish infected with P. salmonis (Supplemental 

Table S3.3) with the lower transcript level of tra confirmed by qPCR in both L-SRS and 

H-SRS fish. Tra is a protein complex found on the surface of T-cells responsible for 

recognizing fragments of antigen presented by MHC molecules (Castro et al., 2011). In 

agreement with the current results, previous studies also reported the lower level of tra in 

P. salmonis-infected Atlantic salmon head kidney (Rise et al., 2004; Tacchi et al., 2011). 
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CD274 could also play a role in the suspected suppression of T-cell activity/recruitment in 

the current study. This inhibitory receptor ligand, induced in both L-SRS and H-SRS fish 

(Supplemental Table S3.3), binds to the receptor PD-1, commonly expressed on T-cells, 

thereby blocking T-cell activation (Han et al., 2020). 

3.5.4 P. salmonis infection affects other physiological processes 

Apart from the regulation of immune pathways and processes, the current 

microarray data also showed genes involved in other physiological processes [e.g. 

“response to reactive oxygen species” (Figure 3.4), “transition metal ion transport” and 

“programmed cell death” (Figure 3.5B)] were affected in P. salmonis-infected Atlantic 

salmon. I selected 12 microarray-identified genes related to these processes for qPCR 

confirmation (Figure 3.8). It is well-known that reactive oxygen species (ROS) play a dual 

role in pathogenic infections (Pohanka, 2013). ROS (i.e. free radicals) can protect the host 

from invading pathogens. However, their overproduction can cause oxidative stress, 

resulting in tissue damage. The up-regulation of ncf2, part of the NADPH oxidase 

components (de Oliveira-Junior et al., 2011), suggests the elevated production of free 

radicals in response to P. salmonis infection. This result is consistent with the up-regulation 

of NADPH oxidase in the liver of Atlantic salmon infected with P. salmonis found in a 

previous study (Tacchi et al., 2011). Interestingly, the transcript encoding for the protein 

Txn, a critical antioxidant enzyme, was up-regulated only in L-SRS group. The up-

regulation of txnb in L-SRS group may be a protective response to oxidative stress resulting 

from P. salmonis infection. In the current study, P. salmonis infection also suppressed 

transcripts encoding enzymes that are important in the antioxidant defense system (e.g. 
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catc, sesn1a, and selenopb). Similar results for selenopb transcript expression was reported 

in a previous study on Atlantic salmon head kidney infected with P. salmonis (Rise et al., 

2004). Moreover, Rozas-Serri et al. (2018b) found that more than 10 genes associated with 

the anti-oxidative response were down-regulated in the head kidney of P. salmonis infected 

Atlantic salmon. These results suggest that P. salmonis infection modulates the host 

antioxidant system, which may result in severe tissue damage.  

Iron is a crucial nutrient for the survival of bacteria and a key regulator of the host-

pathogen interaction (Doherty, 2007). Of the iron metabolism relevant genes studied by 

qPCR, the current results showed that P. salmonis infection up-regulated the expression of 

hampa, frrs1a and hmox1a, and down-regulated the expression of ftm in both the L-SRS 

and H-SRS groups. It is well-known that HAMP exhibits antimicrobial activity against 

bacteria and fungi (Park et al., 2001). It also plays a key role in the maintenance of iron 

homeostasis and the negative regulation of iron efflux in macrophages (Nemeth et al., 

2004; Michels et al., 2015). FRRS1 (also referred to as SDR2) reduces ferric to ferrous 

iron before its transport from the endosome to the cytoplasm (Vargas et al., 2003). Iron 

withholding response or nutritional immunity is a process initiated by infection-induced 

inflammation that aims to deprive invading pathogens from circulating iron; the host 

sequesters iron within intracellular pools which is thought to starve pathogens of this 

essential nutrient further limiting disease progression (Cherayil, 2011; Díaz et al., 2021). 

The activation of nutritional immunity was evidenced by the up-regulation of hampa, 

frrs1a, haptoglobin and hemopexin (microarray-identified; Supplemental Table S3.3) that 

increase iron intracellular storage, while the slight down-regulation of ftm suggests that the 
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response needs to be finely tuned. Pulgar et al. (2015) found that significant up-regulation 

of hamp was only shown in Atlantic salmon families with high susceptibility to P. salmonis 

but not in the low susceptibility families. Given that P. salmonis is a facultative 

intracellular bacterium, iron withholding response may be more detrimental for the host 

and more beneficial to P. salmonis once established inside the cells. Recently, several 

groups have successfully treated P. salmonis infection with iron chelators (Valenzuela-

Muñoz et al., 2020; Díaz et al., 2021) – induction of the nutritional immunity (iron 

withholding response) and limiting access of iron to bacteria under this condition appears 

to be a viable disease control strategy. The lack of sufficient amounts of extracellular iron 

resulted from iron withholding response likely had adverse consequences for the 

differentiation of red blood cells in the head kidney, which is considered to be the primary 

site of erythropoiesis in teleost fish (Witeska, 2013). This was evidenced by the decrease 

in the expression of erythrocyte-specific genes (e.g. spectrin beta chain and hemoglobin) 

(Liem, 2016), and a gene governing erythropoiesis (erythropoietin receptor) (Watowich, 

2011) in P. salmonis infected fish as shown by the current microarray analyses 

(Supplemental Table S3.3). The increased transcript expression of hmox1, an essential 

enzyme in the breakdown of heme originating from degraded senescent erythrocytes and 

heme-proteins, producing equal amounts of iron, carbon monoxide and biliverdin (Cassat 

and Skaar, 2013), suggested that the heme metabolism was also affected by SRS.  

My results suggest that P. salmonis infection affects the host redox status, which 

may influence cell death and necrosis. Previous studies have shown that P. salmonis 

modulates cellular apoptosis to enable their replication and survival within the host cells 
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(Rise et al., 2004; Tacchi et al., 2011; Rozas-Serri et al., 2018b; Moraleda et al., 2021). Of 

the apoptosis-related genes studied by qPCR, the current results revealed that P. salmonis 

infection up-regulated the expression of aifm2 in H-SRS and down-regulated the 

expression of bnip3la in both the L-SRS and H-SRS groups. Human AIFM2 (also referred 

to as AMID) has a pro-apoptotic function and is a p53 target to promote caspase-

independent cell death (Gong et al., 2007). Bnip3 is another pro-apoptotic gene that 

belongs to the Bcl-2 protein family (Burton and Gibson, 2009). Moraleda et al. (2021) also 

showed that bnip3 was down-regulated in Atlantic salmon during SRS infection, and it was 

positively correlated with resistance to SRS. Taken together, these results suggest that the 

host apoptotic pathways might be modulated by P. salmonis infection.  

3.5.5 Genes and their expression that might be associated with SRS resistance 

As mentioned earlier, the present study also aimed to explore the transcriptomic 

differences between individuals having higher and lower pathogen loads (L-SRS vs H-

SRS), which could potentially provide insight into disease resistance mechanisms (11, 27, 

28). At the pathway level (i.e. GO term enrichment), I analyzed two groups of DEPs 

between infected and non-infected fish. The first group included 166 probes that were 

significantly modulated only in the L-SRS group, and the second group had 1606 probes 

that were significantly modulated only in the H-SRS group. Although a relatively small 

number of DEPs were exclusive to the L-SRS group, the enriched GO terms were primarily 

associated with the immune response (36.8%; e.g. “response to type I interferon”, 

“regulation of complement activation”) and the adaptive immune response (36.8%; e.g. 

“alpha-beta T cell activation” and “cellular response to interferon-gamma”), suggesting the 
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importance of these pathways (e.g. IFN-mediated) for the positive outcome of P. salmonis 

infection. The enriched GO terms associated with 1606 DEPs responsive only in the H-

SRS group were similar to the enriched terms related to the overlapping SRS-responsive 

genes in terms of number and diversity. It included not only pathways related to immune 

responses but also pathways representing more general physiological processes such as 

development, metabolic process, and response to stress. This observation suggests that the 

transcriptional response to P. salmonis in the H-SRS group was more pronounced 

compared with the L-SRS group. In a previous P. salmonis challenge study in Atlantic 

salmon, resistant individuals had lower levels of bacterial load and higher expression of c-

type lysozyme in head kidney, while susceptible fish presented with higher levels of 

bacterial load and higher expression of pro-inflammatory genes and genes involved in 

acute phase response (Dettleff et al., 2015). As indicated by several studies of bacterial 

(Škugor et al., 2009; Braden et al., 2019) and viral diseases (Jørgensen et al., 2008; 

Timmerhaus et al., 2012; Martinez-Rubio et al., 2014) in salmonids, exaggerated innate 

immune responses are often linked to increase in pathology and other adverse outcomes. 

At the gene level, I correlated the levels of qPCR-analyzed transcripts with the P. 

salmonis level. Among them, 19 transcripts had a significant positive correlation with the 

P. salmonis level, and many of them are related to iron metabolism (e.g. hampa, frrs1a), 

inflammatory response (e.g. il8a, saa5), antibacterial response (e.g. campb, c3a) and 

leukocyte function (e.g. ifng, bcl10a). There were 6 transcripts that had a significantly 

negative correlation with the P. salmonis level; these included genes involved in oxidative 

stress response (i.e. sesn1a, selenopb). As discussed earlier, some of these infection level-
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dependent responses (e.g. antibacterial response) are beneficial in eliminating the 

pathogen, while others (e.g. inflammatory response, iron withholding response) may be 

detrimental to the host. The significant correlations of these transcripts with the infection 

level suggest they could be suitable biomarkers for the assessment of infection level-

dependent SRS responses in Atlantic salmon. It is worth mentioning that 13 qPCR-

analyzed transcripts had a similar magnitude of increase or decrease in expression between 

the L-SRS and H-SRS groups. Among these were genes involved in cellular immunity 

[leukocyte function (e.g. lgals9b, lgals9c, aif1, adala, mmp13c, csf1r), antigen presentation 

and recognition (e.g. mhciia1, cd83c)], antiviral response (e.g. mxa, ifit5, rsad2a), 

apoptosis (bnip3la), and oxidative stress response (txnb). These results suggest that the L-

SRS fish can effectively modulate those important immune pathways, which may be key 

for SRS resistance. 

3.6 Conclusion 

The time-course analyses of pathogen load and four biomarkers of innate immunity 

in the head kidney of Atlantic salmon parr challenged with EM-90-like P. salmonis 

bacterium revealed two groups of fish with different infection levels at 21 DPI. Although 

the challenge resulted in a relatively low mortality rate, transcriptome profiling of infected 

fish revealed that piscirickettsiosis affected a great number of genes and pathways, 

particularly in the high infection group (i.e. H-SRS). High expression levels of genes 

involved in innate and adaptive immune processes were observed, while a relatively mild 

regulation of genes governing general physiological processes (e.g. development and 

metabolism) was seen in response to the P. salmonis infection. Furthermore, the 
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comparison of individuals with differing levels of infection (H-SRS vs L-SRS) generated 

insights into the biological processes possibly involved in natural resistance. A more 

pronounced immune response against infection at a late stage observed in H-SRS fish 

suggests that at least part of these responses was exaggerated and not protective. It is 

however also possible that the H-SRS fish need to maintain a stronger immune response in 

order to deal with the high pathogen load and prevent further bacterial growth. To help 

fully elucidate mechanisms responsible for different infection phenotypes (L-SRS and H-

SRS) and protection against P. salmonis infection, examination of earlier time points (e.g. 

2 DPI) and other relevant tissues (e.g. spleen and liver) are necessary. It should be noted 

that aspects such as route of infection, infection level, and patterns of disease spread during 

natural SRS outbreaks may differ from the IP injection model. Finally, this study 

demonstrated a low mortality EM-90-like P. salmonis infection model and qPCR-validated 

many SRS-responsive molecular biomarkers, which are valuable tools for future research 

(e.g. evaluation of novel functional feeds that often require low mortality outcomes) aimed 

at improving farmed Atlantic salmon resistance to SRS. 

3.7 Supplemental materials 

The Supplemental Tables and Figures for this chapter can be found in the 

supplemental materials of Xue et al. (2021) [available at: 

(https://www.frontiersin.org/articles/10.3389/fimmu.2021.789465/full#supplementary-

material)]. These files (as listed below) have also been supplied in a zipped folder that 

accompanies this thesis. 

 

https://www.frontiersin.org/articles/10.3389/fimmu.2021.789465/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2021.789465/full#supplementary-material
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Supplemental Table S3.1. Primers for pathogen load assessment and qPCR validation. 

 

Supplemental Table S3.2. Sample inventory, RNA purity information, and pathogen load 

and antibacterial biomarker screening results. 

 

Supplemental Table S3.3. Complete list of microarray identified SRS-responsive gene 

that were differentially expressed in the head kidney of Atlantic salmon (Significant 

Analysis of Microarray; FDR < 1%). 

 

Supplemental Table S3.4. List of Biological Process GO terms enriched in SRS-

responsive transcripts shared by both SRS groups (L-SRS and H-SRS) (1,470 DEPs). An 

additional table below shows the contribution (%) of each functional theme to the total 

number of over-represented GO terms. 

 

Supplemental Table S3.5. List of Biological Process GO terms enriched in SRS-

responsive transcripts identified only in L-SRS group (166 DEPs). An additional table 

below shows the contribution (%) of each functional theme to the total number of over-

represented GO terms. 

 

Supplemental Table S3.6. List of Biological Process GO terms enriched in SRS-

responsive transcripts identified only in H-SRS group (1606 DEPs). An additional table 
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below shows the contribution (%) of each functional theme to the total number of over-

represented GO terms. 

 

Supplemental Figure S3.1. Classification of infection level phenotypes by multivariate 

statistical analyses and microarray experimental design. (A) principal component analysis 

(PCA) and (B) hierarchical clustering of the expression levels of P. salmonis ITS and 

antibacterial biomarkers (campb, hampa, il8a and tlr5a) of 21 DPI individuals. 

Hierarchical clustering analyses performed using Pearson’s correlation resemblance 

matrices (PRIMER, Version 6.1.15, Ivybridge, UK). Two infection level phenotypes were 

identified except fish C7-8: one group of fish with higher levels of the P. salmonis ITS and 

the antibacterial biomarkers (H-SRS) and another group of fish with lower levels of the P. 

salmonis ITS and the antibacterial biomarkers (L-SRS). (C) Levels of P. salmonis ITS in 

fish classified as L-SRS and H-SRS compared to the control fish (CON). (D) microarray 

experimental design. Five fish from each group were selected and used for the 

transcriptome analyses. 

 

Supplemental Figure S3.2. Hierarchical clustering analysis for a subset of SRS-

responsive genes involved in adaptive immunity. All microarray analyzed samples were 

clustered based on probes having the associated GO term “adaptive immune response”. 

 

Supplemental Figure S3.3. Scatterplot of gene expression fold-change values (log2) 

between treatments calculated from the microarray log2 ratios and qPCR relative quantity 
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(RQ) values. Each dot represents the fold-change of treatment comparison (L-SRS vs 

control or H-SRS vs control) for a given gene. 
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CHAPTER 4: Dietary immunostimulant CpG modulates microRNA 

biomarkers associated with immune responses in Atlantic salmon 

(Salmo salar) 

 

The research described in Chapter 4 has been published in the journal Cells as: Xue, X., 

Woldemariam, N.T., Caballero-Solares, A., Umasuthan, N., Fast, M.D., Taylor, R.G., Rise, 

M.L., Andreassen, R., 2019. Dietary immunostimulant CpG modulates microRNA 

biomarkers associated with immune responses in Atlantic salmon (Salmo salar). Cells 8, 

1592. doi:10.3390/cells8121592  
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4.1 Abstract 

MicroRNAs (miRNAs) are key regulators in fish immune responses. However, no 

study has previously characterized the impact of polyriboinosinic polyribocytidylic acid 

(pIC) and formalin-killed typical Aeromonas salmonicida bacterin on miRNA expression 

in Atlantic salmon fed a commercial diet with and without immunostimulant CpG 

(cytosine-phosphate-guanosine). To this end, first, small RNA deep sequencing and qPCR 

analyses were performed to identify and confirm pIC- and/or bacterin-responsive miRNAs 

in the head kidney of salmon fed a control diet. DESeq2 analyses identified 12 and 18 

miRNAs differentially expressed in pIC and bacterin groups, respectively, compared to the 

controls. Fifteen of these miRNAs were studied by qPCR; nine remained significant by 

qPCR. Five miRNAs (miR-27d-1-2-5p, miR-29b-2-5p, miR-146a-5p, miR-146a-1-2-3p, 

miR-221-5p) were shown by qPCR to be significantly induced by both pIC and bacterin. 

Second, the effect of CpG-containing functional feed on miRNA expression was 

investigated by qPCR. In pre-injection samples, 6 of 15 miRNAs (e.g., miR-181a-5-3p, 

miR-462a-3p, miR-722-3p) had significantly lower expression in fish fed CpG diet than 

control diet. In contrast, several miRNAs (e.g., miR-146a-1-2-3p, miR-192a-5p, miR-

194a-5p) in the PBS- and bacterin-injected groups had significantly higher expression in 

CpG-fed fish. Multivariate statistical analyses confirmed that the CpG diet had a greater 

impact on miRNA expression in bacterin-injected compared with pIC-injected fish. This 

study identified immune-relevant miRNA biomarkers that will be valuable in the 

development of diets to combat infectious diseases of salmon.  
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4.2 Introduction 

Worldwide demand for seafood for human consumption, including a growing 

contribution from aquaculture (~50% in 2016), continues to climb because of a flat or 

decreasing global wild fisheries production in the face of rising human population (Agaba 

et al., 2005; Tocher et al., 2006; FAO, 2018). Consequently, there is great potential for the 

aquaculture industry to expand. With a variety of species being farmed, Atlantic salmon 

(Salmo salar) is one of the most economically important species in aquaculture (Kiron, 

2012). Infectious diseases have resulted in substantial mortality and losses to Atlantic 

salmon aquaculture worldwide, affecting the growth and sustainability of the industry 

(Caballero-Solares et al., 2017). Several well-known viruses that cause severe diseases in 

Atlantic salmon are RNA viruses (Lang et al., 2009). These include viruses with single-

stranded RNA genomes (e.g., salmonid alphavirus (SAV), infectious salmon anemia virus 

(ISAV) and viral hemorrhagic septicemia virus (VHSV)) and double-stranded RNA 

genomes (e.g., infectious pancreatic necrosis virus (IPNV)) (Lang et al., 2009). Bacterial 

pathogens that have a severe impact on salmonid aquaculture include Piscirickettsia 

salmonis (which causes piscirickettsiosis or salmonid rickettsial septicaemia) (Rise et al., 

2004), Aeromonas salmonicida (the cause of furunculosis) (Ewart et al., 2005), 

Renibacterium salmoninarum (the cause of bacterial kidney disease) (Murray et al., 2012), 

and Moritella viscosa (the cause of winter ulcer disease) (Løvoll et al., 2009). 

Microbial cell components (e.g., lipopolysaccharide, peptidoglycan, RNAs, and 

DNAs), recognized by animal immune cells as pathogen-associated molecular patterns 

(PAMPs), can elicit host immune responses to fight the invading pathogen (Vallejos-Vidal 



  

162 

 

et al., 2016). The detection of PAMPs by specific pattern-recognition receptors (PRRs) on 

or within the host immune cells triggers intracellular signaling cascades that increase the 

expression of soluble mediators (e.g., both pro-inflammatory and anti-inflammatory 

cytokines), which can lead to increased phagocytosis, bactericidal activity, respiratory 

burst, antiviral and complement activities (Secombes and Wang, 2012). Taking advantage 

of this mechanism, researchers have used polyriboinosinic polyribocytidylic acid (pIC), a 

PAMP-like synthetic double-stranded RNA (dsRNA) analogue, to elicit antiviral responses 

(Akira et al., 2006; Robertsen, 2006; Eslamloo et al., 2016; Caballero-Solares et al., 2017), 

and formalin-killed Aeromonas salmonicida, a PAMP-containing bacterin, to elicit 

antibacterial responses (Feng et al., 2009; Hori et al., 2013). 

Immune response-mediated gene expression can be regulated through small non-

coding RNAs (ncRNAs) including microRNAs (miRNAs) (Andreassen and Høyheim, 

2017; Andreassen et al., 2017; Eslamloo et al., 2018; Herkenhoff et al., 2018). miRNAs 

are important regulators of gene expression at the post-transcriptional level (Andreassen 

and Høyheim, 2017; Woldemariam et al., 2019). The primary miRNA transcripts (pri-

miRNAs) are cleaved by ribonuclease enzyme Drosha into shorter miRNA precursors (pre-

miRNAs). Thereafter, pre-miRNAs are exported out of the nucleus and further processed 

by endoribonuclease Dicer to produce two small mature miRNAs (i.e., 5p and 3p) that are 

usually 20–24 nt in length (Woldemariam et al., 2019). Typically, one of the mature 

miRNAs is then assembled into the miRNA-induced silencing complex (miRISC), which 

can exercise its gene-silencing function by binding mainly to the 3′ untranslated region 

(UTR) of target mRNA (Herkenhoff et al., 2018). 
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Recent advances in high-throughput sequencing technology (e.g., small RNA deep 

sequencing) and bioinformatics tools have led to the detection of virus/bacteria-responsive 

miRNAs in teleosts (Andreassen et al., 2017; Valenzuela-Miranda et al., 2017; Eslamloo 

et al., 2018; Cao et al., 2019). For instance, twenty differentially expressed miRNAs were 

identified in Atlantic salmon challenged with SAV; the majority of the predicted mRNA 

targets were involved in promoting the inflammatory response (Andreassen et al., 2017). 

Analyses of Atlantic salmon tissues infected with P. salmonis revealed 84 and 25 

differentially expressed miRNAs in head kidney and spleen, respectively; functional 

annotation of predicted mRNA targets of P. salmonis-responsive miRNAs showed 

involvement in the immune response, such as genes related to chemokine-mediated 

signaling pathway and neutrophil chemotaxis (Valenzuela-Miranda et al., 2017). Such 

studies have improved the current understanding of miRNAs involved in immune 

responses in teleosts (Andreassen and Høyheim, 2017). However, the impact of pIC-

triggered antiviral and A. salmonicida bacterin-triggered antibacterial immune responses 

on the miRNA expression in Atlantic salmon were previously uncharacterized. 

Over recent decades the development of aquafeeds has continued to progress with 

diets being more specifically designed to meet the nutritional needs of species, stage of the 

life cycle, and health status of the fish (Tacchi et al., 2011). Functional feeds are diets 

designed to have positive effects on both the health and growth of the animals ingesting 

them by supplying additional functional ingredients beyond the basic nutritional 

requirements of the animal (Martin and Król, 2017). Components that act as 

immunostimulants are often added to the feeds, and can generally increase resistance to 
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disease by enhancing the non-specific immune system (Tacchi et al., 2011; Martin and 

Król, 2017). For example, algal and plant extracts as dietary immunostimulants have been 

tested in different fish species; other dietary supplements containing PAMPs as 

immunostimulants also showed promising results in mitigating fish diseases (Vallejos-

Vidal et al., 2016). 

A type of PAMP commonly used as an immunostimulant is unmethylated DNA, 

which contains cytosine–phosphate–guanine oligodeoxynucleotide motifs (CpG ODN) 

(Covello et al., 2012). Bacterial genomes, some viral genomes and invertebrate genomes 

differ structurally from vertebrate genomes, which exhibit CpG suppression and 

methylation (Carrington and Secombes, 2006; Covello et al., 2012). Unmethylated DNA, 

containing CpG motifs, acts as a danger signal to the vertebrate host and triggers an 

immune response (Covello et al., 2012). The immune response induced by CpG is mediated 

through Toll-like receptor 9 (TLR9), a PRR present on the cell surface or within endosomal 

compartments of B cells, dendritic cells, and macrophages (Cuesta et al., 2008; Liu et al., 

2010). Based on the backbone structure and oligonucleotide sequences, synthetic CpG 

ODNs are divided into three classes (i.e., A-, B-, and C-classes) with distinct 

immunomodulating properties (Carrington and Secombes, 2006). B-class CpG ODNs 

primarily stimulate the proliferation of B cells (Cárdenas-Reyna et al., 2016). For example, 

CpG ODN 205 (i.e., B-class) stimulated the immune system of turbot (Scophthalmus 

maximus), and induced protection against bacterial challenge (Liu et al., 2010). Another B-

class ODN, CpG ODN 1668, was shown to activate immune responses against iridovirus 

infection in rock bream (Oplegnathus fasciatus) (Jung and Jung, 2017), and Vibrio 



  

165 

 

parahaemolitycus challenge in Pacific red snapper (Lutjanus peru) (Cárdenas-Reyna et al., 

2016). In addition, protection against sea lice (Lepeophtheirus salmonis) infection in 

Atlantic salmon by orally administered CpG ODN 1668 (10–20 mg kg−1 feed) has been 

reported (Covello et al., 2012; Purcell et al., 2013). Nevertheless, the impact of dietary 

CpG on the expression of miRNAs associated with antiviral and antibacterial responses in 

fish including Atlantic salmon was previously unknown. 

In the present study, I investigated the host miRNA expression responses to viral 

mimic pIC and A. salmonicida bacterin stimulations in the head kidney of Atlantic salmon 

fed a control diet by a deep sequencing approach. Head kidney was chosen as the target 

tissue as it plays an important role in the specific and non-specific defense mechanisms in 

teleost fish, and its role in hematopoiesis is equivalent to bone marrow in higher vertebrates 

(Press and Evensen, 1999; Chen et al., 2012; Kiron, 2012). Putative antiviral and 

antibacterial responsive miRNAs identified through sequencing were also studied by qPCR 

in fish fed a functional feed (control diet top-coated with CpG ODN 1668). The expression 

of these candidate miRNAs was measured before and 24 h after immunogen injection. This 

study allowed us to identify miRNAs that are valuable biomarkers for responses to pIC and 

bacterin stimulations in the head kidney of Atlantic salmon, and to study the influence of 

this CpG-containing functional feed on the expression of immune-relevant miRNAs. 



  

166 

 

4.3 Materials and methods 

4.3.1 Feed production 

EWOS Dynamic S feed (5 mm; 27% fat, 46% protein) was used in this experiment 

as the control diet and base feed for the functional diet (referred as CpG diet). The CpG 

diet was produced by dissolving CpG ODN 1668 (Integrated DNA Technologies, 

Coralville, IA, USA) components in distilled water and spraying onto the pellets. Then, 

coated pellets were brought under −0.9 bar of vacuum for 10 min, followed by a drying 

step at 60°C for 30 min to remove excess water, to obtain a final concentration of 10 mg 

kg−1 of feed. The CpG coating procedures were carried out at the Chute Animal Nutrition 

Centre of Dalhousie University Agricultural Campus (Truro, NS, Canada). 

4.3.2 Feeding trial, immune challenge, and fish sampling 

The Atlantic salmon feeding trial was conducted at the Dr. Joe Brown Aquatic 

Research Building [JBARB, Ocean Sciences Centre (OSC), Memorial University of 

Newfoundland, St. John’s, NL, Canada]. Salmon smolts were obtained from Northern 

Harvest Sea Farms (Stephenville, NL, Canada), transported to the JBARB and held in 3800 

L tanks. After arrival, salmon were PIT (passive integrated transponder)-tagged and fed 

with the control diet before the start of the feeding trial. Atlantic salmon (post-smolts; 232 

± 52 g mean initial weight ± SD; n = 67) were randomly distributed among four 620 L 

tanks (16–17 fish per tank). After 7 weeks acclimation, salmon from 2 tanks were switched 

from the control diet to the CpG diet while the other two tanks remained on the control diet 

for another 7 weeks. Fish were kept in a flow-through seawater system (~10–11°C, 
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dissolved oxygen ≥ 10 mg L−1) under a 24 h light photoperiod. Fish were fed to apparent 

satiation using automatic feeders (AVF6 Vibratory Feeder; Pentair Aquatic Eco-Systems, 

Inc., Nanaimo, BC, Canada), which were set to vibrate for 3 s hourly from 5 pm to 3 am. 

The daily ration was set at 1% of the average body weight (BW) of the salmon in each 

tank, which was estimated using their initial weight (for each tank, individually) and 

assuming an exponential growth of 1% BW/day. Satiation was assessed by monitoring the 

amount of uneaten pellets the next morning. An overview of the experimental design, 

including the feeding trial, immune challenges and subsequent molecular analyses 

(discussed below), is illustrated in Figure 4.1. 

At the end of the feeding trial, both dietary groups were subjected to immune 

challenge by an intraperitoneal (IP) injection (25 gauge needle) of immunogens: A. 

salmonicida bacterin or viral mimic pIC. Fish were starved for 24 h, after which 4 fish per 

tank (8 per treatment) were euthanized with an overdose of MS-222 (400 mg L−1, Syndel 

Laboratories, Vancouver, BC, Canada) and dissected for time 0 (i.e., pre-injection) head 

kidney samples. Formalin-killed typical A. salmonicida bacterin was obtained in the form 

of a vaccine [Furogen Dip, Elanco (formerly Novartis), Charlottetown, PE, Canada]. The 

bacterin solution was prepared as in Hori et al. (2013), while the pIC (Catalogue # P0913; 

Sigma-Aldrich, Oakville, ON, Canada) was diluted in sterile phosphate-buffered saline 

(PBS; Gibco, Carlsbad, CA, USA) at 2 µg µL−1 for injection. Then, 4–5 salmon per tank 

(i.e., 8–9 per treatment) were lightly anesthetized (50 mg L−1 of MS-222) and injected with 

1 µL of pIC, bacterin or PBS per g of wet mass. Fish were then sampled 24 h post-injection 

as described above. Body weight, fork length, and liver weight of fish were measured. Head 
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Figure 4.1. Overview of experimental design. Following the 7 week feeding trial, fish fed 

both diets were subjected to immune challenge by an intraperitoneal (IP) injection of sterile 

phosphate-buffered saline (PBS), formalin-killed typical Aeromonas salmonicida bacterin, 

or viral mimic polyriboinosinic polyribocytidylic acid (pIC). mirVana-prepared head 

kidney (HK) templates from three of each PBS-, pIC-, and bacterin-injected fish (control 

diet only) were selected for deep sequencing based on the qPCR assessed expression of 

known pIC (i.e., isg15a, mxb, irf7b) and A. salmonicida  (i.e., campb, tlr5a, il1b) immune 

biomarker transcripts. Selected pIC- and/or bacterin-responsive miRNAs were studied by 

qPCR using all samples from both dietary groups. *mRNA qPCR analyses were conducted 

using DNase-treated and column-purified total RNA.  
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kidney samples (50–100 mg) were collected, flash-frozen in liquid nitrogen, and stored at 

−80°C until RNA extraction. This study was carried out in accordance with animal care 

protocol 17-77-MR, approved by the Institutional Animal Care Committee of Memorial 

University of Newfoundland. 

4.3.3 RNA isolation 

Total RNAs of all collected head kidney samples were extracted using the mirVana 

miRNA isolation kit (Ambion/Life Technologies, Carlsbad, CA, USA) according to 

manufacturer instructions. The RNA integrity was verified by 1% agarose gel 

electrophoresis, and RNA purity was assessed by A260/280 and A260/230 using 

NanoDrop spectrophotometry (Thermo Fisher, Mississauga, ON, Canada). All RNA 

samples used in this study showed tight 18S and 28S ribosomal RNA bands and A260/230 

ratios greater than 2. Also, A260/280 ratios of most of the samples were higher than 1.9; 3 

out of 67 samples had A260/280 ratios between 1.7 and 1.9. 

4.3.4 Library preparation and deep sequencing 

Prior to the selection of the samples for deep sequencing, aliquots of mirVana-

prepared total RNAs from all fish fed control diet were subjected to DNase treatment and 

column purification (Caballero-Solares et al., 2018). These RNAs were subjected to qPCR 

analyses of known A. salmonicida bacterin- [i.e., cathelicidin antimicrobial peptide b 

(campb), tlr5a, interleukin-1 beta (il1b)] (Caballero-Solares et al. manuscript in 

preparation) and pIC- [i.e., interferon stimulated gene 15a (isg15a), interferon-induced 

GTP-binding protein b (alias myxovirus resistance b, mxb), interferon regulatory factor 7b 
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(irf7b)] (Caballero-Solares et al., 2017) responsive immune biomarker transcripts, to 

ensure the efficacy of the immune challenges and to select representative individuals for 

deep sequencing. The qPCR analyses of these immune biomarkers were conducted as 

described in Caballero-Solares et al. (2018). Details on the methods and results for immune 

biomarker mRNA qPCR are provided in Supplemental Table S4.1. The mirVana-

prepared total RNAs from three of each PBS-, bacterin-, and pIC-injected individuals fed 

control diet were selected for miRNA sequencing analyses (see Supplemental Table S4.1 

for qPCR-based sample selection). Small RNA library construction and sequencing were 

performed at the Norwegian Genomics Consortium (NGC)’s Genomics Core Facility. All 

sequencing libraries were generated using the NEBNext Small RNA Library Prep Set for 

Illumina (New England Biolabs, Ipswich, MA, USA) with 1 µg of total RNA input, 

following manufacturer instructions. In brief, mirVana-prepared total RNAs were ligated 

with 3′ and 5′ RNA adapters, followed by reverse transcription (RT) and PCR enrichment 

using barcoded RT-primers. The resulting cDNA products were purified using 6% 

polyacrylamide gels, and size selection of fragments (approximately 145–160 bp) was 

carried out to enrich small RNAs. The sequencing was performed on a NextSeq 500 

instrument (Illumina, Inc, San Diego, CA, USA), producing 75 bp single-end reads. 

4.3.5 Analysis of deep sequencing data 

The quality of raw sequencing reads (fastq files) was assessed using FastQC toolkit 

(v.0.11.5; http://www.bioinformatics.babraham.ac.uk/projects/fastqc), to ensure that the 

quality was satisfactory before adaptor sequences were removed using cutadapt (v.1.13) 

(Martin, 2011). The trimmed sequence reads were size-filtered to discard reads that were 
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outside the expected size range of mature miRNAs (18–25 nt). The quality of the trimmed 

and size-filtered reads was checked by a second FastQC analysis. All deep sequencing 

reads have been submitted to the NCBI Sequence Read Archive (SRA) database 

(BioProject PRJNA555179). 

The clean sequence reads were aligned to a reference index consisting of all known 

mature miRNAs in Atlantic salmon (Woldemariam et al., 2019), using STAR aligner 

software (v.2.5.2b) (Dobin et al., 2013). The alignment files (BAM format) were further 

processed in R using the featureCounts function from the Rsubread package to produce 

count matrices (Liao et al., 2013). These count tables were used as input to test for 

differential expression of miRNAs using the R package DESeq2 (Love et al., 2014). 

Differentially expressed miRNAs were identified by comparing the bacterin or pIC groups 

to the PBS group (control) (n = 3 from each experimental condition). miRNAs were 

considered to be differentially expressed if they had Benjamini-Hochberg adjusted p-value 

of ≤ 0.10. 

4.3.6 Prediction of target Genes and their functional annotations 

The miRNA target prediction tool RNAhybrid (Rehmsmeier et al., 2004) was 

applied to identify the putative target genes of the pIC- and/or bacterin-responsive miRNAs 

identified by the DESeq2 analyses. The mature miRNA sequences were tested against 

3′UTRs from all Atlantic salmon transcripts in the NCBI Reference Sequence database 

(Refseq; https://www.ncbi.nlm.nih.gov/refseq/). The following parameters were applied in 

the RNA hybrid analysis: helix constraint 2–8, no G:U in seed, and a minimum free energy 

threshold of −18 kcal/mol. Gene ontology (GO) terms of the predicted target genes from 
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Atlantic salmon were obtained from UniProt Knowledgebase (http://www.uniprot.org/). 

Based on the GO term annotations and published studies, a subset of predicted target genes 

with functions associated with immune response were identified. Cross-reference links 

from the UniProt database were further used to retrieve organism-specific pathway 

annotations from the online resource Kyoto Encyclopedia of Genes and Genomes (KEGG) 

pathway database (https://www.genome.jp/kegg/pathway.html). 

4.3.7 qPCR analysis of miRNA expression 

The expression of 15 miRNAs (5 pIC-responsive, 7 bacterin-responsive, 3 

commonly responsive to both pIC and bacterin) (see Supplemental Table S4.2 for qPCR 

primers), selected from the DESeq2 analyses, was quantified by qPCR using samples from 

all individuals (i.e., 8–9 samples per treatment). In addition to fish fed control diet, the 

qPCR experiment also included head kidney samples from fish fed CpG containing diet 

and subjected to the immune stimulations. 

cDNA templates for qPCR were synthesized in 20-μL reactions from 400 ng of 

mirVana extracted total RNA using miScript II RT Kit (Qiagen, Hilden, Germany) as 

recommended by the manufacturer’s instructions. The cDNAs were diluted by adding 180 

μL of RNase-free water (Qiagen) for use in the qPCR assays. PCR amplifications were 

performed in duplicate using 12.5 μL of 2× QuantiTect SYBR Green PCR Master Mix, 2.5 

μL of 10× miScript Universal Primer, 2.5 μL specific forward primer (10 μM), 5 μL RNase-

free water (Qiagen), and 2.5 μL of diluted cDNA template representing 5 ng of input total 

RNA. All qPCR assays were conducted in an AriaMx Real-time PCR System (Agilent 

Technologies, Santa Clara, CA, USA) using 96-well plates. The real-time analysis program 
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consisted of 1 cycle of 95°C for 15 min, and 40 cycles of 94°C for 15 s, 55°C for 30 s and 

70°C for 30 s, followed by a final melting point analysis. 

All forward primers were designed based on the mature sequences of miRNAs of 

interest (Table 4.1), while a universal primer, provided by the miScript SYBR Green PCR 

Kit (Qiagen), was used as a reverse primer in each qPCR assay. Quality testing ensured 

that a single product was amplified (dissociation curve analysis) and that there was no 

primer-dimer present in the no-template control except for miR-181a-5-3p. Amplification 

efficiencies (Pfaffl, 2001) were calculated using cDNA synthesized from head kidney RNA 

samples (n = 6; 2 of each PBS-, bacterin-, and pIC-injected) that had been pooled post-

cDNA synthesis. Standard curves were generated using a 4-5-point 1:3 dilution series. Two 

miRNAs (miR-25-3p and miR-17-5p), suggested as the most suitable normalizers for 

miRNA expression in Atlantic salmon (Johansen and Andreassen, 2014), were used as 

normalizers in the current study. These normalizers were expressed stably in the current 

qPCR study (i.e., the geometric mean of normalizers’ CT less than 0.3 cycles different for 

injection-matched groups or diet-matched groups) (see Supplemental Table S4.3 for 

normalizer CT values). Agilent AriaMx software v1.5 was applied to obtain CT (or Cq) 

values. The relative quantity (RQ) of each miRNA was determined using a qBase relative 

quantification framework (Hellemans et al., 2007; Booman et al., 2014), with 

normalization to both miR-25-3p and miR-17-5p, and with amplification efficiencies 

incorporated. For pre-injection samples (i.e., T0 samples), the RQs of each miRNA were 

calibrated against fish fed the control diet, while for IP-injected groups, the RQs of each 

miRNA were calibrated against PBS-injected fish fed the control diet.  



  

174 

 

 

 

 

 

 

 

 

 

 

 

Table 4.1. Overview of the deep sequencing results from the head kidney of fish fed the 

control diet. 

 

Sample ID 1 
Total Number of 

Raw Reads 2 

Trimmed and 

Filtered Reads 3 

Reads Mapped to 

miRNAs (%) 4 

Accession 

Number 5 

1-PBS-T30-2 9,609,300 4,800,941 89.1 SRR9709006 

2-PBS-T30-3 15,384,722 9,966,411 90.4 SRR9709007 

3-PBS-T33-3 12,674,361 8,124,580 89.9 SRR9709008 

4-bacterin-T33-1 11,715,675 7,190,332 89.4 SRR9709009 

5-bacterin-T30-4 14,028,188 9,134,360 89.7 SRR9709002 

6-bacterin-T33-3 34,491,682 8,654,401 91.3 SRR9709003 

7-pIC-T33-2 18,600,224 8,519,434 80.6 SRR9709004 

8-pIC-T30-3 13,957,705 9,864,824 93.4 SRR9709005 

9-pIC-T33-3 16,877,729 5,453,442 68.2 SRR9709010 
1 The mirVana-prepared total RNAs from three of each PBS-, bacterin-, and pIC-injected individuals fed the 

control diet were selected for miRNA sequencing analyses. 2 The total number of reads in raw fastq file for 

each sample. 3 Total number of reads after removing adapters and filtering reads by size (18–25 nt). 4 Percent 

of trimmed and filtered reads mapped to the reference miRNAome (i.e., all known mature miRNAs of 

Atlantic salmon) (Woldemariam et al., 2019). 5 The accession number of sequencing results for each sample 

submitted to the NCBI Sequence Read Archive (SRA) database (http://www.ncbi.nlm.nih.gov/sra). All data 

were deposited under the BioProject PRJNA555179.  

http://www.ncbi.nlm.nih.gov/sra
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4.3.8 Statistical analyses 

All qPCR data (i.e., RQs) were subjected to Grubbs’ test to identify potential 

outliers and then log2-transformation to meet the normality assumption. Grubbs’ test can 

determine if the most extreme value in a univariate dataset is a significant outlier from the 

rest, and is based on the assumption of normality (Grubbs, 1969). In total, 19 RQ values 

were identified as statistical outliers in the entire dataset (i.e., out of 765 RQ values), and 

excluded from the study. Each miRNA of interest had a minimum of 7 samples per 

treatment. For pre-injection samples, miRNA expression differences between diet groups 

were determined using a Student’s t-test (p < 0.05). For IP-injected groups, miRNA 

expression differences between treatments and diets were determined using two-way 

analysis of variance (ANOVA), followed by a Dunnett’s test to assess the effect of 

immunogens within each dietary group (i.e., pIC/bacterin vs PBS), and a Student’s t-test to 

assess the dietary effect within treatment groups (p < 0.05). All of the statistical tests above 

were performed in Prism v7.0 (GraphPad Software Inc., La Jolla, CA, USA). 

Principal coordinates analysis (PCoA), permutational multivariate ANOVA 

(PERMANOVA), and similarity of percentages analysis (SIMPER) were performed using 

PRIMER (Version 6.1.15; PRIMER-E Ltd, Ivybridge, UK) to explore the differences in 

qPCR-analyzed miRNA expression among samples from fish fed different diets (control 

vs CpG) and in different treatment groups (pre-injection, PBS-, pIC- and bacterin-injected). 
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4.4 Results 

4.4.1 Deep sequencing and identification of differentially expressed miRNAs 

A deep sequencing approach was used to discover pIC- or bacterin-responsive 

miRNAs in the head kidney of salmon fed the control diet. Table 4.1 provides an overview 

of the read numbers obtained from the deep sequencing of the samples used in the present 

study. The total number of raw reads obtained from sequencing for all samples ranged from 

9.6 to 34.5 million. After trimming and filtering, the number of clean reads for all samples 

ranged from 4.8 to 10.0 million reads. More than 68% of clean reads (i.e., after trimming 

and size filtering) were mapped to a recent update of Atlantic salmon reference miRNAome 

(i.e., all known mature miRNAs) (Woldemariam et al., 2019). The sequencing results of 

all samples are available in the SRA database of NCBI under the BioProject PRJNA555179 

(Table 4.1). 

DESeq2 analyses (adjusted p-value < 0.10) were applied to identify miRNAs that 

were pIC- or bacterin-responsive in the head kidney of Atlantic salmon. This revealed 12 

mature miRNAs that were significantly up-regulated in the pIC group when compared to 

the PBS-injected control group; the expression of these miRNAs was 1.6- to 14.0-fold 

higher in the pIC group (Table 4.2). Only one miRNA (miR-106a-3p) showed decreased 

expression (-1.9-fold) in the pIC group (Table 4.2). The comparison of the bacterin group 

against the PBS-injected control group revealed 16 significantly up-regulated miRNAs; the 

expression of these miRNAs was 1.5- to 17.2-fold higher in the bacterin group (Table 4.3). 

Two miRNAs (miR-722-3p and miR-727a-3p) had decreased expression (-2.1-fold and 
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Table 4.2. pIC-responsive miRNAs in the head kidney of fish fed the control diet identified 

by DESeq2 (n = 3) and confirmed by qPCR (n = 8–9). 

 

miRNAs 1 Base Mean 2 Fold-change 3 
Adjusted 

p-values 4 

qPCR Fold-

change 5 

Up-regulated by pIC 

miR-27d-1-5p 6 868.11 2.17 0.049 2.69 

miR-27d-2-5p 6 861.10 2.17 0.049 2.69 

miR-30e-1-2-3p 404.73 2.16 0.049 2.57 

miR-135bd-5p 52.80 14.03 0.036 1.54 

miR-146a-5p 152066.51 1.71 0.028 1.62 

miR-146a-1-2-3p 6322.03 7.94 3.85 × 10-4 7.89 

miR-181a-5-3p 11080.58 1.59 0.051 1.97 

miR-221-5p 221.52 4.44 0.036 7.55 

miR-462a-3p 1554.09 2.69 0.098 5.72 

miR-462b-3p 941.82 5.46 8.0 × 10-12 N/A 

miR-8159-5p 97.72 9.92 0.055 N/A 

Down-regulated by pIC 

miR-106a-3p 960.11 −1.93 0.036 N/A 

1 miRNAs with bold font are differentially expressed in both pIC and A. salmonicida bacterin groups when 

compared to the PBS-injected control group. The mature sequences and miRBase identities of each miRNA 

are given in Supplemental Table S4.4. 2 The mean of normalized read counts for all of the samples included 

in the comparison. 3 Fold-change (pIC/PBS) was converted from the log2 fold-change (given by DESeq2 

analyses). For the down-regulated miRNA, the fold-change value was inverted (−1/fold-change). 4 Adjusted 

p-values as determined by DESeq2 analyses. 5 For qPCR fold-change calculation (fish fed the control diet), 

overall fold up-regulation was calculated as 2A−B as in Xue et al. (2015), where A was the mean of log2 RQ 

from the pIC group, and B was the mean of log2 RQ from PBS group. Underlined qPCR fold-change values 

indicate statistical significance (p < 0.05). miRNAs noted with N/A (i.e. not applicable) were not subjected 

to qPCR analysis. 6 miR-27d-2-5p and miR-27d-1-5p are identical except the length difference (24 vs 23 nt). 

Therefore, the qPCR assay was generic to both miRNAs.  



  

178 

 

 

 

 

 

 

Table 4.3. A. salmonicida bacterin-responsive miRNAs in the head kidney of fish fed the 

control diet identified by DESeq2 (n = 3) and confirmed by qPCR (n = 8–9). 

 

miRNAs 1 Base Mean 2 Fold-change 3 
Adjusted p-

values 4 

qPCR Fold-

change 5 

Up-regulated by bacterin 

miR-21a-1-3p 267.99 1.52 0.099 N/A 

miR-29b-2-5p 516.80 1.55 0.091 1.47 

miR-146a-5p 202688.90 2.01 8.9 × 10−6 1.89 

miR-146a-1-2-3p 8503.53 9.06 9.06 × 10−37 5.87 

miR-146a-3-3p 12146.14 3.43 2.62 × 10−11 N/A 

miR-146d-1-3p 421.43 2.60 2.45 × 10−4 N/A 

miR-183-1-3-3p 19.55 4.17 0.018 N/A 

miR-183-2-3p 19.24 4.08 0.021 N/A 

miR-192a-5p 391.09 6.68 0.016 1.64 

miR-194a-5p 82.25 6.68 0.016 1.37 

miR-200b-3p 275.30 8.00 0.009 N/A 

miR-221-5p 141.35 1.92 0.018 2.23 

miR-429ab-3p 11.34 8.40 0.071 N/A 

miR-725-5p 26.55 17.15 2.27 × 10−6 1.55 

miR-725-3p 163.89 4.63 6.75 × 10−6 N/A 

miR-novel-16-5p 1066.67 2.01 1.81 × 10−4 1.09 

Down-regulated by bacterin 

miR-722-3p 410.45 −2.08 0.021 −1.64 

miR-727a-3p 886.63 −1.82 0.085 −1.94 
1 miRNAs with bold font were differentially expressed in both pIC and A. salmonicida bacterin groups when 

compared to the PBS-injected control group. The mature sequences and miRBase identities of each miRNA 

are given in Supplemental Table S4.4. 2 The mean of normalized read counts for all of the samples included 

in the comparison. 3 Fold-change (bacterin/PBS) was converted from the log2 fold-change (given by DESeq2 

analyses). For down-regulated miRNAs, fold-change values were inverted (−1/fold-change). 4 Adjusted p-

values as determined by DESeq2 analyses. 5 For qPCR fold-change calculation (fish fed the control diet), 

overall fold up-regulation was calculated as 2A−B as in Xue et al. (2015), where A was the mean of log2 RQ 

from the bacterin group, and B was the mean of log2 RQ from the PBS group. Underlined qPCR fold-change 

values indicate statistical significance (p < 0.05). miRNAs noted with N/A (i.e. not applicable) were not 

subjected to qPCR analysis.  
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-1.8-fold) in the bacterin group (Table 4.3). In addition, 3 miRNAs (miR-146a-1-2-3p, 

miR-221-5p, miR-146-5p) were up-regulated in both pIC and bacterin groups compared 

with the PBS controls (Tables 4.2 and 4.3). The mature sequences and miRBase identities 

of all pIC- and/or bacterin-responsive miRNAs are given in Supplemental Table S4.4. 

The predicted target genes of the pIC- and/or bacterin-responsive miRNAs from 

the DESeq2 analysis were identified by in silico analysis against the 3′ UTRs from the 

Atlantic salmon transcriptome (i.e., mRNA Refseq database). A total of 1591 genes was 

identified as putative targets of pIC- and/or bacterin-responsive miRNAs (Supplemental 

Table S4.5). The gene ontology annotations of these genes (retrieved from the UniProt 

database if available) revealed 130 of them have immune-relevant functions 

(Supplemental Tables S4.6 and S4.7). Within these 130 immune-relevant predicted target 

genes, 24 and 54 were unique targets associated with pIC- and bacterin-responsive 

miRNAs, respectively; 52 target genes were in common (Supplemental Tables S4.6 and 

S4.7). Among the immune-relevant predicted targets of pIC-responsive miRNAs, 27 could 

be mapped to species-specific KEGG pathways; while 35 could be mapped for predicted 

targets of bacterin-responsive miRNAs. These KEGG pathways included NOD-like 

receptor signaling pathway, cytokine–cytokine receptor interaction, necroptosis, Toll-like 

receptor signaling pathway, apoptosis, C-type lectin receptor signaling pathway, RIG-I-

like receptor signaling pathway, and cell adhesion molecules (CAMs) (Table 4.4). The two 

KEGG pathways that had the most target genes assigned in both putative target gene lists 

were NOD-like receptor signaling pathway and cytokine–cytokine receptor interaction 

(Table 4.4).  
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Table 4.4. Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways of immune-

relevant predicted target genes of pIC- and/or A. salmonicida bacterin-responsive miRNAs. 

 

Pathway Name 

Assigned Target 

Genes of pIC-

responsive miRNAs 1 

Assigned Target 

Genes of bacterin-

responsive miRNAs 2 

sasa04621 NOD-like receptor signaling pathway 8 12 

sasa04060 Cytokine-cytokine receptor interaction 7 13 

sasa04217 Necroptosis 7 11 

sasa04620 Toll-like receptor signaling pathway 6 10 

sasa04210 Apoptosis 6 7 

sasa04625 
C-type lectin receptor signaling 

pathway 
5 5 

sasa04622 RIG-I-like receptor signaling pathway 4 7 

sasa04514 Cell adhesion molecules (CAMs) 4 2 

1 Complete list of immune-relevant predicted target genes of pIC-responsive miRNAs is given in 

Supplemental Table S4.6. 2 Complete list of immune-relevant predicted target genes of bacterin-responsive 

miRNAs is given in Supplemental Table S4.7.  
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4.4.2 qPCR validation of DESeq2-identified pIC- and/or A. salmonicida bacterin-

responsive miRNAs 

Fifteen miRNAs (5 pIC-responsive, 7 bacterin-responsive, three commonly 

responsive to both pIC and bacterin) identified as differentially expressed by DESeq2 were 

successfully subjected to qPCR analyses to confirm the sequencing results using larger 

numbers of biological replicates (n = 8–9) than were included in the sequencing study 

(Tables 4.2 and 4.3). qPCR analyses on miRNA expression of fish fed the control diet are 

discussed below. Fold-change values and significance are summarized in Tables 4.2 and 

4.3. Among deep sequencing-identified pIC-responsive miRNAs, the results from qPCR 

analyses agreed well (i.e., statistically significant) with the results from DESeq2 analyses 

for 7 of the 8 miRNAs tested; while not statistically significant, qPCR for miR-135bd-5p 

revealed the same direction of change as shown by deep sequencing (Table 4.2). Among 

the 10 deep sequencing-identified bacterin-responsive miRNAs subjected to qPCR 

analyses, 5 of these (50%), namely miR-29b-2-5p, miR-146a-5p, miR-146a-1-2-3p, miR-

221-5p and miR-727a-3p, were confirmed (i.e., statistically significant) by qPCR; 4 of the 

remaining miRNAs showed the same direction of change (i.e., up- or down-regulation) as 

the sequencing results (Table 4.3). 

In addition to 3 DESeq2-identified miRNAs (miR-146a-1-2-3p, miR-146a-5p, 

miR-221-5p) that were commonly responsive to both pIC and bacterin stimulations, the 

qPCR results also showed that miR-27d-1-2-5p and miR-29b-2-5p were significantly up-

regulated by both stimulations when compared with the PBS-injected salmon fed the 

control diet (Tables 4.2 and 4.3; Figure 4.2A,B). Among these 5 miRNAs, the expression 
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Figure 4.2. qPCR analyses of miRNAs identified by deep sequencing as being responsive 

to both pIC and A. salmonicida bacterin injections (n = 8–9). Average log2 RQs with SE 

bars are plotted. An asterisk (*) represents a significant difference between diets in each 

injection treatment (p < 0.05) with fold-change given in brackets. A dagger (†) or diesis 

(‡) represents a significant difference between immunogen-injected salmon and the diet-

matched PBS-injected control (p < 0.05) with fold-change indicated below the x-axis. For 

qPCR fold-change calculation, overall fold up-regulation was calculated as 2A−B as in Xue 

et al. (2015), where A is the mean of log2 RQ from the pIC or bacterin groups, and B is the 

mean of log2 RQ from the diet-matched PBS group. (A) miR-27d-1-2-5p; (B) miR-29b-2-

5p; (C) miR-146a-5p; (D) miR-146a-1-2-3p; (E) miR-221-5p. 
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of miR-146a-1-2-3p and miR-221-5p was more strongly induced by pIC stimulation (up to 

7.9-fold) than miR-27d-1-2-5p, miR-29b-2-5p, and miR-146a-5p (up to 2.7-fold) (Tables 

4.2 and 4.3; Figure 4.2). The bacterin induction of miR-146a-1-2-3p (5.9-fold) was 

stronger than that of miR-27d-1-2-5p, miR-29b-2-5p, miR-146a-5p, and miR-221-5p (~2-

fold) (Tables 4.2 and 4.3; Figure 4.2). Among the miRNAs that were only responsive to 

pIC stimulation, the induction of miR-462a-3p (5.7-fold) was higher than miR-30e-1-2-3p 

(2.7-fold) and miR-181a-5-3p (2.2-fold) (Table 4.2; Figure 4.3A,C,D). For deep 

sequencing-identified miRNAs that were only responsive to bacterin, miR-727a-3p was 

shown by qPCR to be significantly down-regulated in bacterin-injected salmon compared 

with PBS control (Table 4.3; Figure 4.4F). It is worth noting that miR-725-5p was 

significantly up-regulated (2.3-fold) by pIC stimulation in fish fed the control diet (Figure 

4.4C). 

4.4.3 Impact of diets on the expression of pIC- and/or A. salmonicida bacterin-

responsive miRNAs 

The putative pro-immune impact of the diet containing functional ingredient CpG 

ODN 1668 vs the control feed was investigated in pre-injection head kidney samples (i.e., 

basal expression) by analyzing the gene expression of the 15 pIC- and/or bacterin-

responsive miRNAs. This comparison revealed that 6 out of these miRNAs (i.e., miR-

181a-5-3p, miR-192a-5p, miR-194a-5p, miR-462a-3p, miR722-3p, and miR-novel-16-5p) 

showed significant down-regulation by the CpG diet (-1.4, -1.4, -1.5, -1.5, -1.6, and -1.2-

fold, respectively; Figure 4.5G-I, K, L, and O). The remaining miRNAs assayed by qPCR  
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Figure 4.3. qPCR analyses of miRNAs identified by deep sequencing as being responsive 

to pIC alone (n = 8–9). Average log2 RQs with SE bars are plotted. An asterisk (*) 

represents a significant difference between diets in each injection treatment (p < 0.05) with 

fold-change given in brackets. A dagger (†) or diesis (‡) represents a significant difference 

between the pIC/A. salmonicida bacterin-injected salmon and the diet-matched PBS-

injected control (p < 0.05) with fold-change indicated below the x-axis. For qPCR fold-

change calculation, overall fold up-regulation was calculated as 2A−B as in Xue et al. (2015), 

where A is the mean of log2 RQ from the pIC or bacterin groups, and B is the mean of log2 

RQ from the diet-matched PBS group. (A) miR-30e-1-2-3p; (B) miR-135bd-5p; (C) miR-

181a-5-3p; (D) miR-462a-3p. 
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Figure 4.4. qPCR analyses of miRNAs identified by deep sequencing as being responsive 

to A. salmonicida bacterin alone (n = 8–9). Average log2 RQs with SE bars are plotted. An 

asterisk (*) represents a significant difference between diets in each injection treatment (p 

< 0.05) with fold-change given in brackets. A dagger (†) represents a significant difference 

between immunogen-injected salmon and the diet-matched PBS-injected control (p < 0.05) 

with fold-change indicated below the x-axis. For qPCR fold-change calculation, overall 

fold up-regulation was calculated as 2A−B as in Xue et al. (2015), where A is the mean of 

log2 RQ from the pIC or bacterin groups, and B is the mean of log2 RQ from the diet-

matched PBS group. For down-regulated miRNAs, fold-change values were inverted 

(−1/fold-change). (A) miR-192a-5p; (B) miR-194a-5p; (C) miR-725-5p; (D) miR-novel-

16-5p; (E) miR-722-3p; (F) miR-727a-3p. 
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Figure 4.5. qPCR analyses of basal expression (pre-injection samples) of candidate pIC- 

and/or A. salmonicida bacterin-responsive miRNAs identified by deep sequencing (n = 8). 

Average log2 RQs with SE bars are plotted. An asterisk (*) indicates a significant difference 

between diets for a given miRNA (p < 0.05) with fold-change given in brackets. For qPCR 

fold-change calculation, overall fold up-regulation was calculated as 2A−B as in Xue et al. 

(2015), where A is the mean of log2 RQ from the CpG group, and B is the mean of log2 

RQ from the control group. For down-regulated miRNAs, fold-change values were 

inverted (−1/fold-change). (A) miR-27d-1-2-5p; (B) miR-29b-2-5p; (C) miR-30e-1-2-3p; 

(D) miR-135bd-5p; (E) miR-146a-5p; (F) miR-146a-1-2-3p; (G) miR-181a-5-3p; (H) 

miR-192a-5p; (I) miR-194a-5p; (J) miR-221-5p; (K) miR-462a-3p; (L) miR-722-3p; (M) 

miR-725-5p; (N) miR-727a-3p; (O) miR-novel-16-5p.  
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except miR-135bd-5p and miR-146a-1-2-3p showed trends of lower expression in salmon 

fed the CpG diet compared to the controls (Figure 4.5). 

In contrast to the pre-injection samples, several miRNAs in the PBS- and bacterin-

injected groups, had higher expression in fish fed CpG diet compared to the controls 

(Figures 4.2–4.4). In PBS-treated salmon, fish fed CpG diet showed significantly higher 

expression of the 8 miRNAs: miR-29b-2-5p, miR-221-5p, miR-181a-5-3p, miR-462a-3p, 

miR-192a-5p, miR-194a-5p, miR-725-5p, and miR-novel-16-5p (1.2-, 1.3-, 1.4-, 1.3-, 1.5-

, 1.6-, 1.7-, and 1.4-fold, respectively) than those fed the control diet (Figure 4.2B,E; 

Figure 4.3C,D; Figure 4.4A–D). In bacterin-treated salmon, 7 miRNAs, namely miR-27d-

1-2-5p, miR-29b-2-5p, miR-146a-1-2-3p, miR-221-5p, miR-135bd-5p, miR-181a-5-3p, 

and miR-725-5p, had significantly higher expression (1.6-, 1.6-, 1.8-, 1.6-, 1.7-, 1.5- and 

1.6-fold, respectively) in fish fed the CpG diet compared to the fish fed the control diet 

(Figure 4.2A,B,D,E; Figure 4.3B,C; Figure 4.4C). Given the effect of the CpG diet in 

PBS and bacterin injected groups, it was an unexpected finding that no miRNA was 

significantly modulated by the CpG diet when compared to the control diet in the pIC-

treated salmon (Figures 4.2–4.4). 

4.4.4 Multivariate statistical analyses 

For the pre-injection samples, the PCoA was able to segregate the two dietary 

groups (Figure 4.6A). miR-146a-5p, miR-27d-1-2-5p, and miR-181a-5-3p had the greatest 

influence on PCO1, which accounted for 47% of the variation among samples. PCO2 only 

explained 17.5% of the variability and was most strongly influenced by miR-727a-3p,  
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Figure 4.6. Principal coordinate analyses (PCoA) of qPCR analyzed miRNA genes (RQ 

values) in pre-injection samples (i.e., T0 samples; A) and 24 h post-injection head kidney 

samples (B).  
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miR-135bd-5p, and miR-146a-1-2-3p. For the post-injection groups, the PCoA was able to 

segregate different injection treatments and dietary groups within PBS- or bacterin-injected 

groups (Figure 4.6B). The top three miRNAs that influenced the PCO1 were miR-725-5p, 

miR-29b-2-5p, and miR-27d-1-2-5p, while PCO2 was mostly influenced by miR-192a-5p, 

miR-194a-5p, and miR-722-3p. PCO1 and PCO2 accounted for 63.6% and 11.3% of the 

variation among post-injected groups, respectively. PERMANOVA was conducted in 

order to quantify the differences among samples from fish fed different diets before and 

after stimulations. The results showed that the comparisons between diets within pre-

injection and two of the post-injected groups (i.e., PBS and bacterin) were highly 

significant based on the expression of the 15 qPCR analyzed miRNAs (Table 4.5). 

SIMPER was conducted to explore the major drivers that differentiated dietary treatments. 

The comparison of miRNA expression between fish fed control and CpG diets within the 

bacterin treatment group was the most dissimilar (average dissimilarity = 26.8%), with 7 

miRNAs (e.g., miR-146a-1-2-3p, miR-192a-5p, miR-221-5p, miR-29b-2-5p) as the top 

70% contributing variables to this dissimilarity (Table 4.5). In the pre-injection and PBS-

treated groups, the dissimilarities between diets were 17.5% and 19.0%, respectively. miR-

194a-5p, miR-727a-3p, miR-725-5p, miR-722-3p, miR-192a-5p, and miR-181a-5-3p were 

the common contributing variables to both dissimilarities (Table 4.5). 

4.5 Discussion 

4.5.1 Deep sequencing and identification of differentially expressed miRNAs 
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Table 4.5. Permutational multivariate ANOVA (PERMANOVA) and similarity of 

percentages analysis (SIMPER) of analyzed transcripts (RQ values). 

 

 
Control vs CpG 3 

Pre-injection PBS pIC Bacterin 

p (perm) 1 0.0015 0.0041 0.4461 0.0015 

Average dissimilarity 

(%) 2 
17.5 19.0 - 26.8 

Contributing 

variables (top 70%) 

miR-722-3p miR-194a-5p - miR-146a-1-2-3p 

miR-192a-5p miR-725-5p - miR-192a-5p 

miR-462a-3p miR-192a-5p - miR-221-5p 

miR-727a-3p miR-722-3p - miR-725-5p 

miR-194a-5p miR-27d-1-2-5p - miR-29b-2-5p 

miR-725-5p miR-727a-3p - miR-194a-5p 

miR-181a-5-3p miR-146a-1-2-3p - miR-27d-1-2-5p 

miR-135bd-5p miR-novel-16-5p - - 

- miR-181a-5-3p - - 
1 p (perm) is the statistical significance value obtained from PERMANOVA with 9999 permutations. 2 

Average dissimilarity and contributing variables (top 70%) were obtained through SIMPER. 3 Dietary effects 

were evaluated within each injection treatment.  
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Small RNA deep sequencing was used to discover miRNAs potentially involved in 

the antiviral and antibacterial immune responses in Atlantic salmon. The DESeq2 analyses 

of the head kidney from fish fed the control diet identified 12 and 18 miRNAs differentially 

expressed in pIC and bacterin groups, respectively, compared to PBS controls. It is well 

established that PAMPs can be detected by specific PRRs on or within the host cells, 

triggering immune responses (Secombes and Wang, 2012). In fish, pIC and bacterin have 

been used as models to study differentially expressed mRNAs associated with antiviral 

responses (Akira et al., 2006; Robertsen, 2006; Eslamloo et al., 2016; Caballero-Solares et 

al., 2017) and antibacterial responses (Feng et al., 2009; Hori et al., 2013), respectively. 

Similarly, various PAMPs (e.g., lipopolysaccharide, peptidoglycan, pIC) have been shown 

to modulate immune–relevant miRNA expression in teleosts (Gong et al., 2015; Chu et al., 

2017a; Chu et al., 2017b; Eslamloo et al., 2018). Here, I demonstrated that pIC and bacterin 

can lead to changes in expression of many miRNAs known to be involved in host responses 

to infection. 

The predicted target gene analyses of pIC- and/or bacterin-responsive miRNAs 

revealed that each of the miRNAs could regulate from 2 to 21 genes that have immune-

relevant functions (Supplementary Tables S4.6 and S4.7). Some of these predicted target 

genes were mapped to KEGG pathways (e.g., NOD-like receptor signaling pathway, Toll-

like receptor signaling pathway, RIG-I-like receptor signaling pathway or cytokine–

cytokine receptor interaction pathway; see Table 4.4) that are important to host immune 

responses to viral and/or bacterial infection. This further confirms that the pIC- and/or 
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bacterin-responsive miRNAs identified herein are relevant to the host-pathogen immune 

response. 

The DESeq2 analyses of deep sequencing results were performed with a relatively 

small number of biological replicates (n = 3); therefore, there was a risk of false positives 

as well as false negatives. To avoid false positives, fifteen miRNAs identified as 

differentially expressed by DESeq2 were selected for qPCR confirmation using larger 

numbers of biological replicates (n = 8–9) than were included in the sequencing study. 

Among deep sequencing-identified pIC-responsive miRNAs subjected to qPCR analyses, 

only 1 miRNA (out of 8) did not confirm the DESeq2 results. For deep sequencing-

identified bacterin-responsive miRNAs, 5 out of 10 were confirmed (i.e., statistically 

significant) by qPCR analyses. The library preparations of all samples involved in this 

study utilized identical chemistry and yielded similar percentages of high-quality reads. 

Therefore, the relative lower validation level of bacterin-responsive miRNA markers is 

unlikely to have been caused by the chemistry and/or sequencing-related factors. Rather, it 

is likely attributed to the difference in the sample sizes between sequencing and qPCR (i.e., 

3 biological replicates in sequencing vs 8–9 biological replicates in qPCR). In order to 

decrease the likelihood of false negatives, future miRNA deep sequencing studies could 

employ higher numbers of biological replicates. For the remainder of the discussion, I will 

focus on the qPCR-confirmed miRNAs that were associated with antiviral and antibacterial 

immune responses. 
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4.5.2 miRNAs associated with both antiviral and antibacterial immune responses in 

Atlantic salmon head kidney 

The qPCR results showed that 5 miRNAs (miR-27d-1-2-5p, miR-29b-2-5p, miR-

146a-5p, miR-146a-1-2-3p, and miR-221-5p) were significantly up-regulated by both pIC 

and bacterin stimulations when compared with the PBS-injection controls. The expression 

of miR-27d-1-2-5p in Atlantic salmon fry was recently shown to be decreased in fish 

challenged with IPNV at both 7 and 20 days post-infections (Woldemariam et al., 2020). 

In mice, miR-27 was reported to be down-regulated in multiple mouse cell lines and 

primary macrophages by cytomegalovirus (i.e., a DNA virus) infection; however, upon 

overexpression it exerted an antiviral function (Buck et al., 2010). Compared with the pIC-

induced miR-27d-1-2-5p in the present study, the opposite regulation of miR-27 by 

cytomegalovirus in mouse cells may be influenced by the virus–host interaction and/or 

difference in viral or PAMP nucleic acid (DNA virus vs RNA pIC). In Asian seabass (Lates 

calcarifer), the up-regulation of miR-27 in the spleen was associated with LPS-induced 

inflammatory immune response (Xia et al., 2011). In agreement with my findings, miR-

29b was shown to be up-regulated in zebrafish embryos infected with Salmonella 

typhimurium, and in adult zebrafish infected with Mycobacterium marinum (Ordas et al., 

2013). In contrast, the expression of miR-29 in Nile tilapia (Oreochromis niloticus) was 

down-regulated in fish challenged with Streptococcus agalactiae at early infection stages 

(i.e., 72 h) (Wang et al., 2016). Interestingly, in mice, miR-29 was shown to suppress the 

interferon-gamma (IFN-γ) production by targeting IFN-γ mRNA directly, and miR-29 

knockdown mice initiated more potent innate and type 1 helper T cell adaptive responses 
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to intracellular bacterial infection (Ma et al., 2011). Recently miR-29b-2-5p was also 

shown to respond to IPNV challenge in Atlantic salmon (Woldemariam et al., 2020). 

However, the functions of miR-27d-1-2-5p and miR-29b-2-5p in the antiviral and 

antibacterial responses in teleost fish including Atlantic salmon are yet to be determined. 

In mammals, miR-146 was shown to regulate inflammatory responses following 

TLR-dependent pathogen recognition (Pedersen and David, 2008). A study in human 

monocytes revealed that miR-146 attenuated TLR and cytokine signaling via a negative 

feedback loop involving the suppression of IL-1 receptor-associated kinase 1 and TNF 

receptor-associated factor 6 (Taganov et al., 2006). In fish, the expression of miR-146 

increased in olive flounder (Paralichthys olivaceus) infected with VHSV (Najib et al., 

2016), in Atlantic salmon infected with SAV (Andreassen et al., 2017), and in half-smooth 

tongue sole (Cynoglossus semilaevis) infected with Vibrio anguillarum (Sha et al., 2014). 

In humans, studies have revealed that the expression of miR-221 is up-regulated in several 

types of cancers and was related to cancer cell proliferation (Lu et al., 2009; Galardi et al., 

2011; Li et al., 2011). Yan et al. (2016) evaluated the expression of miR-221 in half-smooth 

tongue sole after challenge with V. anguillarum, and a head kidney cell line stimulated 

with different PAMPs. Similar to my study, the expression of miR-221 was increased in 

the liver and spleen of the infected sole, and the in vitro study indicated that both LPS and 

pIC up-regulated the expression of miR-221 at 6 h post-stimulation (Yan et al., 2016). The 

expression of miR-221-5p was also evaluated in olive flounder in response to VHSV 

infection, showing increased level 24 h post-injection (Najib et al., 2016). In olive flounder, 

miR-221-5p was predicted to target important immune genes (i.e., cd18 and irf5) (Najib et 
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al., 2016). Recently, it was also shown to respond to IPNV infection in Atlantic salmon 

(Woldemariam et al., 2020). Taken together with the current results, it appears that miR-

146 and miR-221 are involved in both antiviral and antibacterial immune responses and 

may play critical immune regulatory roles in Atlantic salmon. 

4.5.3 miRNAs only associated with antiviral immune response in Atlantic salmon 

head kidney 

Of the 4 miRNAs identified by deep sequencing as being responsive only to pIC, 3 

(i.e., miR-30e-1-2-3p, miR-181a-5-3p, and miR-462a-3p) were qPCR confirmed as being 

significantly up-regulated in fish fed the control diet. Although there have been no studies 

to date reporting the association of miR-30e with antiviral immune response in Atlantic 

salmon, a previous study in Atlantic salmon infected with the intracellular bacterium P. 

salmonis did show increased miR-30e expression in both spleen and head kidney 

(Valenzuela-Miranda et al., 2017). miR-181 and miR-462 were classified as evolutionarily 

conserved miRNAs associated with immune response in teleosts following viral challenges 

(Andreassen and Høyheim, 2017). The expression of miR-181a was increased in response 

to red-spotted grouper nervous necrosis virus in a head kidney cell line of half-smooth 

tongue sole (Gong et al., 2015). Similarly, Andreassen et al. (2017) showed that SAV 

infection in Atlantic salmon caused the up-regulation of miR-181c-5p. The predicted target 

mRNAs of miR-181c-5p in Atlantic salmon included a number of immune-relevant genes 

such as neutrophil cytosolic factor 1 (ncf1), irf3, and inhibitor of nuclear factor kappa-B 

kinase subunit alpha-like (ikbka; alias: chuk) (Andreassen et al., 2017). In mammals, it is 

suggested that the miR-181 family plays a central role in vascular inflammation by 
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controlling critical signaling pathways (e.g., NF-κB signaling) and targets relevant to 

immune cell activation and homeostasis (Sun et al., 2014). Similar to my findings, miR-

462 was shown to be up-regulated in the spleen of flounder challenged with 

megalocytivirus (a DNA virus) infection (Zhang et al., 2014), RTL-W1 (i.e., rainbow trout 

liver cell line) and Atlantic cod macrophages stimulated with pIC (Schyth et al., 2015; 

Eslamloo et al., 2018), and Atlantic salmon challenged with SAV (Andreassen et al., 2017). 

Atlantic salmon miR-462a-3p was predicted to target macrosialin/CD68, a SAV-

responsive gene (Andreassen et al., 2017). Collectively, these results support the 

hypothesis that miR-30e-1-2-3p, miR-181a-5-3p, and miR-462a-3p have immune-related 

functions and possibly play important roles in the antiviral immune response in Atlantic 

salmon. 

4.5.4 miRNAs only associated with antibacterial immune response in Atlantic 

salmon head kidney 

Among the 6 miRNAs identified by deep sequencing as being responsive only to 

bacterin, miR-727a-3p was qPCR confirmed as being significantly down-regulated 

compared with PBS control in fish fed the control diet. Similarly, the expression of miR-

727-3p was reduced in the LPS-stimulated blunt snout bream (Megalobrama 

amblycephala) (Yuhong et al., 2016). It should be noted that miR-727 is likely a teleost-

specific miRNA (Zhu et al., 2012), and the role of miR-727a-3p in the antibacterial immune 

response in fish is yet to be determined. Taken together, it seems that the 9 qPCR-

confirmed miRNAs identified as pIC- and/or bacterin-responsive in the current study have 
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some conserved immune-related functions and may play important regulatory roles in the 

antiviral and/or antibacterial immune responses in Atlantic salmon. 

4.5.5 CpG supplement modulated the expression of immune-relevant miRNAs in A. 

salmonicida bacterin-treated Atlantic salmon 

Unmethylated DNAs containing CpG motifs are PAMPs that are commonly used 

as immunostimulants in fish (Carrington and Secombes, 2006; Cuesta et al., 2008; Liu et 

al., 2010; Kang and Kim, 2012; Purcell et al., 2013; Cárdenas-Reyna et al., 2016; Jung and 

Jung, 2017). The immune response induced by CpG is mediated through TLR9, a PRR 

present on the cell surface or within endosomal compartments of immune cells (Cuesta et 

al., 2008). Three different classes of CpG ODNs (A-, B-, and C-classes) have been 

characterized based on the backbone structure and sequence composition (Carrington and 

Secombes, 2006; Kang and Kim, 2012). In humans, A-class CpG ODNs are known to 

activate type I IFN response, while B-class CpG ODNs (e.g., CpG ODN 1668, used in the 

current study) are more potent in B cell stimulation (Kerkmann et al., 2003). Similarly, 

Strandskog et al. (2007) showed that A- and C-class CpG-ODNs induced strong IFN α/β 

activity, while B- and C-class CpG ODNs stimulated proliferation of leukocytes in Atlantic 

salmon. However, the impact of CpG as a functional feed ingredient on the modulation of 

immune-relevant miRNA expression in fish including Atlantic salmon had not been 

explored prior to this study. 

To further investigate the immune-modulating property of the CpG-containing diet 

in Atlantic salmon, I analyzed 15 DESeq2-identified miRNAs associated with immune 

response on the pre- and post-immune stimulation head kidney samples. The current qPCR 



  

198 

 

analyses of candidate antiviral and antibacterial miRNAs showed that CpG 

supplementation generally suppressed basal expression of many miRNAs studied (i.e., in 

pre-injection samples). This may lead to the higher basal expression of genes targeted by 

these miRNAs. In post-injection groups (i.e., PBS and bacterin), however, many of these 

miRNAs were up-regulated in fish fed the CpG diet compared with fish fed the control 

diet. As shown by multivariate statistical analyses, dietary CpG had the most significant 

impact on the miRNA expression in the bacterin treated fish compared with other injection 

treatments, while the overall dietary CpG impact on candidate miRNAs expression in the 

pIC-injected fish was not significant (p (perm) = 0.446). Seven miRNAs (e.g., miR-146a-

1-2-3p, miR-192a-5p, miR-221-5p, and miR-29b-2-5p) were the most significant 

contributing variables to the dissimilarity between the bacterin-treated fish. As discussed 

above, many of these miRNAs, as shown in previous studies, are involved in immune 

responses of teleost fish. 

Studies involving CpG administration via IP-injection showed that CpG ODN 1668 

enhanced the immune responses of Pacific red snapper against Vibrio parahaemolitycus 

exposure and rock bream against iridovirus (a DNA virus) infection (Cárdenas-Reyna et 

al., 2016; Jung and Jung, 2017). In contrast, studies in olive flounder revealed that CpG 

ODN 1668 conferred no protection against VHSV challenge and did not modulate the 

expression of well-known antiviral genes (i.e., mx and isg15), but elicited strong protection 

and immune response in fish challenged with a unicellular marine eukaryotic parasite 

Miamiensis avidus (Kang and Kim, 2012). In the current study, dietary CpG seemed to 

have no impact on the expression of candidate miRNAs in pIC-treated individuals, while 
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inducing several miRNAs in the PBS- and bacterin-treated fish. This suggests that CpG 

ODN 1668 may modulate A. salmonicida bacterin-stimulated antibacterial immune 

response rather than the pIC stimulated antiviral immune response based on candidate 

miRNA expression profiles. The selection of a CpG ODN appropriate to the characteristics 

of a specific pathogen (e.g., bacteria, virus or parasite) may be key to designing diets to 

improve defense against that pathogen. Finally, although the physiological and health-

related consequences of the observed miRNA expression changes caused by the CpG diet 

remain unclear and require further study, it seems that selections of these miRNAs are 

suitable as immune-system associated biomarkers. 

4.6 Conclusions 

The present study identified and qPCR-confirmed 9 miRNA biomarkers of Atlantic 

salmon response to pIC and/or A. salmonicida bacterin immune stimulations. Many of the 

miRNAs identified herein are involved in immune responses, as shown in many similar 

teleost immune/pathogen challenge studies (discussed above). Regarding the immune-

modulating properties of CpG diet on Atlantic salmon, I applied candidate miRNA 

biomarkers associated with immune response (identified in the current study) and evaluated 

the expression changes in pre- and post-stimulation individuals. CpG ODN 1668-

containing diet may be useful in modulating the A. salmonicida bacterin-triggered 

antibacterial immune response but not the pIC-triggered antiviral immune response of 

Atlantic salmon. Since the current study utilized pIC and bacterin rather than live 

pathogens, in the future it would be important to determine if dietary immunostimulant 

CpG ODN 1668 could have a protective effect in live bacterial pathogen challenges in 



  

200 

 

Atlantic salmon. Finally, I anticipate that the molecular biomarkers identified herein will 

also be useful in the future development of functional feeds involving immunostimulants. 

4.7 Supplementary materials 

The Supplemental Tables and Figures for this chapter can be found in the 

supplemental materials of Xue et al. (2019) [available at: (http://www.mdpi.com/2073-

4409/8/12/1592/s1)]. These files (as listed below) have also been supplied in a zipped 

folder that accompanies this thesis. 

 

Supplemental Table S4.1. qPCR analyses of known A. salmonicida bacterin and pIC 

immune biomarker transcripts in the head kidney of fish fed the control diet.  

 

Supplemental Table S4.2. miRNA qPCR primers.  

 

Supplemental Table S4.3. CT values of normalizers (miR-25-3p and miR-17-5p) in all 

analyzed samples.  

 

Supplemental Table S4.4. Mature sequences and miRBase identities of pIC- and/or A. 

salmonicida bacterin-responsive miRNAs (identified by DESeq2 analyses).  

 

Supplemental Table S4.5. Predicted target genes of pIC- and/or A. salmonicida bacterin-

responsive miRNAs from the DESeq2 analyses.  

 

http://www.mdpi.com/2073-4409/8/12/1592/s1
http://www.mdpi.com/2073-4409/8/12/1592/s1
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Supplemental Table S4.6. Immune-relevant predicted target genes of pIC-responsive 

miRNAs from the DESeq2 analysis.  

 

Supplemental Table S4.7. Immune-relevant predicted target genes of A. salmonicida 

bacterin-responsive miRNAs from the DESeq2 analysis. 
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CHAPTER 5: Characterization of the impact of dietary 

immunostimulant CpG on the expression of mRNA biomarkers 

involved in the immune responses in Atlantic salmon (Salmo salar) 

 

The research described in Chapter 5 is being prepared for submission to the journal Fish 

& Shellfish Immunology as: Xue, X., Eslamloo, K., Caballero-Solares, A., Katan T, 

Umasuthan N, Taylor, R.G., Fast, M.D., Andreassen R, Rise, M.L. Characterization of the 

impact of dietary immunostimulant CpG on the expression of mRNA biomarkers involved 

in the immune responses in Atlantic salmon (Salmo salar). 
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5.1 Abstract 

Infectious diseases have significantly impacted Atlantic salmon aquaculture 

worldwide. Boosting fish immunity with immunostimulant-containing functional feeds is 

one of the most effective strategies in mitigating disease problems. Previously, I 

characterized the impact of polyriboinosinic polyribocytidylic acid (pIC) and formalin-

killed typical Aeromonas salmonicida bacterin on miRNA expression in Atlantic salmon 

fed a commercial diet with and without immunostimulant CpG, and identified a set of 

miRNA biomarkers of Atlantic salmon response to pIC and/or bacterin immune 

stimulations. Herein, I report a complementary qPCR study that investigated the impact of 

the pIC, bacterin and dietary CpG on the expression of immune-relevant mRNAs (n = 31) 

using the same samples as were previously used in the miRNA study (Xue et al., 2019). 

Twenty-three of these genes were predicted target transcripts of the pIC- and/or bacterin-

responsive miRNAs in Atlantic salmon identified in the earlier study. The current qPCR 

data showed that pIC and/or bacterin stimulations significantly modulated the majority of 

the predicted target genes involved in various immune pathways. Some genes responded 

to both stimulations (e.g. tnfa, il10rb, ifng, irf9, cxcr3, campb) while others appeared to be 

stimulation specific [e.g. irf3, irf7a, il1r1, mxa, mapk3 (pIC only); clra (bacterin only)]. A. 

salmonicida bacterin stimulation produced a stronger inflammatory response (e.g. higher 

expression of il1b, il8a and tnfa) compared with pIC-treated group, while salmon 

stimulated with pIC showed stronger interferon responses (both type I and II). Furthermore, 

the current data indicated significant down-regulation of immune-relevant transcripts (e.g. 

tlr9, irf5, il1r1, hsp90ab1, itgb2) by dietary immunostimulant CpG, especially among pre-
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injection and PBS-injected fish. I also attempted to explore connections between the 

changes in mRNA and miRNA expression, and identified some significant correlations that 

represented putative miRNA-target pairs, providing further insights into how miRNAs 

might fine-tune the expression of immune-relevant mRNAs.  
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5.2 Introduction 

Infectious diseases have resulted in substantial mortality and losses to Atlantic 

salmon (Salmo salar) aquaculture worldwide, affecting the growth and sustainability of the 

industry (Caballero-Solares et al., 2017). Several well-known viruses that cause severe 

diseases in Atlantic salmon include salmonid alphavirus (SAV), infectious salmon anemia 

virus (ISAV), viral hemorrhagic septicemia virus (VHSV), and infectious pancreatic 

necrosis virus (IPNV) (Lang et al., 2009). Bacterial pathogens that have a severe impact 

on salmonid aquaculture include Gram negative bacteria such as Piscirickettsia salmonis 

(Rozas and Enríquez, 2014), Aeromonas salmonicida (Ewart et al., 2005), Moritella 

viscosa (Løvoll et al., 2009), and Gram positive bacteria such as Renibacterium 

salmoninarum (Murray et al., 2012). For instance, in Chile, the National Fisheries and 

Aquaculture Service estimated that about 50% of disease-causing mortalities in Atlantic 

salmon were attributed to piscirickettsiosis (a disease caused by P. salmonis) in 2020 

(Sernapesca, 2021). The annual direct and indirect losses in the Chilean aquaculture 

industry due to piscirickettsiosis were approximately USD 700 million (Maisey et al., 

2017; Meza et al., 2019). 

One important strategy to fight disease problems in intensive culture systems is to 

enhance immune responses of cultured fish using immunostimulant-containing functional 

feeds (Martin and Król, 2017; Tacchi et al., 2011a). Immunostimulants may include intact 

microbes (e.g. probiotic organisms) and microbial cell components (e.g. 

lipopolysaccharide). These substances generally have repeat structures, often referred to as 

pattern associated molecular patterns (PAMPs), and can be recognized by specific 
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receptors within the host immune cells, triggering the host immune responses (Vallejos-

Vidal et al., 2016). Unmethylated DNA containing cytosine-phosphate-guanine 

oligodeoxynucleotides motifs (CpG ODNs), often found in bacterial genomes as well as in 

some viral and invertebrate genomes, are essential immunomodulators that can induce or 

enhance host Toll-like receptor 9 (TLR9)-mediated immune responses (Cuesta et al., 2008; 

Liu et al., 2010). Synthetic CpG ODNs are divided into three classes (i.e., A-, B- and C-

classes) with distinct immunomodulating properties based on the backbone structure and 

sequences (Carrington and Secombes, 2006). For example, CpG ODN 1668 (i.e., B-class), 

was shown to activate immune responses against iridovirus infection in rock bream 

(Oplegnathus fasciatus) (Jung and Jung, 2017), and Vibrio parahaemolyticus infection in 

Pacific red snapper (Lutjanus peru) (Cárdenas-Reyna et al., 2016). In addition, previous 

studies showed protection against sea lice (Lepeophtheirus salmonis) infection in Atlantic 

salmon by orally administered CpG ODN 1668 (Covello et al., 2012; Purcell et al., 2013).  

miRNAs are a group of small (usually 20-24 nucleotides), non-coding RNAs that 

inhibit gene expression at the post-transcriptional level by binding to partially 

complementary sequences in their target mRNAs (Andreassen and Høyheim, 2017; 

Herkenhoff et al., 2018; Woldemariam et al., 2019). A growing body of literature indicates 

that miRNAs play critical roles in diverse biological processes such as development, tissue 

differentiation and regeneration, growth, reproduction and responses to environmental 

stimuli (Andreassen and Høyheim, 2017). In addition, the potential regulatory role of 

miRNAs in fish immune response has been reported in a number of species by identifying 

the miRNAs that are differentially expressed between the control and challenged animals 
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(Guo et al., 2015; Zhang et al., 2016a; Andreassen et al., 2017; Eslamloo et al., 2018; Xu 

et al., 2018; Xue et al., 2019; Woldemariam et al., 2020). For example, my previous study 

(Chapter 4; Xue et al., 2019) showed that the analyses of head kidneys from Atlantic 

salmon injected with immunogens [polyriboinosinic polyribocytidylic acid (pIC, a PAMP-

like synthetic dsRNA analogue or viral mimic) or formalin-killed typical Aeromonas 

salmonicida (a PAMP-containing bacterin)] revealed 12 and 18 miRNAs differentially 

expressed in pIC and bacterin groups, respectively, compared to the controls. Further, the 

functional annotations of predicted target genes of the pIC- and/or bacterin-responsive 

miRNAs revealed 130 immune-relevant target genes (Xue et al., 2019). The pathways 

mapped to these target genes include NOD-like receptor signaling pathway, cytokine–

cytokine receptor interaction, necroptosis, Toll-like receptor signaling pathway, apoptosis, 

C-type lectin receptor signaling pathway, RIG-I-like receptor signaling pathway, and cell 

adhesion molecules (CAMs) (Chapter 4; Xue et al., 2019). The impact of dietary CpG 

ODN 1668 on the expression of miRNAs associated with antiviral and antibacterial 

responses in Atlantic salmon was also evaluated; the expression of several miRNAs (e.g., 

miR-146a-1-2-3p, miR-192a-5p, miR-194a-5p) was modulated by dietary CpG (Chapter 

4; Xue et al., 2019).  

There was previously no information on the impact of pIC and A. salmonicida 

bacterin on immune-relevant mRNAs that are predicted targets of the pIC- and/or bacterin-

responsive miRNAs in Atlantic salmon. In the present study, I investigated the expression 

response of immune-relevant mRNA biomarkers [e.g. predicted target genes of pIC- and/or 

A. salmonicida bacterin-responsive miRNAs from the previous research (Chapter 4; Xue 
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et al., 2019)] to viral mimic pIC and A. salmonicida bacterin stimulations in the head kidney 

of Atlantic salmon. I also studied these predicted target mRNAs in fish fed diets with and 

without immunostimulant CpG. Finally, I explored connections between the changes in 

mRNA and miRNA expression.  

5.3 Materials and methods 

5.3.1 Feed production, feeding trial, immune challenge and fish sampling 

The production of feeds used in the current study was described previously (Xue et 

al., 2019). Briefly, EWOS Dynamic S feed (5 mm; 27% fat, 46% protein) was used in this 

experiment as the control diet and base feed for the functional diet (referred to as CpG 

diet). The CpG diet was top-coated with 10 mg kg-1 of CpG ODN 1668 (Integrated DNA 

Technologies, Coralville, IA, USA).  

The detailed information and procedures related to the feeding trial, immune 

challenge and fish sampling were described in the previous investigation (Xue et al., 2019). 

Briefly, PIT (passive integrated transponder)-tagged Atlantic salmon smolts (232 ± 52 g 

mean initial weight ± SD; n=67) were allocated to four 620 L tanks (16-17 fish per tank) 

connected to a flow-through seawater system (~10-11°C, dissolved oxygen ≥ 10 mg L-1) 

under a 24 h light photoperiod in the Dr. Joe Brown Aquatic Research Building [JBARB, 

Ocean Sciences Centre (OSC), Memorial University of Newfoundland, St. John’s, NL, 

Canada]. After acclimation, each dietary treatment was randomly assigned to 2 replicate 

tanks. Fish were fed to apparent satiation using automatic feeders for seven weeks.  
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At the end of the feeding trial, both dietary groups were subjected to immune 

challenge by an intraperitoneal (IP) injection of A. salmonicida bacterin, viral mimic pIC 

or phosphate-buffered saline (PBS). The detailed methodology on immunogen preparation, 

injection procedures, and injection dosage was described previously (Xue et al., 2019). 

Briefly, four fish were euthanized with an overdose of MS-222 (400 mg L-1, Syndel 

Laboratories, Vancouver, BC, Canada) and dissected for pre-injection (i.e., Time 0) head 

kidney samples. Formalin-killed typical A. salmonicida bacterin was obtained in the form 

of a vaccine (Furogen Dip, Elanco (formerly Novartis), Charlottetown, PE, Canada). The 

A. salmonicida bacterin solution was prepared as in Hori et al. (2013), while the pIC 

(Catalogue # P0913; Sigma-Aldrich, Oakville, ON, Canada) was diluted in sterile 

phosphate-buffered saline (PBS; Gibco, Carlsbad, CA, USA) at 2 µg µL−1 for injection. 

Then, 4-5 fish from each tank were anesthetized (50 mg L-1 of MS-222) and injected with 

1 µL of pIC, bacterin or PBS per g of body weight. Fish were then sampled 24 h post-

injection as described above, and head kidney samples (50-100 mg) were collected, flash-

frozen in liquid nitrogen, and stored at −80°C until RNA extraction. This study was carried 

out in accordance with animal care protocol 17-77-MR, approved by the Institutional 

Animal Care Committee of Memorial University of Newfoundland. 

5.3.2 RNA isolation 

Total RNAs of all collected head kidney samples were previously extracted using 

the mirVana miRNA isolation kit (Ambion/Life Technologies, Carlsbad, CA, USA) 

according to manufacturer instructions (Xue et al., 2019). Aliquots of mirVana-prepared 

total RNAs (40 µg) were further treated with DNase I (Qiagen) to degrade residual genomic 
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DNA and then purified using the RNeasy Mini Kit (Qiagen) following the manufacturer's 

protocols. The RNA integrity was verified by 1% agarose gel electrophoresis, and RNA 

purity was assessed by A260/280 and A260/230 using NanoDrop spectrophotometry 

(Thermo Fisher, Mississauga, ON, Canada). All RNA samples used in this study showed 

high integrity (i.e., tight 18S and 28S ribosomal RNA bands) and purity (i.e., A260/230 

ratios > 1.8 and A260/280 ratios > 2.0). 

5.3.3 Candidate gene selection 

In the previous investigation, I performed small RNA deep sequencing to identify 

pIC- and/or A. salmonicida bacterin-responsive miRNAs in the head kidney of Atlantic 

salmon fed the control diet (Chapter 4; Xue et al., 2019). DESeq2 analyses identified 12 

and 18 miRNAs differentially expressed in pIC and bacterin groups compared with the 

controls, respectively; further, the putative target genes of the pIC- and/or bacterin-

responsive miRNAs were predicted and described (Chapter 4; Xue et al., 2019). Briefly, 

the mature miRNA sequences were tested against 3' UTRs from all Atlantic salmon 

transcripts in the NCBI Reference Sequence database (Refseq; 

https://www.ncbi.nlm.nih.gov/refseq/) using a miRNA target prediction tool RNAhybrid 

(Rehmsmeier et al., 2004). A subset of predicted target genes with functions associated 

with immune response identified based on the Gene Ontology (GO) term annotations and 

published studies are available in Supplemental Tables S6 and S7 of Xue et al. (2019). In 

total, 23 predicted target genes (i.e. mRNAs) of the pIC- and/or bacterin-responsive 

miRNAs known to play roles in the immune response of fish were selected for qPCR 

analysis (Table 5.1). Finally, eight additional candidate immune biomarkers (tlr5a, tlr7, 

https://www.ncbi.nlm.nih.gov/refseq/
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Table 5.1. 23 predicted target mRNAs of pIC- and/or bacterin-responsive miRNAs and 8 other candidate immune biomarkers 

analyzed by qPCR. 

 

Candidate genes 
GenBank 

accession number 
Functional annotation1 

pIC-responsive 

miRNA2 

Bacterin-

responsive 

miRNA2 

Transcripts encoding pattern recognition receptors (PRRs) or involved in PRR signaling pathways 

toll-like receptor 5a (tlr5a)3 AY628755 Toll-like receptor signaling pathway; defense 

response to bacterium 

N/A N/A 

toll-like receptor 7 (tlr7)3 HF970585 Toll-like receptor signaling pathway; defense 

response to virus 

N/A N/A 

toll-like receptor 9 (tlr9)3 NM_001123653 Toll-like receptor signaling pathway; unmethylated 

CpG binding 

N/A N/A 

C type lectin receptor A (clra)4 NM_001123579 PRR recognizing carbohydrate patterns present on 

the surface of microorganisms (Zhang et al., 2000) 

miR-135bd-5p N/A 

MYD88 innate immune signal 

transduction adaptor (myd88)3 

NM_001136545 MyD88-dependent Toll-like receptor signaling 

pathway 

N/A N/A 

interferon regulatory factor 3 (irf3)4 BT059292 type I interferon signaling pathway miR-8159-5p miR-725-5p 

interferon regulatory factor 5 (irf5)4 NM_001139852 positive regulation of type I interferon production miR-135bd-5p 

miR-462a-3p 

miR-462b-3p 

N/A 

interferon regulatory factor 7a 

(irf7a)4,* 

NM_001136548 type I interferon signaling pathway N/A miR-192a-5p 

interferon regulatory factor 7b 

(irf7b)3,* 

FJ517644 type I interferon signaling pathway N/A N/A 

TANK-binding kinase 1 (tbk1)4 NM_001256722 regulation of type I interferon production miR-146a-5p miR-146a-5p 

suppressor of IKK-epsilon (sike1)4 NM_001140308 inhibitory role in virus-triggered TLR3-dependent 

interferon activation pathways (Huang et al., 2005) 

miR-146a-1-2-3p 

miR-8159-5p 

miR-146a-1-2-3p 

miR-146a-3-3p 

miR-183-2-3p 

mitogen-activated protein kinase kinase 

kinase 8 (map3k8)4 

NM_001173785 transducing signals from TLRs to regulate TNF and 

IL1B production (Mielke et al., 2009).  

N/A miR-192a-5p 

miR-200b-3p 

miR-725-3p 

miR-725-3p 

Transcripts encoding cytokines or involved in cytokine mediated pathways 

interleukin 1 beta (il1b)3 AY617117 inflammatory response; cytokine-mediated 

signaling pathway 

N/A N/A 
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tumor necrosis factor alpha (tnfa)4 NM_001123617 inflammatory response; tumor necrosis factor-

mediated signaling pathway 

miR-8159-5p miR-146d-1-3p 

miR-192a-5p 

miR-725-3p 

interleukin 8a (il8a; alias cxcl8a)4 NM_001140710 inflammatory response; induction of positive 

chemotaxis 

N/A miR-194a-5p 

interleukin-1 receptor type I (il1r1)4 NM_001123633 inflammatory response; interleukin-1-mediated 

signaling pathway 

N/A miR-725-5p 

miR-novel-16-5p 

interleukin-10 receptor beta chain 

precursor (il10rb)4 

BT059022 inflammatory response; interleukin-10 receptor 

activity 

miR-221-5p miR-183-1-3-3p 

miR-183-2-3p 

miR-221-5p 

miR-29b-2-5p 

miR-429ab-3p 

interferon gamma (ifng)4 AJ841811 receptor signaling pathway via JAK-STAT; defense 

response to virus 

N/A miR-725-3p 

miR-727a-3p 

interferon regulatory factor 9 (irf9)4 NM_001173719 regulating the downstream expression of ISGs 

within the type I IFN response pathway (Paul et al., 

2018) 

miR-135bd-5p 

miR-30e-1-2-3p 

N/A 

C-X-C chemokine receptor type 3 

(cxcr3)4 

NM_001140493 chemokine-mediated signaling pathway; regulation 

of leukocyte migration 

miR-8159-5p N/A 

Transcripts playing key roles as immune effectors or regulators 

interferon-induced GTP-binding 

protein Mx a (mxa)4 

NM_001123690 antiviral innate immune response; response to type I 

interferon 

miR-181a-5-3p N/A 

interferon-induced GTP-binding 

protein Mx b (mxb)3 

NM_001139918 antiviral innate immune response; response to type I 

interferon 

N/A N/A 

interferon stimulated gene 15a 

(isg15a)3 

BT049918 defense response to virus; response to type I 

interferon 

N/A N/A 

cathelicidin antimicrobial peptide b 

(campb)4 

NM_001123573 antibacterial humoral response; cellular response to 

interleukin-1 

N/A miR-183-1-3-3p 

B-cell lymphoma 6 protein homolog 

(bcl6)4 

NM_001140313 positive regulation of apoptotic process; regulation 

of immune system process 

miR-27d-1-5p miR-194a-5p 

MAP kinase-activated protein kinase 3 

(mapk3)4 

NM_001139792 MAPK cascade; apoptotic process N/A miR-146d-1-3p 

miR-183-2-3p 

miR-29b-2-5p 

miR-725-3p 

miR-novel-16-5p 

tumor necrosis factor receptor 

superfamily member 6 precursor 

(tnfrsf6; alias fas)4 

NM_001173649 extrinsic apoptotic signaling pathway miR-135bd-5p miR-192a-5p 

miR-722-3p 
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BCL2/adenovirus E1B interacting 

protein 3-like (bnip3l)4 

NM_001141679 positive regulation of apoptotic process miR-146a-5p miR-146a-5p 

miR-29b-2-5p 

dynamin-1-like protein (dnm1l)4 NM_001173563 positive regulation of apoptotic process miR-462a-3p 

miR-462b-3p 

N/A 

heat shock protein HSP 90-beta 

(hsp90ab1)4 

NM_001146473 chaperone-mediated protein complex assembly; 

MHC class II protein complex binding 

N/A miR-200b-3p 

integrin beta-2 (itgb2)4 NM_001165324 cell adhesion mediated by integrin; neutrophil 

migration 

miR-146a-5p miR-146a-5p 

miR-183-2-3p 

miR-29b-2-5p 
1Genes were functionally annotated based on selected gene ontology (GO) terms from Homo sapiens putative orthologues or published studies. 2pIC- or 

bacterin-responsive miRNAs predicted to target a given candidate gene. Genes noted with N/A (i.e. not applicable) were not predicted target mRNAs of 

pIC- and/or bacterin-responsive miRNAs. Immunogen-responsive miRNAs were identified and their predicted targets were conducted in Xue et al. (2019). 
3Additional candidate immune biomarkers (n = 8). 4Predicted target genes (i.e. mRNAs) of the pIC- and/or bacterin-responsive miRNAs (n = 23). *irf7 

paralogues are located on different chromosomes (ssa16 for irf7a and ssa10 for irf7b), and they are 89.4% identical at the nucleotide level. 
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tlr9, myd88, irf7b, il1b, mxb, isg15a) were also included in the qPCR analysis to further 

evaluate the immune responses from the immunogen challenges and the immune 

modulating property of the functional feed (i.e. CpG diet).  

5.3.4 qPCR analysis 

The qPCR experiment included a total of 67 head kidney RNA samples from pre-

injection (i.e. T0), and PBS-, bacterin-, and pIC-injected fish fed the control or CpG diet 

(8-9 samples per treatment). First-strand cDNA templates for qPCR were synthesized in 

20 μL reactions from 1 µg of DNaseI-treated, column-purified total RNA using random 

primers (250 ng; Invitrogen/Life Technologies), dNTPs (0.5 mM final concentration; 

Invitrogen/ Life Technologies) and M-MLV reverse transcriptase (200 U; Invitrogen/Life 

Technologies) with the manufacturer's first strand buffer (1× final concentration) and DTT 

(10 mM final concentration) at 37°C for 50 min. PCR amplifications were performed in 13 

μL reactions using 1× Power SYBR Green PCR Master Mix (Applied Biosystems/Life 

Technologies), 50 nM of both the forward and reverse primers, and the indicated cDNA 

quantity (see below). The real-time qPCR analysis program for all primer pairs consisted 

of 1 cycle of 50°C for 2 min, 1 cycle of 95°C for 10 min and 40 cycles of 95°C for 15 sec 

and 60°C for 1 min, with fluorescence detection at the end of each 60°C step.  

The sequences of all primer pairs used in qPCR analyses are presented in 

Supplemental Table S5.1. Each primer pair was quality tested using the ViiA 7 Real Time 

PCR system (384-well format) (Applied Biosystems/Life Technologies). Quality testing 

ensured that a single product was amplified (dissociation curve analysis) and that there was 

no primer-dimer present in the no-template control. Amplification efficiencies (Pfaffl, 
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2001) were calculated using three cDNA templates that were pooled post-cDNA synthesis: 

one pool of 4 PBS-injected samples, one pool of 4 pIC-injected samples, and one pool of 

4 bacterin-injected samples. The reported efficiencies (Supplemental Table S5.2) are an 

average of the three values. Standard curves were generated using 5-point 1:3 dilution 

series starting with cDNA representing ten ng of input total RNA. 

To select these control genes, the expression of 6 candidate normalizers [i.e. 60S 

ribosomal protein 32 (rpl32; BT043656), β-actin (actb; BG933897), elongation factor 1-

alpha 2 (ef1a2; BT058669), eukaryotic translation initiation factor 3 subunit D (eif3d; 

GE777139), polyadenylate-binding protein 1 (pabpc1; EG908498) and ATP-binding 

cassette sub-family F member 2 (abcf2; BT071904)] was measured in all individuals 

involved in the study and then analyzed using geNorm (Vandesompele et al., 2002). ef1a2 

(geNorm M = 0.198) and pabpc1 (geNorm M = 0.196) were determined to be the most 

stable normalizer genes across treatments.  

After completing the primer quality test and normalizer gene selection, qPCR 

analyses of transcript expression levels of the target genes were performed using the ViiA 

7 Real Time PCR system (Applied Biosystems/Life Technologies). Diluted cDNAs 

corresponding to 5 ng of input RNA were used as templates in the PCR reactions to 

measure the CT values of genes of interest (GOIs) and normalizer genes by QuantStudio 

Real-Time PCR Software. The GOIs and normalizer genes were tested in triplicate and a 

no-template control for each target was included. The relative quantity (RQ) of each 

transcript was determined using a qBase relative quantification framework (Hellemans et 

al., 2007; Xue et al., 2019; Xue et al., 2021), with normalization to both pabpc1 and ef1a2, 
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and with amplification efficiencies incorporated. The RQs of each GOI were first calibrated 

to the sample that had the lowest normalized gene expression. For pre-injection samples 

(i.e., T0 samples), the RQs of each GOI were re-calibrated against fish fed the control diet, 

while for IP-injected groups, the RQs of each GOI were re-calibrated against PBS-injected 

fish fed the control diet. 

5.3.5 Statistical analyses 

All qPCR data (i.e., RQs) were subjected to Grubbs' test to identify potential 

outliers and then log2-transformation to meet the normality assumption. The normality of 

the qPCR data (i.e., log2 RQ values) was analyzed using the Shapiro-Wilk and 

Kolmogorov-Smirnov normality tests. In total, 36 RQ values were identified as statistical 

outliers in the entire dataset (i.e., out of 2077 RQ values), and excluded from the study. 

Each mRNA of interest had a minimum of 7 samples per treatment. For pre-injection 

samples, miRNA expression differences between diet groups were determined using 

Student's t-test (p < 0.05). For IP-injected groups, miRNA expression differences between 

treatments and diets were determined using two-way analysis of variance (ANOVA), 

followed by a Dunnett's test to assess the effect of immunogens within each dietary group 

(i.e., pIC/bacterin vs PBS), and a Student's t-test to assess the dietary effect within treatment 

groups (p < 0.05). All of the statistical tests above were performed in Prism v7.0 (GraphPad 

Software Inc., La Jolla, CA, USA). Principal coordinates analysis (PCoA), permutational 

multivariate ANOVA (PERMANOVA), and similarity of percentages analysis (SIMPER) 

were performed using PRIMER (Version 6.1.15; PRIMER-E Ltd, Ivybridge, UK) to 

explore the differences in qPCR-analyzed transcript expression among samples from fish 
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fed different diets (control vs CpG) and in different treatment groups (pre-injection, PBS-

injected, pIC-injected and bacterin-injected). All variables were standardized by the total 

of each variable in PRIMER prior to analyses.  

Pearson correlation and hierarchical clustering analyses were conducted to identify 

the relationships between head kidney miRNA expression and the expression of immune-

relevant mRNAs that are predicted targets of these miRNAs. The head kidney miRNA 

expression data were previously published by Xue et al. (2019). The linear regression 

analyses were performed with IBM SPSS Statistics, whereas the hierarchical clustering 

was carried out with PRIMER (Version 6.1.15; PRIMER-E Ltd., Ivybridge, UK) using 

Pearson correlation resemblance matrices. The significance of the regression was 

determined by an F-test (p < 0.05). 

5.4 Results 

5.4.1 Effects of pIC and A. salmonicida bacterin treatments on the expression of 

immune-relevant putative target genes of miRNA biomarkers 

qPCR results of 12 transcripts encoding pattern recognition receptors (PRRs) or 

involved in PRR signaling pathways are shown in Figure 5.1. Eight of these transcripts 

(tlr5a, tlr7, tlr9, myd88, irf3, irf5, irf7a, irf7b) had significant induction by pIC injection 

when compared with the PBS-injected salmon fed the respective diet (Figure 5.1A-C, E-

I). The expression of irf7b in response to pIC was more strongly induced (up to 54-fold) 

than the other seven genes including another irf7 paralogue (i.e. irf7a) (up to 15-fold). Five 

transcripts encoding PRRs [tlr5a, clra, irf5 (fish fed CpG diet only), irf7b and tbk1 (fish  
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Figure 5.1. qPCR analyses of transcripts encoding pattern recognition receptors (PRRs) or 

involved in PRR signaling pathways (n = 8–9). Average log2 RQs with SE bars are plotted. 

An asterisk (*) represents a significant difference between diets in each injection treatment 

(p < 0.05) with fold-change given in brackets. Fold-change between diets was calculated 

as 2A−B as in Xue et al. (2019), where A is the mean of log2 RQ from the CpG fed group, 

and B is the mean of log2 RQ from the injection-matched control fed group. For down-

regulated mRNAs, fold-change values were inverted (-1/fold-change). A dagger (†) or 

diesis (‡) represents a significant difference between the pIC/A. salmonicida bacterin-

injected salmon and the diet-matched PBS-injected control (p < 0.05) with fold-change 

indicated below the x-axis. Fold up-regulation or down-regulation between injections was 

calculated as 2A−B, where A is the mean of log2 RQ from the pIC or bacterin groups, and B 

is the mean of log2 RQ from the diet-matched PBS group. (A) toll-like receptor 5a; (B) 

toll-like receptor 7; (C) toll-like receptor 9; (D) C type lectin receptor A; (E) MYD88 innate 

immune signal transduction adaptor; (F) interferon regulatory factor 3; (G) interferon 

regulatory factor 5; (H) interferon regulatory factor 7a; (I) interferon regulatory factor 

7b; (J) TANK-binding kinase 1; (K) suppressor of IKK-epsilon; (L) mitogen-activated 

protein kinase kinase kinase 8. 
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fed control diet only)] had significant induction by bacterin injection when compared with 

the PBS-injected salmon fed the respective diet (Figure 5.1A,D,G,I,J). The expression of 

tlr5a and clra in response to bacterin was more strongly induced (6- to 32-fold) than irf5 

(1.3-fold), irf7b (up to 1.8-fold), and tbk1 (1.4-fold).  

qPCR results of eight transcripts encoding cytokines or involved in cytokine 

mediated pathways are shown in Figure 5.2. All eight genes [il1b, tnfa, il8a (fish fed CpG 

diet only), il1r1, il10rb, ifng, irf9, cxcr3] had significant induction by pIC injection when 

compared with the PBS-injected salmon fed the respective diet (Figure 5.2). The 

expression of il1b and ifng in response to pIC was more strongly induced (8.7- to 27.4-

fold) than the other six genes (1.5- to 4.0-fold). Seven transcripts (il1b, tnfa, il8a, il10rb, 

ifng, irf9, cxcr3) studied within this category had significant induction by bacterin injection 

when compared with the PBS-injected salmon fed respective diet (Figure 5.2A-C, E-H). 

The expression of il1b and il8a in response to bacterin was more strongly induced (8.3- to 

20.8-fold) compared with the other five genes (1.4- to 6.0-fold).  

qPCR results of 11 transcripts playing key roles as immune effectors or regulators 

are shown in Figure 5.3. Eight of these genes (mxa, mxb, isg15a, campb, bcl6, mapk3, 

tnfrsf6, hsp90ab1) had significant induction by pIC injection compared with the PBS-

injected salmon fed respective diet (Figure 5.3A-G, J). isg15a showed the highest 

induction (up to 966-fold), followed by mxa and mxb (28.7- to 39.4-fold), then campb, 

bcl6, mapk3, tnfrsf6 and hsp90ab1 (1.3- to 7.8-fold). The injection of pIC significantly 

down-regulated the expression of bnip3l by ~1.5-fold in both diet groups (Figure 5.3H). 

Four transcripts [campb, bcl6, bnip3l, hsp90ab1 (fish fed CpG diet only)] studied within  
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Figure 5.2. qPCR analyses of transcripts encoding cytokines or involved in cytokine 

mediated pathways (n = 8–9). An asterisk (*) represents a significant difference between 

diets in each injection treatment (p < 0.05) with fold-change given in brackets. Fold-change 

between diets was calculated as 2A−B as in Xue et al. (2019), where A is the mean of log2 

RQ from the CpG fed group, and B is the mean of log2 RQ from the injection-matched 

control fed group. For down-regulated mRNAs, fold-change values were inverted (-1/fold-

change). A dagger (†) or diesis (‡) represents a significant difference between the pIC/A. 

salmonicida bacterin-injected salmon and the diet-matched PBS-injected control (p < 0.05) 

with fold-change indicated below the x-axis. Fold up-regulation or down-regulation 

between injections was calculated as 2A−B, where A is the mean of log2 RQ from the pIC 

or bacterin groups, and B is the mean of log2 RQ from the diet-matched PBS group. (A) 

interleukin 1 beta; (B) tumor necrosis factor alpha; (C) interleukin 8a; (D) interleukin-1 

receptor type I; (E) interleukin-10 receptor beta chain precursor; (F) interferon gamma; 

(G) interferon regulatory factor 9; (H) C-X-C chemokine receptor type 3.  
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Figure 5.3. qPCR analyses of transcripts encoding immune effectors and regulators (n = 

8–9). Average log2 RQs with SE bars are plotted. An asterisk (*) represents a significant 

difference between diets in each injection treatment (p < 0.05) with fold-change given in 

brackets. Fold-change between diets was calculated as 2A−B as in Xue et al. (2019), where 

A is the mean of log2 RQ from the CpG fed group, and B is the mean of log2 RQ from the 

injection-matched control fed group. For down-regulated mRNAs, fold-change values 

were inverted (-1/fold-change). A dagger (†) or diesis (‡) represents a significant difference 

between the pIC/A. salmonicida bacterin-injected salmon and the diet-matched PBS-

injected control (p < 0.05) with fold-change indicated below the x-axis. Fold up-regulation 

or down-regulation between injections was calculated as 2A−B, where A is the mean of log2 

RQ from the pIC or bacterin groups, and B is the mean of log2 RQ from the diet-matched 

PBS group. (A) interferon-induced GTP-binding protein Mx a; (B) interferon-induced 

GTP-binding protein Mx b; (C) interferon stimulated gene 15a; (D) cathelicidin 

antimicrobial peptide b; (E) B-cell lymphoma 6 protein homolog; (F) MAP kinase-

activated protein kinase 3; (G) tumor necrosis factor receptor superfamily member 6 

precursor; (H) BCL2/adenovirus E1B interacting protein 3-like; (I) dynamin-1-like 

protein; (J) heat shock protein HSP 90-beta; (K) integrin beta-2. 
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this category had significant induction by bacterin injection when compared with the PBS-

injected salmon fed respective diet (Figure 5.3D,E,H,J). The induction of campb in 

response to bacterin was much stronger (up to 134-fold) than that of bcl6, bnip3l, and 

hsp90ab1 (1.3- to 2.9-fold).  

5.4.2 Impact of diets on the expression of immune-relevant putative target genes of 

miRNA biomarkers 

The impact of the diet containing functional ingredient CpG ODN 1668 on the 

expression of immune-relevant putative target genes of previously identified miRNA 

biomarkers (pIC- and A. salmonicida bacterin-responsive in Atlantic salmon) was 

investigated in both pre- and post-injection head kidney samples. The CpG diet affected 

the transcript levels of 6 genes analyzed among pre-injection samples; all of these genes 

(tlr9, irf5, map3k8, il1r1, dnm1l, and hsp90ab1) were significantly down-regulated by the 

CpG diet (-1.3 to -1.6-fold, Figure 5.4C,G,L,P,AC,AD). Similar to the pre-injection 

samples, a number of genes in the post-injection groups had lower expression in fish fed 

CpG diet compared to the controls (Figures 5.1-5.3). Among genes encoding PRRs or are 

involved in PRR signaling pathways, PBS-treated fish fed CpG diet showed significantly 

lower expression of tlr9, irf5 and sike1 (-1.2, -1.2, -1.3-fold, respectively) than those fed 

the control diet (Figure 5.1C,G,K). In pIC-treated salmon, fish fed the CpG diet had a 

significantly lower transcript level of irf7a (-1.3-fold) than the fish fed the control diet 

(Figure 5.1H). In bacterin-treated salmon, the expression level of sike1 was significantly 

lower (-1.4-fold) in fish fed the CpG diet than those fed the control diet (Figure 5.1K). 
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Figure 5.4. qPCR analyses of basal expression (pre-injection samples) of candidate 

mRNAs (n = 7–8). Average log2 RQs with SE bars are plotted. An asterisk (*) indicates a 

significant difference between diets for a given miRNA (p < 0.05) with fold-change given 

in brackets. For qPCR fold-change calculation, overall fold up-regulation was calculated 

as 2A-B as in Xue et al. (2019), where A is the mean of log2 RQ from the CpG fed group, 

and B is the mean of log2 RQ from the control fed group. For down-regulated mRNAs, 

fold-change values were inverted (-1/fold-change). 
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Among transcripts encoding cytokines or involved in cytokine-mediated pathways, PBS-

treated fish fed CpG diet had significantly lower expression of tnfa, il8a, il1r1 and il10rb 

(-1.5, -1.9, -1.3, -1.2-fold, respectively) than those fed the control diet (Figure 5.2B-E). In 

pIC-treated salmon, three transcripts (tnfa, il1r1 and ifng) had significantly lower 

expression (-1.4, -1.3, -1.5-fold, respectively) in fish fed the CpG diet compared to the fish 

fed the control diet (Figure 5.2B,D,F). Only a single transcript il1r1 had significantly 

lower expression (-1.3-fold) in bacterin-treated fish fed CpG diet than those fed the control 

diet (Figure 5.2D). As for genes playing key roles as immune effectors or regulators, 

hsp90ab1 and itb2 showed lower expression (-1.4 and -1.3-fold, respectively) in PBS-

treated fish fed CpG diet compared to those fed the control diet (Figure 5.3J,K). In pIC-

treated fish, dietary CpG resulted in lower transcript expression of tnfrsf6 and hsp90ab1 (-

1.2 and -1.4-fold, respectively) compared with the control diet (Figure 5.3G,J). Fish fed 

the CpG diet showed lower levels of mapk3, dnm1l, hsp90ab1 and itb2 (-1.3, -1.2, -1.3, -

1.4-fold, respectively) than those fed the control diet (Figure 5.3F,I,J,K).  

5.4.3 Treatment comparisons by multivariate statistical analyses 

For the pre-injection samples, the PCoA was able to segregate the two dietary 

groups, although relatively large variations were observed among each group (Figure 

5.5A). PCO1 and PCO2 accounted for 32.5 and 19.5% of the variability, respectively. 

PCoA vectors (with r ≥ 0.70) showed that fish fed the control diet (pre-injection) were 

associated with several genes, including il1r1, sike1, irf5, dnm1l, itgb2 and il10rb. 

PERMANOVA was conducted in order to quantify the differences among samples from 
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Figure 5.5. Principal coordinate analyses (PCoA) of qPCR analyzed mRNAs (RQ values) 

in pre-injection samples (i.e., T0 samples; A) and 24 h post-injection head kidney samples 

(B). Only vectors with Pearson correlation coefficients > 0.7 are shown.   
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fish fed different diets. The results showed that the comparisons between diets within pre-

injection groups were significant based on the expression of all qPCR analyzed transcripts 

(Supplemental Table S5.2). As illustrated by SIMPER analysis, the comparison of mRNA 

expression between fish fed control and CpG diets within the pre-injection group was the 

most dissimilar (average dissimilarity = 28.27%), with 12 transcripts (e.g., dnm1l, mxa, 

il10rb, mapk3, isg15a, tnfa, irf9, il1r1) as the top 50% contributing variables to this 

dissimilarity (Supplemental Table S5.2). 

For the post-injection groups, the PCoA was able to segregate different injection 

treatments (Figure 5.5B). PCO1 and PCO2 accounted for 61.6 and 18.4% of the 

variability, respectively. PCoA vectors (with r ≥ 0.70) showed that pIC-treated fish were 

associated with a number of genes, including mxb, irf7a, isg15a, tlr7, tlr9 and mapk3, while 

bacterin-treated fish were associated with a different set of genes including bnip3l, clra, 

campb, tlr5a and il8a. The overall expression differences in qPCR analyzed transcripts 

between dietary groups were significant for PBS- and pIC-treated fish, but not the bacterin-

treated fish (p = 0.058), according to PERMANOVA analyses (Supplemental Table 

S5.2). The comparison of mRNA expression between fish fed control and CpG diets within 

PBS-injected group was the most dissimilar (average dissimilarity = 23.70%), followed by 

bacterin-injected group (average dissimilarity = 16.86%) and pIC-injected group (average 

dissimilarity = 11.40%). sike1, dnm1l, il1rl, hsp90ab1, and mapk3 were the common 

contributing variables to all three dissimilarities (Supplemental Table S5.2). Finally, three 

transcripts (i.e. il1r1, mapk3, dnm1l) were common contributing variables to all four 
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pairwise dissimilarities between dietary groups (pre-injection, PBS-, pIC- and bacterin-

injected groups).  

5.4.4 Correlations between mRNA and miRNA levels 

I attempted to explore connections between the expression changes in mRNA and 

miRNA. Among all injection conditions, including the pre-injection control, the highest 

number of significant negative correlations between miRNA and mRNA was identified 

within PBS-injected fish, followed by bacterin-injected fish, pre-injection control fish, and 

pIC-injected fish (Supplemental Figures S5.1-5.4). Although there were many significant 

correlations identified between the expression of miRNA and their putative targets (i.e. 

candidate mRNAs), I was particularly interested in exploring the ones representing putative 

miRNA-target pairs based on previous in silico target prediction analysis as carried out in 

Xue et al. (2019). 

Within the pre-injection group, there were only five significant positive correlations 

between miRNA and mRNA expression representing putative miRNA-target pairs (e.g. 

irf5 and dnm1l with miR-462a-3p) (Supplemental Figure S5.1). Although there was a 

large number of negative correlations between miRNA and mRNA expression identified 

in fish treated with PBS, only two (i.e. il1r1 with miR-novel-16-5p and miR-725-5p) 

represent putative miRNA-target pairs (Supplemental Figure S5.2). As for fish treated 

with pIC, only one significant positive correlation (bcl6 with miR-27d-1-2-5p) between 

miRNA and mRNA expression representing a putative miRNA-target pair was identified 

in the current analysis (Supplemental Figure S5.3). Finally, among the bacterin-injected 

group, the present data revealed that three significantly negative corrections (itgb2 with 
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miR-29b-2-5p and miR-146a-5p; sike1 with miR-146a-1-2-3p) between miRNA and 

mRNA expression in bacterin-injected fish found were putative miRNA-target pairs 

(Supplemental Figure S5.4). It is worth noting that six significant positive correlations 

(e.g. irf9 with miR-30e-1-2-3p; bcl6 with miR-27d-1-2-5p) representing putative miRNA-

target pairs were also identified in fish treated with bacterin. 

5.5 Discussion 

5.5.1 Effects of pIC and A. salmonicida bacterin treatments on the expression of 

immune-relevant transcripts 

One of the goals for the current study was to study the influence of viral mimic pIC 

and A. salmonicida bacterin stimulations on the expression of immune-relevant mRNAs, 

which are predicted targets of the pIC- and/or bacterin-responsive miRNAs in Atlantic 

salmon. Xue et al. (2019) showed that the analyses of Atlantic salmon head kidneys 

injected with pIC or bacterin revealed 12 and 18 miRNAs differentially expressed in pIC 

and bacterin groups, respectively, compared to the PBS-injected controls. The functional 

annotations of predicted target genes of the pIC- and/or bacterin-responsive miRNAs 

revealed 130 immune-relevant target genes (Xue et al., 2019). Here, I selected 23 of them 

and included eight additional candidate immune biomarkers for qPCR analyses to study 

the impact of pIC and bacterin stimulations on the transcription of these genes, using the 

same samples as were previously used in my miRNA study (Chapter 4; Xue et al., 2019). 

The present study showed that pIC and bacterin stimulation changed the expression 

of several transcripts encoding PRRs or involved in PRR signaling pathways. Tlr5 is 
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generally thought to recognize flagellin found in the flagellar structure of many bacteria, 

including A. salmonicida (Tsoi et al., 2006; Moresco et al., 2011). The current qPCR study 

showed that head kidney tlr5a was induced by both pIC and A. salmonicida bacterin 

injections. Interestingly, recent infection studies in Atlantic salmon involving non-motile 

bacteria (e.g. R. salmoninarum and P. salmonis) also showed activation of tlr5a in the 

infected animals (Eslamloo et al., 2020; Xue et al., 2021). I hypothesize that Atlantic 

salmon tlr5a might have evolved to acquire additional immune functions compared to the 

mammalian orthologue. Mammalian TLR7 and TLR9, known as the endosomal PRRs, are 

responsible for recognizing ssRNA viruses and CpG-rich bacterial DNA/dsDNA viruses, 

respectively (Sato et al., 2006; De Nardo, 2015). The up-regulation of both tlr7 and tlr9 in 

the current study is similar to that reported in Atlantic salmon macrophage-like cells 

exposed to pIC (Eslamloo et al., 2017). Skjæveland et al. (2008) found that Atlantic salmon 

tlr9 can be induced by recombinant trout Ifng (interferon gamma). This suggests that the 

up-regulation of tlr9 in pIC-treated fish in the current study may be associated with a 

positive feedback loop resulting from the induction of ifng by pIC. Besides TLRs, I also 

found up-regulation of a transcript encoding C-type lectin receptor (i.e. clra) only in 

salmon treated with bacterin; it functions as a PRR and recognizes carbohydrate patterns 

present on the surface of microorganisms (Zhang et al., 2000). Similarly, in Soanes et al. 

(2004), Atlantic salmon infected with live A. salmonicida had increased hepatic clra 

expression compared with the healthy control fish.  

In the current study, the up-regulation of myd88 in pIC-treated salmon is consistent 

with increased expression of tlr7 and tlr9 as these PRRs have been shown to activate the 
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MyD88-dependent pathway (Eslamloo et al., 2017). It is worth noting that the expression 

of myd88 was not altered by A. salmonicida bacterin stimulation. Although all mammalian 

TLRs (except TLR3) utilize the MyD88-dependent pathway (Moresco et al., 2011), the 

current data suggest that tlr5a may mediate the MyD88-independent signaling pathway. In 

agreement with previous work on Atlantic salmon macrophages and head kidneys with pIC 

stimulation (Caballero-Solares et al., 2017; Eslamloo et al., 2017), members of IRF family 

(i.e. irf3, irf5, irf7a and irf7b) were up-regulated by pIC in the current study. IRF3 and 

IRF7 are the primary family members involved in regulating the type I IFN response to 

viral infection, promoting the production of IFNs and interferon-stimulated genes (ISGs) 

(Holland et al., 2008). In addition to IRF3 and IRF7, IRF5 has also been shown to play a 

key role in retinoic acid-inducible gene I (RIG-I)-like receptor (RLR) and mitochondrial 

antiviral-signalling protein (MAVS)-mediated type I IFN expression (Lazear et al., 2013). 

I observed significant up-regulation (1.3- to 1.8-fold) of irf5 and irf7b by bacterin in salmon 

head kidney. Similar to my results, previous studies also reported the up-regulation of irf5 

and irf7 by LPS in common carp (Cyprinus carpio L.) head kidney leukocytes and large 

yellow croaker (Larimichthys crocea) liver, respectively (Yao et al., 2012; Zhu et al., 

2016). Further, the slight up-regulation of irf7b found in fish treated with bacterin in the 

current study can be related to the increased expression of tbk1 (1.4-fold in bacterin-

injected group) as mammalian TBK1 has been shown to be a molecular bridge, linking the 

TLR and RLR signals to activate IRF3- and IRF7-mediated type I IFN response (Chen et 

al., 2017). It is worth noting that the differential regulation of irf7 paralogues (i.e. bacterin 
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responsiveness of irf7b only; stronger induction of irf7b by pIC) suggests that these 

paralogues have undergone regulatory and potentially functional divergence. 

Upon ligand recognition, TLR pathways activate signaling cascades that result in 

the induction of IFNs and cytokines, essential mediators of the inflammatory response (De 

Nardo, 2015). Il1b and Tnfa are pro-inflammatory cytokines involved in the activation of 

a wide range of genes expressed during inflammation (Covello et al., 2009). Il1b is 

predominantly produced by monocytes and macrophages, and participates in the regulation 

of phagocytic activity, macrophage proliferation and leukocyte migration (Peddie et al., 

2001). Tnfa displays overlapping functions with Il1b; however, it also possesses the ability 

to induce apoptosis and necrosis (Zou and Secombes, 2016). Il8 (also referred to as Cxcl8) 

functions as a chemotactic factor by recruiting specific subsets of leukocytes (primarily 

neutrophils) to the site of infection (Seppola et al., 2008). I observed higher induction of 

il1b, il8a and tnfa in fish treated with bacterin compared with those treated with pIC, 

suggesting that A. salmonicida bacterin can cause a stronger inflammatory response. Il1r1, 

a receptor of Il1b, can mediate Il1b-dependent activation of NF-kappa-B, MAPK and other 

pathways (Slack et al., 2000). I found an up-regulation of il1r1 in the salmon head kidney 

in response to pIC, but it was not responsive to bacterin. In disagreement with the present 

study, miiuy croaker (Miichthys miiuy) il1r1 was found to be induced by both LPS and pIC 

(Yang et al., 2017). Moreover, the expression of IL10RB protein is essential for the signal 

transduction of IL10, which is a key anti-inflammatory cytokine (Shouval et al., 2014). In 

the present study, the up-regulation of il10rb in both pIC- and bacterin-injected Atlantic 

salmon may be necessary to prevent pathological inflammation. The up-regulation of ifng 
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by pIC and bacterin in the present study suggests that a type II IFN response was activated. 

As shown by Caballero-Solares et al. (2017) and Eslamloo et al. (2017), pIC can elicit both 

type I and II IFNs mediated antiviral responses. Irf9 plays an essential role in antiviral 

immunity by regulating the downstream expression of ISGs within the type I IFN response 

pathway (Paul et al., 2018). The up-regulation of irf9 by both pIC and bacterin in the 

current study, therefore, indicated a type I IFN response. I hypothesize that the type I IFN 

pathway might also play important roles in mediating immune response resulting from 

bacterial infection/bacterin stimulation. Further, it is worth noting that pIC-treated fish in 

the current study exhibited more robust IFN responses (both type I and II) compared with 

bacterin-stimulated salmon. CXCR3 is a chemokine receptor that plays an essential role in 

the trafficking and migration of leukocytes at sites of infection and inflammation (Groom 

and Luster, 2011). Similar to the current findings, the expression of cxcr3 was elevated in 

the kidney of large yellow croaker after Vibrio anguillarum challenge and pIC stimulation 

(Liu et al., 2017). 

In the current study, I observed up-regulation of mxa, mxb and isg15a only by pIC 

in salmon head kidney. This is consistent with previous reports on salmon antiviral 

responses (Caballero-Solares et al., 2017; Eslamloo et al., 2017). Unlike the pIC 

stimulation, A. salmonicida bacterin injection did not result in the up-regulation of these 

antiviral effector genes. Therefore, it is unclear what the type I IFN pathway in Atlantic 

salmon plays in bacterial infection/stimulation. Camp (i.e. Cathelicidin) is a well-known 

antimicrobial peptide that was found to be important in the fight against bacterial invasion 

(Maier et al., 2008). The up-regulation campb in bacterin-treated fish was expected as it 
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was previously shown to be an excellent A. salmonicida-inducible biomarker (Kitani et al., 

2019). Induction or suppression of apoptosis because of pathogen and host interaction may 

play a vital role in the outcome of infection. The present study analyzed a number of genes 

related to the apoptotic pathway (i.e. bcl6, mapk3, tnfrsf6, bnip3l) (Baron et al., 2002; 

Kurosu et al., 2003; Burton and Gibson, 2009; Minutoli et al., 2009; Yi et al., 2018). Of 

these genes, bcl6 was induced by both pIC and bacterin injections, whereas mapk3 and 

tnfrsf6 were only induced by pIC. Interestingly, opposite expression responses of bnip3l to 

pIC (down-regulation) and bacterin (up-regulation) were observed in the current study. My 

previous study (Chapter 3) found Atlantic salmon bnip3l to be suppressed following P. 

salmonis infection (Xue et al., 2021). Collectively, the current results suggest that pIC and 

A. salmonicida bacterin stimulations modulate the apoptotic pathway in Atlantic salmon. 

Furthermore, HSPs (Heat Shock Proteins) not only function as molecular chaperones, but 

also play essential roles in immune system function (e.g. antigen presentation) (Srivastava, 

2002; Callahan et al., 2008; Xie et al., 2015; Beemelmanns et al., 2021). A slight up-

regulation of hsp90ab1 seen with salmon injected with pIC or bacterin in the current study 

provide some evidence of its role in immune response and/or disease defense in Atlantic 

salmon.  

5.5.2 Impact of diets on the expression of immune-relevant putative target genes of 

miRNA biomarkers 

CpG ODNs found in bacterial and some viral genomes have been shown to be 

important immunostimulants that can enhance fish immunity and confer protection from 

pathogen invasion (Tassakka and Sakai, 2005). Recognition of CpG ODNs by host PRRs 
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occurs specifically through TLR9, resulting in activation of antiviral and antibacterial cell 

signaling (Cuesta et al., 2008; Strandskog et al., 2008; Liu et al., 2010). My previous work  

has revealed that dietary CpG ODN 1668 at an inclusion level of 10 mg kg-1 feed can 

modulate miRNA biomarkers associated with immune responses in Atlantic salmon (Xue 

et al., 2019). For example, CpG supplementation generally suppressed basal expression 

(i.e. in pre-injection samples) of many miRNAs studied (e.g. miR-192a-5p, miR-462a-3p, 

miR-181a-5-3p). In the post-injection groups, dietary CpG had significant impacts on the 

miRNA expression in both PBS and bacterin treated fish with several miRNAs (e.g., miR-

181a-5-3p, miR-221-5p, miR-29b-2-5p) showing higher expression in fish fed the CpG-

containing diet. To complement this recently published work on the impact of dietary CpG 

on miRNA expression in Atlantic salmon (Xue et al., 2019), in the present study, I analyzed 

31 immune relevant mRNAs (23 of which were putative target genes of miRNA 

biomarkers identified from the previous research) on the pre- and post-immune stimulation 

head kidney samples. Importantly, all genes significantly modulated by diet had lower 

expression in fish fed the CpG diet regardless of injection treatments. In disagreement with 

the miRNA expression profiles (Xue et al., 2019), the overall expression differences in 

qPCR analyzed transcripts between dietary treatments were most dissimilar among pre-

injection and PBS-injected fish based on the current SIMPER analyses.  

Among transcripts encoding PRRs or involved in PRR signaling pathways, tlr9 and 

irf5 had lower expression in both pre- and PBS-injected fish fed the CpG diet. As discussed 

earlier, mammalian TLR9 is responsible for recognizing CpG-rich bacterial DNA/viral 

dsDNA, respectively (Sato et al., 2006). The studies on the regulation of fish tlr9 after 
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stimulation with CpG ODNs via IP-injection are conflicting since both up- and down-

regulation of TLR9 expression have been described, which may reflect different classes of 

CpG ODN or time points used in these studies (Strandskog et al., 2008; Cárdenas-Reyna 

et al., 2016; Jung and Jung, 2017; Angulo et al., 2018). Purcell et al. (2013) showed that 

Atlantic salmon fed diet containing CpG ODN 1668 had significantly decreased tlr9 

expression over time in both skin and spleen. Alongside the current results, these findings 

suggest that Tlr9 may be under a negative feedback loop control in Atlantic salmon. The 

down-regulation of irf5 (among pre-injection and PBS-injected groups) and irf7a (among 

pIC-injected groups) by CpG diet indicate that the RLR- and MAVS-mediated type I IFN 

response may be attenuated by dietary CpG. Furthermore, mammalian SIKE1 interacts 

with IKBKE (i.e. Inhibitor of nuclear factor kappa b kinase subunit epsilon) and TBK1; it 

plays an inhibitory role in virus-triggered TLR3-depedent IFN activation pathways (Huang 

et al., 2005). In the present study, the down-regulation of sike1 seen in PBS- and bacterin-

injected fish fed CpG diet once again indicated that dietary CpG might modulate IFN-

related pathways. It has been shown in mammals that MAP3K8, a serine-threonine kinase, 

is critical in innate immunity, transducing signals from TLRs to regulate TNFA and IL1B 

production (Mielke et al., 2009). The down-regulation of map3k8 in pre-injected fish fed 

CpG diet found in the current study suggests that dietary CpG could potentially influence 

Map3k8 signaling and thereby regulate Tnfa and Il1b in Atlantic salmon.  

Among the transcripts encoding cytokines or involved in cytokine-mediated 

pathways, il1r1 was consistently down-regulated in fish fed CpG from all treatment groups. 

I hypothesize that dietary CpG is able to modulate the Il1b-dependent activation of NF-
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kappa-B and MAPK pathways. In addition, the current qPCR study showed that three 

important inflammatory markers (i.e. il8a, il10rb, tnfa) had decreased expression in PBS- 

and pIC-treated (tnfa only) fish fed CpG diet, suggesting these animals might have lower 

inflammation. These results could also indicate that fish-fed the CpG diet might be able to 

resolve inflammatory responses more quickly after a generalized stress event (e.g. PBS 

injection) or pIC stimulation. Moreover, the down-regulation of ifng in pIC-treated salmon 

fed CpG diet found in the present study suggests that the type II IFN mediated antiviral 

response may be altered. Since ifng also plays regulatory roles in both innate and adaptive 

immunity (e.g. activating macrophages, enhancing antigen presentation), it is reasonable 

to speculate that CpG-driven immune modulation may have an impact on the adaptive 

responses in Atlantic salmon.  

Among the transcripts playing critical roles as immune effectors or regulators, the 

transcript levels of hsp90ab1 and itgb2 were consistently down-regulated in fish fed CpG 

from all treatment groups (except itgb2 among pIC-injected fish). As discussed earlier, 

hsp90ab1 may play additional roles in immune responses (e.g. antigen presentation). 

Moreover, in mammalian species as well as zebrafish, adhesion molecules of the β2 integrin 

family (e.g. ITGB2, also referred to as CD18) are necessary for neutrophil recruitment to 

sites of inflammation (Bader et al., 2021). My qPCR data on hsp90ab1 and itgb2 suggest 

that dietary CpG might modulate other immune system functions in Atlantic salmon, such 

as antigen presentation and neutrophil recruitment. Lastly, the down-regulation of 

apoptosis-relevant genes (i.e. mapk3, dnm1l, tnfrsf6) among pre-, pIC- and/or bacterin-
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injected fish fed CpG diet indicates that the apoptotic pathway may be suppressed by 

dietary CpG in Atlantic salmon.  

5.5.3 Correlations between mRNA and miRNA levels 

miRNAs have been well-documented to cause transcriptional degradation and/or 

translational repression (Huntzinger and Izaurralde, 2011; Herkenhoff et al., 2018). It has 

also been previously shown that the miRNA-mRNA regulatory network is very complex 

(Zhang et al., 2016b). A single miRNA can regulate multiple target mRNAs, while a given 

mRNA can be targeted by various miRNAs (Xu et al., 2020). Here, I attempted to explore 

connections between the expression changes in mRNA and miRNA. Among all injection 

conditions, including the pre-injection control, the highest number of significant negative 

correlations between miRNA and mRNA was identified within PBS-injected fish, followed 

by bacterin-injected fish, pre-injection control fish, and pIC-injected fish (Supplemental 

Figures S5.1-5.4). Among PBS-injected fish, many transcripts had lower expression in 

fish fed the CpG diet while these fish had higher expression for a number of miRNAs, as 

shown by Xue et al. (2019). This is consistent with the negative correlations between 

miRNAs and mRNAs found in PBS-treated fish. In the current study, PBS was used to 

control for the handling stress (e.g. netting, light anesthesia, and injection associated stress) 

caused during immune stimulations. Espelid et al. (1996) showed that IP injection of 

PBS/handling stress elevated the level of cortisol in serum collected from Atlantic salmon, 

and the serum cortisol returned to background levels after approximately five hours. As 

suggested by other studies (Andreassen and Høyheim, 2017; Eslamloo et al., 2018), the 

large number of negative correlations between miRNAs and mRNAs found in PBS-treated 
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fish in the current study may further support the notion that miRNAs fine-tune the 

expression of stress- and/or immune-responsive transcripts. 

I acknowledge that there may be some false positives or false negatives among the 

predicted targets of miRNAs. However, among all significant correlations between miRNA 

and mRNA expression in PBS-injected fish, only two negative correlations found (i.e. il1r1 

with miR-novel-16-5p and miR-725-5p) represent putative miRNA-target pairs based on 

previous in silico target prediction analysis as carried out in Xue et al. (2019). This result 

suggests that miR-novel-16-5p and miR-725-5p might negatively regulate il1r1 transcript 

level in Atlantic salmon in response to general stress. As mentioned earlier, il1r1 plays a 

key role in modulating many important immune pathways, including the activation of NF-

kappa-B pathway (Slack et al., 2000). It is also worth noting that three significant negative 

correlations (itgb2 with miR-29b-2-5p and miR-146a-5p; sike1 with miR-146a-1-2-3p) 

between miRNA and mRNA expression in A. salmonicida bacterin-injected fish were 

putative miRNA-target pairs. Collectively, my study suggests that miRNAs (e.g. miR-

novel-16-5p, miR-725-5p, miR-29b-2-5p, miR-146a-1-2-3p) might suppress stress- and 

immune-related expression of defense-relevant genes.  

Among the pre- and pIC-injection groups, there were a number of positive 

correlations between miRNA and mRNA expression representing putative miRNA-target 

pairs (e.g. irf5 and dnm1l with miR-462a-3p in pre-injection fish; bcl6 with miR-27d-1-2-

5p in pIC-injected fish). As noted by others (Eslamloo et al., 2018; Xiong et al., 2019; 

Smith et al., 2021), positive correlations between miRNA-target pairs are commonly seen 

as some miRNAs may influence their putative targets at the translational level. In addition, 
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a positive correlation between a miRNA-target pair can be explained by the feed forward 

loop mechanism that regulates miRNA and its target mRNA in the same direction (Xiong 

et al., 2019). Andreassen and Høyheim (2017) proposed a similar miRNA and mRNA 

interaction model (e.g. expression dynamics) for miRNAs associated with immune 

responses in teleost fish. For instance, the increase in miRNA expression along with the 

increase in target (i.e. mRNA) expression is needed to ensure a balanced immune response. 

Future studies related to experimental validations of target genes (e.g. a dual luciferase 

assay) are required to fully understand the regulatory roles of miRNA in Atlantic salmon.  

5.6 Conclusions 

To complement my recent published work on miRNA (Xue et al., 2019), the present 

study explored the impact of viral mimic pIC and A. salmonicida bacterin stimulations on 

the expression of immune-relevant predicted target genes of miRNAs that were previously 

identified as pIC- and/or A. salmonicida bacterin-responsive in Atlantic salmon. The 

current qPCR data showed that pIC and/or bacterin stimulations significantly modulated 

the majority of the predicted target genes involved in various immune pathways. 

Immunogen-specific expression patterns were also observed. For example, higher 

induction of pro-inflammatory genes (e.g. il1b, il8a and tnfa) in bacterin-injected fish 

suggests that A. salmonicida bacterin stimulation caused a stronger inflammatory response 

compared with pIC. On the other hand, pIC-treated fish in the current study showed 

stronger IFN responses (both type I and II) compared with bacterin-stimulated salmon. 

Significant modulations of immune-relevant transcripts by dietary CpG were also evident, 

with higher impacts seen among pre-injection and PBS-injected fish based on the current 
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results. Surprisingly, all genes that showed significant modulation by diet had lower 

expression in CpG diet fed fish regardless of injection treatments. Future studies are needed 

to evaluate the effects of dietary immunostimulant CpG ODN 1668 on Atlantic salmon 

responses to viral and bacterial infections. Lastly, the significant correlations representing 

putative miRNA-target pairs found in the current study provide further insights into how 

miRNAs might regulate the expression of critical immune-relevant genes and pathways. 
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5.7 Supplemental materials 

Supplemental Table S5.1. qPCR primers. 

 

Transcript (gene symbol) Primer sequence 5'-3'1 
Efficiency 

(%) 

Size 

(bp)2 

GenBank 

accession number 

Genes of interest         

toll-like receptor 5a (tlr5a)3 F:ATCGCCCTGCAGATTTTATG  99.7 103 AY628755 

R:GAGCCCTCAGCGAGTTAAAG       

toll-like receptor 7 (tlr7)4 F:CACCAACACAGAGCTGGAGA  99.9 184 HF970585 

R:GCCTTGGAAAACTTGCTGAG        

toll-like receptor 9 (tlr9) F:ATTCAGCAGGTAGGGAAGGA 102.4 97 NM_001123653 

R:CCAGGGCCCTCATATGACTA       

C type lectin receptor A (clra)3 F:CGAATCTTCAATCATGGAGAAG 86.7 117 NM_001123579 

R:TTCAGCCCCTGGGTATTTTG       

MYD88 innate immune signal 

transduction adaptor (myd88) 

F:TTCCTGACGGTGTGTGACTAC 86.2 127 NM_001136545  

R:GGCCCTCTGTGATGATTGGTT       

interferon regulatory factor 3 (irf3)4 F:ACAAACAGCTGGGAACCAAC  92.2 108 NM_001172282 

R:ATTGGATATTGCCGTTGCTC       

interferon regulatory factor 5 (irf5) F:AACTGCTTTGTGTGAGGGGAT 97.6 169 NM_001139852 

R:AGAGGATACAGCAGTCTGGG       

interferon regulatory factor 7a (irf7a)4 F:CCAGTGCCACCAGTCCTAAT 94.6 105 BT045216 

R:GGTGATCTCCAAGTCCCAGA       

interferon regulatory factor 7b (irf7b)4 F:GTCAGTGGTAAAATCAACACGC  93.3 99 FJ517644 

R:CACCATCATGAAACGCTTGGT        

TANK-binding kinase 1 (tbk1) F:TGGACTCCATTACGGCCATC 97.6 166 NM_001256722 

R:AGGCGATACTTCATGGCACA       

suppressor of IKK-epsilon (sike1) F:CCGAGAACTGTGGCTGTCTT 93.2 167 NM_001140308 

R:CCAGTTGGCTTTGCACTTCC       

mitogen-activated protein kinase kinase 

kinase 8 (map3k8)5 

F:GGTGAACGTGTGACTGATGC 96.0 144 NM_001173785 

R:GGCAGCTACAGAAACCACCT       

interleukin 1 beta (il1b)6 F:GTATCCCATCACCCCATCAC 96.6 119 AY617117 

R:TTGAGCAGGTCCTTGTCCTT       

tumor necrosis factor alpha (tnfa) F:TGCCATGGTAACACCACAGT 104.3 111 NM_001123617 

R:AGATCTGGGACCACGCTAGA       

interleukin 8a (il8a; alias cxcl8a)7 F:GAAAGCAGACGAATTGGTAGAC 102.6 99 BT046706 

R:GCTGTTGCTCAGAGTTGCAAT       

interleukin-1 receptor type I (il1r1) F:TCGACACATCATGTTGGGGG 95.9 82 NM_001123633 

R:GTGTTCTTGGCCATGGGAGA       

interleukin-10 receptor beta chain 

precursor (il10rb) 

F:GAACACACCACTCTAGGCCC 89.3 157 BT059022 

R:CCTCCTGACCGTCTTTCCAG       

interferon gamma (ifng)4 F:CCGTACACCGATTGAGGACT 100.8 133 AJ841811 

R:GCGGCATTACTCCATCCTAA       

interferon regulatory factor 9 (irf9) F:CTGAGCTATGGCATCTGGGAG 92.8 168 NM_001173719 

R:TCTTCACTGCGGAAGTCCTG       

C-X-C chemokine receptor type 3 

(cxcr3)5 

F:GGTGTTGGTGCTGGTCTTTT 92.2 150 NM_001140493 

R:GCGAACGTAACCACCAGACT       

interferon-induced GTP-binding 

protein Mx a (mxa)4 

F:CTGAAAAGCGGAGTTCGTCT 90.0 112 U66475 

R:CTCCCTCGATCCTCTGGTTA       

interferon-induced GTP-binding 

protein Mx b (mxb)4 

F:ACGCACCACTCTGGAGAAAT 97.6 184 BT044881 

R:CTTCCATTTCCCGAACTCTG       

interferon stimulated gene 15a 

(isg15a)4 

F:AAAGTGGCCACAACAAAGCAG  92.9 140 BT049918 

R:ATAGGAGCGGGCTCCGTAATC        

cathelicidin antimicrobial peptide b 

(campb)3 

F:AGACTGGCAACACCCTCAAC   103.2 112 AY360357 

R:TTGCCTCTTCTTGTCCGAAT       
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B-cell lymphoma 6 protein homolog 
(bcl6) 

F:TGTCGCAGGTTCATCAAGTC 99.4 117 NM_001140313 

R:CACCCTATCCAGAACCCTGA       

MAP kinase-activated protein kinase 3 
(mapk3) 

F:ATGTGGCTCCTGAGGTTTTG 96.8 156 NM_001139792 

R:TCCTGATCCTCCGTTTCATC       

tumor necrosis factor receptor 
superfamily member 6 precursor 

(tnfrsf6; alias fas) 

F:GCCTGTGCATTTTGTGTACC 95.3 153 NM_001173649 

R:CACAGAGACAGCATGCCATT       

BCL2/adenovirus E1B interacting 
protein 3-like (bnip3l) 

F:GCCTGGGTTTTGATTATGAAGGG 100.5 88 NM_001141679 

R:AAGCAGATTCCCTCCAGTGC       

dynamin-1-like protein (dnm1l) F:ATCGTCCGCAAGAGCATTCA 100.1 80 NM_001173563 

R:TGCAGACGCTCCTTCACAAA       

heat shock protein HSP 90-beta 
(hsp90ab1) 

F:AGCACAATGATGACGAGCAG 94.0 162 NM_001146473 

R:CCACCTCCTTGACCCTCTTC       

integrin beta-2 (itgb2) F:GGGAAGTGCATCGAGTGTCT 94.4 142 NM_001165324 

R:AGTTCTCCACATCCCTCACG       

Normalizer genes         

elongation factor 1 alpha-2 (ef1a2)8 F:GCACAGTAACACCGAAACGA 96.6 132 BT058669 

R:ATGCCTCCGCACTTGTAGAT       

polyadenylate-binding protein 1 

(pabpc1)4 

F:TGACCGTCTCGGGTTTTTAG 92.0 108 EG908498 

R:CCAAGGTGGATGAAGCTGTT       

1F: forward primer; R: reverse primer. 
2Amplicon size. 
3qPCR assay was published previously (Eslamloo et al. 2020. Fish Shellfish Immunol. 98: 937-949). 
4qPCR assay was published previously (Caballero-Solares et al. 2017. Fish Shellfish Immunol. 64: 24-38). 
5qPCR assay was published previously (Eslamloo et al. 2017. BMC Genomics 18: 706). 
6qPCR assay was published previously (Eslamloo et al. 2020. Front. Immunol. 11: 2487). 
7qPCR assay was published previously (Zanuzzo et al. 2020. Front. Immunol. 11: 1009). 
8qPCR assay was published previously (Katan et al. 2019. Comp. Biochem. Physiol. Part D Genomics 

Proteomics 30: 290-304). 
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Supplemental Table S5.2. Permutational multivariate ANOVA (PERMANOVA) and 

similarity of percentages analysis (SIMPER) of analyzed transcripts. 
 

 CpG vs Control3 

 Pre-injection PBS pIC Bacterin 

p (perm)1 0.014 0.007 0.012 0.058 

Average 

dissimilarity (%)2 
28.27 23.70 11.40 16.86 

Contributing 

variables (top 50%) 

dnm1l hsp90ab1 dnm1l sike1 

mxa sike1 hsp90ab1 dnm1l 

il10rb il1r1 tlr9 bnip3l 

mapk3 dnm1l sike1 ifng 

isg15a mapk3 mapk3 il1rl 

tnfa tnfa tbk1 hsp90ab1 

irf9 tnfrsfb il1r1 tnfa 

il1r1 il8a cxcr3 tlr9 

mxb map3k8 bnip3l il10rb 

tlr5a tbk1  tnfrsfb 

irf3 il10rb  mapk3 

myd88    
1p (perm) is the statistical significance value obtained from PERMANOVA with 9999 permutations.  
2Average dissimilarity and contributing variables (top 50%) were obtained through SIMPER.  
3Dietary effects were evaluated within each injection treatment. 
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Supplemental Figure S5.1. Matrix representing Pearson’s correlation coefficients 

between head kidney mRNA expression (row; Log2 RQ) and miRNA expression (columns; 

Log2 RQ) in pre-injected group (T0). mRNA data were arranged based on hierarchical 

clustering analyses (PRIMER, Version 6.1.15, Ivybridge, UK). miRNA data were arranged 

based their responsiveness to immunogen injections. Pearson’s correlation coefficients 

with significant regressions (p < 0.05) are shown. Pearson’s correlation coefficients with 

bold font and underline represent putative miRNA-target pairs based on previous in silico 

target prediction analysis (Xue et al. 2019).  
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Supplemental Figure S5.2. Matrix representing Pearson’s correlation coefficients 

between head kidney mRNA expression (row; Log2 RQ) and miRNA expression (columns; 

Log2 RQ) in PBS-injected salmon. mRNA data were arranged based on hierarchical 

clustering analyses (PRIMER, Version 6.1.15, Ivybridge, UK). miRNA data were arranged 

based their responsiveness to immunogen injections. Pearson’s correlation coefficients 

with significant regressions (p < 0.05) are shown. Pearson’s correlation coefficients with 

bold font and underline represent putative miRNA-target pairs based on previous in silico 

target prediction analysis (Xue et al. 2019). 
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Supplemental Figure S5.3. Matrix representing Pearson’s correlation coefficients 

between head kidney mRNA expression (row; Log2 RQ) and miRNA expression (columns; 

Log2 RQ) in pIC-injected salmon. mRNA data were arranged based on hierarchical 

clustering analyses (PRIMER, Version 6.1.15, Ivybridge, UK). miRNA data were arranged 

based their responsiveness to immunogen injections. Pearson’s correlation coefficients 

with significant regressions (p < 0.05) are shown. Pearson’s correlation coefficients with 

bold font and underline represent putative miRNA-target pairs based on previous in silico 

target prediction analysis (Xue et al. 2019). 
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Supplemental Figure S5.4. Matrix representing Pearson’s correlation coefficients 

between head kidney mRNA expression (row; Log2 RQ) and miRNA expression (columns; 

Log2 RQ) in A. salmonicida bacterin-injected salmon. mRNA data were arranged based on 

hierarchical clustering analyses (PRIMER, Version 6.1.15, Ivybridge, UK). miRNA data 

were arranged based their responsiveness to immunogen injections. Pearson’s correlation 

coefficients with significant regressions (p < 0.05) are shown. Pearson’s correlation 

coefficients with bold font and underline represent putative miRNA-target pairs based on 

previous in silico target prediction analysis (Xue et al. 2019). 
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6.1 Summary 

Aquaculture is becoming the main supplier of seafood for human consumption due 

to a flat or decreasing global capture fisheries in the face of the rising human population 

(FAO, 2020). Atlantic salmon is one of the most economically important species in many 

countries such as Canada, Chile, the United Kingdom and Norway (Houston and 

Macqueen, 2019). However, Atlantic salmon farming faces several issues and challenges, 

such as disease outbreaks and the limited supply of fish oil (FO), affecting the sustainability 

of the industry. The increasing demand and limited supply of FO have resulted in the high 

substitution of FO with alternatives. The main substitutes of FO today are terrestrial or 

vegetable oils (VO), which lack long-chain polyunsaturated fatty acids (LC-PUFAs) but 

are rich in short-chain PUFAs (Xue et al., 2015). The dietary requirement of ω3 LC-PUFA 

in Atlantic salmon has been subjected to several studies and is found to vary greatly 

depending on life stage, experimental setting and parameters assessed (Ruyter et al., 2000; 

Glencross et al., 2014; Rosenlund et al., 2016; Sissener et al., 2016; Bou et al., 2017a; Bou 

et al., 2017b). However, studies on the determination of ω3 LC-PUFA requirements in 

Atlantic salmon were mostly conducted based on growth and survival. Other parameters 

such as fish health and immunity need to be considered when determining the nutritional 

requirement of EPA and DHA. 

The first goal of my thesis was to determine the optimal dietary requirement of ω3 

LC-PUFA for Atlantic salmon that promotes growth and health. To accomplish this 

objective, in Chapter 2 (Xue et al., 2020), a 14-week feeding trial was conducted with 

salmon fed three different experimental diets containing increasing levels of DHA + EPA 
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(0, 1.0, and 1.4% of the diet, as formulated) in the presence of high linoleic acid to assess 

growth performance. At the end of the trial, Atlantic salmon fed diet ω3LC0 (i.e. 0% of 

DHA+EPA) showed significantly lower final weight and weight gain, and higher feed 

conversion ratio compared with ω3LC1.0 and ω3LC1.4 diet groups. I then used 44K 

microarrays to study molecular mechanisms involved in salmon’s response to increasing 

dietary DHA and EPA levels. A total of 200 differentially expressed probes were identified 

in the pairwise comparisons of the liver transcriptome of salmon fed the three experimental 

diets. The transcriptome results were confirmed by qPCR analyses of 22 microarray-

identified transcripts. Overall, my results showed that the experimental diets modulated the 

transcript expression of genes involved in carbohydrate metabolism, fatty acid synthesis, 

redox homeostasis, and immunity. For example, critical genes involved in fatty acid 

metabolism (e.g. LC-PUFA synthesis) were up-regulated in fish fed ω3LC0 compared with 

both other groups (i.e. ω3LC1.0 and ω3LC1.4). Hierarchical clustering and linear 

regression analyses of liver qPCR and fatty acid composition data showed that fatty acid 

biosynthesis-related genes (i.e. fadsd5, fadsd6a, fasb) were positively correlated with ω6 

fatty acids, and negatively correlated with ω3 fatty acids and two important fatty acid ratios 

(EPA/ARA and ω3/ω6), suggesting that these genes can regulate both ω3 and ω6 LC-

PUFA synthesis pathways. The linear regression analyses also showed that the transcript 

expression of antiviral genes (irf3, mxb, ifit5) correlated negatively with hepatic EPA/ARA 

and ω3/ω6 ratios and EPA and positively with 20:3ω6 (dihomo-γ-linolenic acid; DGLA), 

suggesting these fatty acid-related factors can modulate genes involved in interferon-

mediated pathways. In contrast to antiviral transcript expression, several essential genes of 
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antibacterial response (e.g. lect2a, lyz2) were up-regulated in the liver of fish fed ω3LC1.4 

diet compared with ω3LC1.0 group, suggesting that a higher dietary level of DHA + EPA 

may be associated with stronger expression of antibacterial genes.  

Based on growth performance alone, 1.0% ω3 LC-PUFA seemed to be the 

minimum requirement for Atlantic salmon. However, fish fed ω3LC1.0 and ω3LC1.4 diets 

had similar hepatic fatty acid profiles, but marked differences in the transcript expression 

of genes related to molecular pathways such as redox homeostasis (mgst1) and immune 

responses (mxb, igmb, irf3, lect2a, srk2, lyz2). Several recent studies on the topic in 

Atlantic salmon showed that higher dietary levels of DHA and EPA (i.e. >1.0%) influenced 

macrophage gene expression (Eslamloo et al., 2017), enhanced growth (Rosenlund et al., 

2016), supported normal intestine structure and health (Bou et al., 2017a; Bou et al., 2017b; 

Løvmo et al., 2021), and promoted fish robustness under demanding environmental 

conditions (Bou et al., 2017b). Taken together, our data suggest that ~1.0% of dietary ω3 

LC-PUFA is sufficient to sustain the optimal growth performance of Atlantic salmon. 

However, this level may not be enough to maintain good health and survival compared 

with fish fed diets containing a higher amount of DHA and EPA, especially under 

commercial growing conditions, and warrants further investigation. The results from 

Chapter 2 has provided new insights into the dietary requirement of DHA and EPA, and 

their impact on physiologically important pathways in addition to lipid metabolism in 

Atlantic salmon. 

In addition to the limited supply of FO, infectious diseases have resulted in 

substantial mortality and financial losses to aquaculture worldwide, affecting the growth 
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and sustainability of the industry (Rodger, 2016). As mentioned earlier in the current thesis, 

Piscirickettsiosis or salmonid rickettsial septicemia (SRS) caused by the intracellular 

Gram-negative bacterial pathogen, Piscirickettsia salmonis, is one of the most 

economically significant diseases of Atlantic salmon aquaculture (Rise et al., 2004; Rozas 

and Enríquez, 2014). Occurrences of this pathogen have also been reported in farmed 

salmonids in Norway, Scotland, Ireland and Canada (Meza et al., 2019b; Jones et al., 2020). 

In Chile, the existence of two distinct P. salmonis genogroups, LF-89-like and EM-90-like 

strains, has been reported (Nourdin-Galindo et al., 2017; Saavedra et al., 2017; Meza et al., 

2019b). Saavedra et al. (2017) found that EM-90-like isolates, similar to LF-89-like ones, 

are highly prevalent and disseminated across Chilean marine farms. Studies revealed 

differences between these two genogroups concerning geographic distribution, antibiotic 

susceptibility and host specificity, and may link to the genomic divergences (Nourdin-

Galindo et al., 2017; Saavedra et al., 2017). As a result, there has been a growing interest 

in studying the piscirickettsiosis resulting from EM-90-like isolates (Rozas-Serri et al., 

2017; Rozas-Serri et al., 2018a; Rozas-Serri et al., 2018b; Meza et al., 2019a; Meza et al., 

2019b). However, the molecular mechanisms involved in P. salmonis pathogenesis are not 

entirely known, and the transcriptomic responses of Atlantic salmon parr in freshwater to 

an EM-90-like isolate have not been explored. 

The second goal of my thesis was to explore the head kidney transcriptomic 

responses of Atlantic salmon parr to an EM-90-like P. salmonis isolate and fill the gaps in 

the current knowledge regarding piscirickettsiosis outbreaks involving such isolates. In 

Chapter 3 (Xue et al., 2021), Atlantic salmon parr were infected with an EM-90-like 
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isolate through intraperitoneal injection. The infected fish showed ~30% cumulative 

mortality by the end of the trial (42 days post-injection, DPI). Head kidney samples 

collected from multiple time points post-injection were included in qPCR analyses to study 

the temporal patterns of pathogen level and host immune responses. Two infection 

phenotypes [lower (L-SRS) and higher (H-SRS) infection level] at 21 DPI were detected 

by multivariate analyses of pathogen load and levels of 4 antibacterial biomarker 

transcripts. I then selected five fish from each group (Control, L-SRS, and H-SRS) for 

transcriptome profiling using cGRASP-designed 44K salmonid oligonucleotide 

microarrays. I identified 1,636 and 3,076 DEPs in the L-SRS and H-SRS groups compared 

with the control group, respectively (FDR = 1%). Transcriptome results were confirmed 

by qPCR analyses of 42 microarray-identified transcripts. A large number of innate and 

adaptive immune processes were activated based on gene ontology (GO) term enrichment 

analyses of SRS-responsive genes, while a small number of GO terms related to general 

physiological processes was also enriched. Furthermore, the comparison of individuals 

with differing levels of infection (H-SRS vs L-SRS) generated insights into the biological 

processes possibly involved in natural resistance to P. salmonis. As suggested by several 

previous studies of bacterial (Škugor et al., 2009; Braden et al., 2019) and viral diseases 

(Jørgensen et al., 2008; Timmerhaus et al., 2012; Martinez-Rubio et al., 2014) in 

salmonids, a more pronounced immune response against infection at a late stage observed 

in H-SRS fish suggests that at least part of these responses was exaggerated and not 

protective. It is worth mentioning that similar to the result reported in my thesis, Moraleda 

et al. (2021) also showed that bnip3 (an apoptotic biomarker gene) was repressed by P. 
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salmonis infection and it was also found to be one of key genes involved in resistance to 

SRS. Finally, this study (Chapter 3) demonstrated a low mortality EM-90-like P. salmonis 

infection model, broadened the current understanding of molecular pathways underlying 

P. salmonis-triggered responses of Atlantic salmon, and provided qPCR-validated many 

SRS-responsive molecular biomarkers, which are valuable tools for future research aimed 

at improving farmed Atlantic salmon resistance to SRS. 

miRNAs are known to play important immunoregulatory roles in teleosts 

(Andreassen and Høyheim, 2017; Andreassen et al., 2017; Eslamloo et al., 2018; 

Herkenhoff et al., 2018). Studies investigating miRNA responses to different pathogen 

infections or other immune stimuli can improve our understanding of miRNAs involved in 

immunity (Andreassen and Høyheim, 2017; Wang et al., 2018). It is well known that 

microbial cell components (e.g., lipopolysaccharide, peptidoglycan, RNAs, and DNAs), 

recognized by animal immune cells as pathogen-associated molecular patterns (PAMPs), 

can elicit host immune responses to fight the invading pathogen (Vallejos-Vidal et al., 

2016). In fish, immunogens: polyriboinosinic polyribocytidylic acid (pIC, a PAMP-like 

synthetic dsRNA analogue) and formalin-killed typical Aeromonas salmonicida (a PAMP-

containing bacterin) have been used to study antiviral and antibacterial immune responses, 

respectively (Akira et al., 2006; Robertsen, 2006; Feng et al., 2009; Hori et al., 2013; 

Eslamloo et al., 2016; Caballero-Solares et al., 2017). However, the impact of pIC and A. 

salmonicida bacterin on the expression of miRNAs in Atlantic salmon has not been 

documented previously.  
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In Chapter 4 (Xue et al., 2019), I used small RNA deep sequencing and qPCR 

analyses to identify and confirm pIC- and/or A. salmonicida bacterin-responsive miRNAs 

in the head kidney of salmon. DESeq2 analyses identified 12 and 18 miRNAs differentially 

expressed in pIC and bacterin groups, respectively. Many of the miRNAs identified herein 

are involved in immune responses, as shown in many similar teleost immune/pathogen 

challenge studies. Fifteen of these miRNAs were studied by qPCR; nine remained 

significant by qPCR. Five miRNAs (miR-27d-1-2-5p, miR-29b-2-5p, miR-146a-5p, miR-

146a-1-2-3p, miR-221-5p) were shown by qPCR to be significantly induced by both pIC 

and bacterin. The predicted target gene analyses of pIC- and/or bacterin-responsive 

miRNAs identified 130 immune-relevant genes. The pathways mapped to these target 

genes include NOD-like receptor signaling pathway, Toll-like receptor signaling pathway, 

RIG-I-like receptor signaling pathway, and cytokine–cytokine receptor interaction 

pathway, confirming that the pIC- and/or bacterin-responsive miRNAs identified herein 

are relevant to the host-pathogen immune response. 

As discussed in the previous sections, one of the approaches to fighting disease 

problems in intensive culture systems is to incorporate functional feeds into health 

management (Tacchi et al., 2011; Kiron, 2012; Martin and Król, 2017). Functional feeds 

are able to enhance fish health and/or growth by incorporating additional functional 

ingredients (e.g. immunostimulant) beyond the basic nutritional requirements of the animal 

(Martin and Król, 2017). CpG ODN has been used in aquaculture to mitigate fish diseases 

by enhancing the non-specific immune system. However, the impact of dietary CpG on the 

expression of miRNAs associated with antiviral and antibacterial responses in Atlantic 
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salmon was previously unknown. Another goal of this chapter was to evaluate the immune-

modulating properties of dietary CpG by studying the expression changes of putative 

antiviral and antibacterial responsive miRNAs identified through sequencing in pre- and 

post-stimulation individuals. In pre-injection samples, six miRNAs (e.g., miR-181a-5-3p, 

miR-462a-3p, miR-722-3p) had significantly lower expression in fish fed CpG diet than 

the control diet. In contrast, several miRNAs (e.g., miR-146a-1-2-3p, miR-192a-5p, miR-

194a-5p) in the PBS- and bacterin-injected groups had significantly higher expression in 

CpG-fed fish. Multivariate statistical analyses further confirmed that the CpG diet had a 

greater impact on miRNA expression in bacterin-injected compared with pIC-injected fish. 

Finally, this study (Chapter 4) broadened the current understanding of miRNAs involved 

in immune responses of Atlantic salmon and the immune-modulating properties of dietary 

CpG, and provided qPCR-validated immune-relevant miRNA biomarkers that will be 

valuable in future research. 

The final goal of my thesis was to gain a more complete picture of the impact of 

pIC, A. salmonicida bacterin, and dietary CpG on the immune responses of Atlantic 

salmon. In Chapter 5, I report a complementary qPCR study that investigated the impact 

of the pIC, A. salmonicida bacterin and dietary CpG on the expression of immune-relevant 

mRNAs (n = 31) using the same samples as were previously used in the miRNA chapter 

(Xue et al., 2019). Twenty-three of these genes were predicted target transcripts of the pIC- 

and/or A. salmonicida bacterin-responsive miRNAs in Atlantic salmon identified in the 

earlier study (Chapter 4). The qPCR data showed that pIC and/or bacterin stimulations 

significantly modulated most of the predicted target genes involved in various immune 
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pathways (e.g. TLR-mediated pathway). Several genes (e.g. tnfa, il10rb, ifng, irf9, cxcr3, 

campb) were shown by qPCR to be significantly modulated by both stimulations while 

others appeared to be stimulus specific [e.g. irf3, irf7a, il1r1, mxa, mapk3 (pIC only); clra 

(bacterin only)]. Atlantic salmon with A. salmonicida bacterin stimulation had a stronger 

inflammatory response (e.g. higher expression of il1b, il8a and tnfa) compared with the 

pIC-treated group, while salmon stimulated with pIC showed stronger interferon responses. 

The expression levels of several immune-relevant transcripts (e.g. tlr9, irf5, il1r1, 

hsp90ab1, itgb2) were repressed by dietary immunostimulant CpG, especially among pre-

injection and PBS-injected fish. Furthermore, significant correlations between mRNA and 

miRNA expression representing putative miRNA-target pairs were found, providing 

further insights into how miRNAs might fine-tune the expression of immune-relevant 

mRNAs. 

6.2 Perspectives and future research 

In Chapter 2, I used microarrays to profile the hepatic transcriptome response of 

Atlantic salmon to varying levels of DHA and EPA, and provided new insights into the 

dietary requirement of DHA and EPA, and their impact on physiologically important 

pathways (e.g. redox, immune responses) in addition to lipid metabolism in Atlantic 

salmon. Future studies should perform functional/cellular assays to measure the redox 

status [e.g. the reduced (GSH) and oxidized (GSSG) glutathione levels] in the liver of 

salmon fed different levels of LC-PUFA. Future research such as environmental/live 

pathogen challenge in a biocontainment facility is also needed to assess further the potential 

effects of dietary DHA and EPA on fish physiology and health and define the optimal 
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requirement in Atlantic salmon. Furthermore, I showed that the transcript expression 

changes of antiviral genes might be regulated by hepatic ω3/ω6 and EPA/ARA ratios. 

Therefore, the interactions between levels of DHA + EPA, PUFA (e.g. ALA or LA), and 

ω3/ω6 and EPA/ARA ratios on Atlantic salmon health warrant further investigation. The 

liver was the only target tissue used in Chapter 2. As such, future research should involve 

other organs such as the intestine and head kidney to develop a better understanding of the 

dietary requirement of DHA and EPA in Atlantic salmon.  

In Chapter 3, I demonstrated a low mortality EM-90-like P. salmonis infection 

model, and broadened the current understanding of molecular pathways underlying P. 

salmonis-triggered responses of Atlantic salmon. I showed that SRS influenced host 

cellular immunity, and cytoskeletal remodeling may be essential in promoting immune cell 

mobility and migration. Future studies are needed to better understand the function of 

cytoskeletal remodeling during piscirickettsiosis. The activation of iron withholding 

response (or nutritional immunity) in P. salmonis-infected fish was evidenced; however, 

such activation increases iron intracellular storage that may be detrimental for the host and 

more beneficial to the pathogen. Future studies should investigate the cellular iron content 

in the infected animals to elucidate the potential mechanism of iron withholding response 

in regulating Atlantic salmon resistance to P. salmonis. Examination of earlier and later 

time points (e.g. 2 DPI, 42 DPI) and other relevant tissues (e.g. spleen and liver) are 

necessary for future research to fully elucidate mechanisms responsible for different 

infection phenotypes (L-SRS and H-SRS) and protection against P. salmonis infection. 

Further, it should be noted that aspects such as route of infection and infection level during 
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natural SRS outbreaks may differ from the IP injection model. As such, future studies 

should also employ a cohabitation challenge model to validate the results obtained in the 

current thesis. As illustrated by previous studies in identifying Atlantic salmon genetic 

resistance to ISAV and LF-89 P. salmonis (Li et al., 2011; Moraleda et al., 2021), 

respectively, further study should aim at mapping the quantitative trait loci (QTL) affecting 

resistance to EM-90-like P. salmonis and compared with the P. salmonis-responsive genes 

identified in this thesis, to define the functional mechanisms underpinning genetic 

resistance.  

In Chapter 4, I successfully identified and confirmed nine pIC- and/or A. 

salmonicida bacterin-responsive miRNAs in the head kidney of Atlantic salmon. However, 

only 50% (5 out of 10) of deep sequencing-identified A. salmonicida bacterin-responsive 

miRNAs were confirmed by qPCR analyses. In order to reduce the likelihood of false 

negatives, future miRNA deep sequencing studies could employ higher numbers of 

biological replicates (e.g. n = 6). Although the in silico target gene prediction provided 

some insights on the potential regulatory roles of immune-responsive miRNAs (i.e. pIC- 

and/or bacterin-responsive miRNAs identified in this thesis), future research should 

validate the target genes by experimental approaches as suggested by Andreassen and 

Høyheim (2017). For example, a dual luciferase assay is commonly used to detect a true 

miRNA:mRNA binding site (Nicolas, 2011). The miRNAs identified in the current thesis 

should also be further functionally characterized using in vitro assays (gene silencing or 

overexpression) and evaluating if these miRNAs interfere with viral and bacterial 

replication in Atlantic salmon.  
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In Chapter 5, I conducted a complementary qPCR study to evaluate the impact of 

the pIC and A. salmonicida bacterin immune stimulations, and CpG-containing functional 

feed on the expression of immune-relevant mRNAs, with the majority of them being 

identified as predicted target transcripts from Chapter 4. Future research could investigate 

the whole transcriptome responses (both miRNA and mRNA) of Atlantic salmon to dietary 

CpG using a 44K microarray or RNA-seq approach. Further, since only the immunogens 

(i.e. pIC and A. salmonicida bacterin) were used to trigger immune responses in Chapters 

4 and 5 of this thesis, future studies should involve live pathogen challenges in a 

biocontainment facility (similar to the method used in Chapter 3) to examine the beneficial 

effects of dietary immunostimulant CpG ODN 1668 on Atlantic salmon in modulating viral 

and bacterial infections.  

Finally, the current thesis focused on the study of changes in mRNA expression in 

responses to diet, infection, and other immune stimulations. However, as suggested by 

other researchers (e.g. Dixon et al., 2018), changes in transcript levels do not always 

translate into alterations at the protein level. It is vital for future research to develop 

antibodies against proteins encoded by some of the key dietary- and immune-responsive 

genes identified in the current thesis and to validate the main findings from the present 

study. Future research could also apply high-throughput multi-omics approaches (e.g. 

transcriptomics, proteomics, and metabolomics) to provide a complete understanding of 

how diet and infections affect Atlantic salmon metabolism, physiology and health.  
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