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ABSTRACT 

 

 

Apolipoprotein domains and innate immunity in rainbow trout and walleye 

Adrian Di Natale                                                                                                               Advisor:  

University of Guelph, 2015                                                                         Dr. John S. Lumsden        

 

 

An unidentified rainbow trout LPS-inducible protein “p9.5” was characterized using 

RACE PCR, ELISA, SDS-PAGE and Western blot. RACE PCR generated a sequence 98.6% 

similar to type-IV ice-structuring protein LS-12 in Atlantic salmon (Salmo Salar). Gene 

expression and plasma protein concentration were quantified following experimental infection of 

rainbow trout with F. psychrophilum. LS-12 plasma concentration did not change up to 15 d post 

infection (pi), while hepatic gene expression was significantly down-regulated at 3 and 6 d pi.  

Walleye pattern recognition receptors (PRRs) were investigated using a plasma-binding 

assay to killed F. columnare. Partial amino acid sequence from a 22 kDa plasma protein was 

used to develop PCR primers that generated a 159 bp nucleotide sequence that was 72.4% 

similar to apolipoprotein A-I from striped bass (Morone saxatilis). RT-qPCR quantified hepatic 

gene expression following experimental infection of walleye with viral haemorrhage septicaemia 

virus. Apolipoprotein A-I was significantly upregulated in the livers of walleye at 6 and 11 d pi. 
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1.0 Introduction and Literature Review 

 

1.1 General introduction 

Rainbow trout (Onchorynchus mykiss) and walleye (Sander vitreus) are economically important 

species in the North American and global aquaculture industry yet remain susceptible to bacterial 

diseases, which are often difficult to control and annually result in millions of dollars in losses 

due to reduced fish growth and fish mortality [1,2]. Farmed rainbow trout are highly susceptible 

to bacterial cold water disease (BCWD), caused by Flavobacterium psychrophilum [3]. Walleye 

are highly susceptible to columnaris disease, caused by Flavobacterium columnare [4]. Both are 

Gram negative pathogens which survive outside of the fish and are found almost ubiquitously in 

freshwater [4,5]. 

Fish detect and respond to pathogens with two interconnected branches of the immune system: 

the innate and adaptive. Low temperatures inhibit components of adaptive immunity in teleost 

fish [6] resulting in a slower and less pronounced response than seen in mammals. A reduction in 

temperature has been shown to reduce immunoglobulin production and delay T cell responses, 

and may result in immunosuppression [7–9]. The innate branch, including pattern recognition 

receptors (PRRs) and the acute phase response (APR), is thought to play a relatively larger role 

in pathogen detection and resistance in teleosts [10,11]. PRRs are constitutively expressed 

proteins capable of binding to pathogen associated molecular patterns (PAMPs), which are 

molecular motifs commonly found in several pathogens such as lipopolysaccharide (LPS), 

double stranded RNA, and flagellin. Recognition of these motifs by PRRs such as lectins [12–

14], toll like receptors [11], or complement receptors [15,16] results in the immediate detection 

of pathogens. The APR is an innate response described as “the entire array of metabolic and 
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physiologic changes which occur in response to tissue injury or infection” [17]. The APR is 

induced by pro-inflammatory cytokines (such as IL-1, IL-6, and TNF-α) which are synthesized 

and released when innate immune cells (such as PRRs) detect signals of tissue injury or infection 

(such as PAMPs) [18,19]. The APR can be characterized in part by the altered hepatic synthesis 

of acute phase proteins (APPs). There are APPs with  anti-microbial properties such as 

opsonisation, complement activation, restriction of microbial resources, and APPs capable of 

modulating  the immune response [19]. There is evidence that several apolipoproteins in teleost 

fish may act as PRRs with direct antimicrobial properties [20–24] and can be induced as positive 

APPs during the APR [23,25–27]. Apolipoproteins are lipid binding molecules and the primary 

protein constituents of plasma lipoproteins such as high density lipoprotein (HDL), a highly 

abundant plasma protein in teleost fish. Plasma lipoproteins are water-soluble macromolecules 

that are involved in the transport and storage of lipids, which are water-insoluble. 

Apolipoproteins bind reversibly to lipids and are also found circulating in plasma in a lipid-free 

state [28]. 

The genome of walleye is not available, and there is very little information regarding their innate 

immune capability. While the genome of rainbow trout is available, although not completely 

annotated, there are currently many uncharacterized proteins upregulated during the APR [27]. 

Since there is evidence that apolipoproteins are upregulated in the APR and act as antimicrobial 

peptides in other teleost fish, we are characterizing apolipoproteins in rainbow trout and walleye 

to evaluate their role as potential PRRs or APPs. Molecular characterization was necessary due 

to the limited information available, after which we proceeded with animal experiments.  

Identification and further characterization of PRRs or APPs in both walleye and rainbow trout 

may shed light into mechanisms of disease resistance and be of use for developing strategies to 
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maintain fish health in the aquaculture industry. This might include identifying APPs to be used 

as early indicators of disease, in order to prevent outbreaks and minimize economic loss, or to 

predict which families of fish may be more resistant to disease than others through molecular 

characterization. 
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1.2 Literature review – Apolipoproteins and their role in innate immune responses 

 

1.2.1 Introduction to aquaculture 

 

The global aquaculture industry consists of the controlled farming of aquatic organisms and 

continues to be the world’s fastest growing food-producing sector. Included in this category is 

the production of ‘food fish’ products for human consumption, which world-wide provides more 

than 3 billion people with at least 15 percent of their average per capita intake of animal protein 

[29].  

 Recently the global food sector has been impacted by a weakened economy and both its 

economic growth and the overall demand for food has been lower relative to past years [29]. Fish 

food products however are expected to experience a rise in demand in part due to recent research 

exploring the health benefits linked with consuming fish products. Omega-3 unsaturated fatty 

acids present in fish oils have been shown to interact with macrophages and other cells of the 

immune system located in the gut and to have an overall anti-inflammatory effect primarily by 

blocking the release of pro-inflammatory cytokines [30]. Diets containing fish oils may play a 

role in both mitigating and preventing the onset of immune disorders such as diabetes, 

inflammatory bowel disorders, multiple sclerosis, and asthma. Furthermore, fish products are an 

important source of many vitamins and compounds found almost exclusively in foods from the 

aquatic environment, such as docosahexaenoic acid (an omega-3 fatty acid) and iodine which are 

essential for the early development of the brain and neural system [30]. 

 There will likely be an increased burden on the aquaculture industry to meet these 

demands as it is predicted that current climate change trends will result in the reduced efficiency 

and yield of capture fisheries. Currently capture fisheries are a major source of fish food protein, 
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producing 89.7 million tonnes of fish in 2008 as compared to the 52.5 million tonnes produced 

by aquaculture [29]. In order for the aquaculture industry to meet this increased demand, many 

factors which limit the production of farmed fish must first be overcome. One of the most 

significant of which is the prevalence of infectious diseases in aquaculture [29]. 

1.2.2 Fish diseases in aquaculture 

 

Although the aquaculture sector is highly managed, there are still many factors which result in 

farmed fish being susceptible to disease. Like many farming systems these have in part resulted 

from rapid commercialization and intensification of the farming process aimed to maximize the 

production of farmed fish for their economic value [31]. In some cases the prevalence of disease 

has been the limiting factor for the efficient culture of many aquatic species, pointing towards an 

increased need to understand the factors that contribute to the spread of and persistence of 

common fish diseases. A heightened and prolonged stress response has been linked to the 

increased susceptibility of fish to disease, and many of the conditions in aquaculture may 

contribute to this such as overcrowding, erratic light-dark cycles, fish handling, water quality and 

temperature, and the type and quality of nutrients fed. While there are likely many other factors 

which affect the health of farmed fish, a current limitation lies in the lack of methods available to 

monitor fish health or detect early-stage diseases within large populations. This is especially 

important as many pathogens may persist in otherwise healthy fish populations, only manifesting 

disease under stressful or less than ideal conditions, such as fluctuations in water temperature 

and after handling or transportation. Disease outbreaks are common and have been detrimental to 

the aquaculture industry. Production of salmon in Chile was reduced drastically from 400,000 

tonnes in 2005 to an estimated 100,000 tonnes in 2010 as a result of infectious salmon anemia 

virus [32].  
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Two fish pathogens commonly associated with freshwater fish are Flavobacterium 

psychrophilum, the causative agent of bacterial coldwater disease (BCWD), and Flavobacterium 

columnare, the causative agent of columnaris disease. F. psychrophilum is a Gram negative 

bacterium found almost ubiquitously in the aquatic environment, capable of growing in cold-

temperature freshwater and surviving outside the fish [3]. Rainbow trout are very susceptible and 

annually BCWD results in millions of dollars in losses due to fish mortalities within farms and 

hatcheries [1]. Infection often allows the disease to spread horizontally through a population. 

Large numbers of bacteria are released into the environment from dead fish, which in high-

density populations contribute to bacterial loads, and hence the difficulty in controlling this 

pathogen once it has been established. Flavobacterium columnare is a Gram negative bacterium 

that is ubiquitous in freshwater. It infects many commercially important fish species, including 

rainbow trout. These bacteria can also persist outside the fish host for an extended period of time 

and can enter the host via damage in the epidermis, with an increase in water temperature 

associated with infection [33]. Finding more effective control strategies and other fish pathogens 

may result in higher efficiency in fish farm environments. 

1.2.3 Fish innate immune responses   

 

Both the adaptive and innate immune systems of fish are directly influenced by water, and 

therefore body temperature, since fish are ectotherms. The adaptive arm of the fish immune 

system can be delayed in responding to infection at low body temperatures [6]. The innate 

immune system, however, responds immediately and is critical for the recognition of disease-

causing agents, as well as for the initiation of an adaptive immune response [34]. Lacking prior 

exposure, several types of soluble molecules and innate immune cells are able to recognize and 

bind stereotypical conserved PAMPs using germline-encoded PRRs. There are four different 
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families of PRRs currently identified, including the transmembrane proteins, such as TLRs, as 

well as the secreted proteins, such as serum amyloid A, C-reactive protein, and mannan-binding 

lectin [35]. Many secreted PRRs are capable of binding directly to a wide range of bacteria and 

viruses [11]. The secreted plasma circulating PRRs may activate the complement pathways and 

act directly as opsonins to increase phagocytosis [35]. Many of these secreted PRRs are 

constitutively expressed defense proteins, some of which are acute phase proteins (APPs), which 

may increase or decrease in expression during the acute phase response (APR). The APR is an 

innate defense to illness (trauma, necrosis, infection), which may be characterized by the 

differential production of acute phase plasma proteins secreted predominantly by the liver in 

response to pro-inflammatory cytokines [10,11]. Teleost fish express many homologs to 

mammalian acute phase proteins, including those that increase in plasma (positive APP) and 

decrease in plasma (negative APP) including C-reactive protein [36] and serum amyloid A 

[37,38].    

PRRs are essential components of the innate immune response to many common fish pathogens. 

The remainder of this review will focus on lipoproteins as secreted PRRs or APP of fish. 

1.2.4 Lipoproteins 

 

Plasma lipoproteins are water-soluble macromolecules that are involved in the transport and 

storage of lipids, which are water-insoluble. The majority of mammalian lipids, including 

triglycerides, cholesterol, and phospholipids, are transported by lipoproteins. The typical 

structure and composition of high density lipoprotein is described and  illustrated by Forti and 

Diament [39]. Briefly, lipoproteins are composed of a mainly hydrophobic lipid core, which 

includes cholesterols and triglycerides. The core is surrounded by a mainly amphipathic layer of 

phospholipids and a class of proteins which are referred to as apolipoproteins. There are six 



 

 

8 

 

classes of human plasma lipoproteins, which are classified according to size, density, and lipid 

and apolipoprotein composition. From lowest to highest density, these are the chylomicrons 

(CHY), the chylomicron remnants (CHYR), very low density lipoproteins (VLDL), intermediate 

density lipoproteins (IDL), low density lipoproteins (LDL), and high density lipoproteins. 

Chylomicrons are over 100 nm in diameter and are the largest of the lipoproteins. The complete 

synthesis of chylomicrons was reviewed in depth by Mansbach and Siddiqi in “The Biogenesis 

of Chylomicrons” [40]. Briefly, dietary triglycerides and cholesterols absorbed by the intestinal 

epithelium are transported by liver synthesized chylomicrons to many different cells in the body 

[41]. Lipoprotein lipase, found attached to various endothelial surfaces, is capable of hydrolyzing 

the triglyceride components of CHY, producing fatty acids, which may be used as a cellular 

energy source or taken up by adipocytes for storage. The remaining lipoprotein particle after 

lipoprotein lipase action, referred to as a chylomicron remnant (CHYR), consists mainly of 

cholesterol and is rapidly cleared by the liver [41]. Chylomicrons are primarily composed of the 

apolipoproteins apo B-48, apo A-I, apo A-II, and apo A-IV [42]. While circulating in plasma, 

CHY interact with HDL to acquire apo C and apo E in exchange for surface phospholipids. 

Chylomicrons also play a role in the transport of lipophilic drugs into lymph [42], and are an area 

of interest with current research exploring the potential role of CHY in reducing overall fat 

absorption by the body. 

Very low density lipoproteins (VLDLs), 30 to 90 nm in size, transport triglycerides and 

cholesterol synthesized in the liver through the plasma to most tissues of the body [41]. Similar 

to CHY, the triglycerides of VLDL are hydrolyzed by lipoprotein lipase action to form free fatty 

acids. This action generates smaller, cholesterol-rich lipoproteins including intermediate density 

lipoproteins (IDLs) and low density lipoproteins (LDLs) [41]. VLDL is composed primarily of 
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the apolipoprotein B-100, but similarly to CHY it interacts with HDL in the plasma to acquire 

the apolipoproteins apo C and apo E in exchange for surface phospholipids. 

 The low density lipoproteins (10 – 70 nm in size) represent the end product of VLDL catabolism 

and are the major cholesterol-transporting lipoproteins in the plasma [41]. The concentration of 

LDL is positively correlated with the incidence of coronary heart disease, and high levels of LDL 

are associated with the formation of atherosclerotic plaques which narrow blood vessels, causing 

heart attacks and strokes [42]. LDL is commonly referred to as the ‘bad cholesterol’. 

High density lipoproteins (HDL) (8 – 12 nm in size) are secreted by the liver and intestinal cells 

and primarily remove excess cholesterol from the blood by transporting it to the liver to be 

excreted or metabolized into bile salts [41,42]. This process is referred to as ‘reverse cholesterol 

transport’ [41]. The mechanism of lowering plasma cholesterol has resulted in HDL being 

commonly referred to as the ‘good cholesterol’. The major protein constituents (90%) of HDL 

are the apolipoproteins apo A-I and apo A-II [43].  

1.2.5 Apolipoproteins 

 

Apolipoproteins are a class of lipid-binding molecules and are the primary protein constituents of 

lipoproteins. Bolanos-Garcia and Miguel described the structure of several apolipoproteins in 

further detail [28], including their lipid-free and lipid-bound structures. Below is a brief 

introduction to several classes of apolipoproteins. 

Apolipoprotein A 

Human apolipoprotein A-I is synthesized in the liver, is a major protein constituent of HDL, and 

also circulates through plasma in a lipid-free state [28]. In humans, lipid-free apo A-I represents 

up to 10 percent of circulating apo A-I [44]. Human apo A-I is a 28 kDa protein consisting of 
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234 amino acid residues, divided into two domains: an N-terminal globular domain (residues 1-

43), and a C-terminal domain (44-234) [28]. The C-terminal domain contains of a series of ten 

repeated class A alpha helices, punctuated by proline residues, which form a horseshoe-shape 

structure [28]. In these helices, hydrophobic residues are arranged opposite to hydrophilic 

residues on each side of the alpha helix. The resulting amphipathic structure allows apo A-I to 

interact and bind to lipids through its hydrophobic sites, and to the aqueous phase through its 

hydrophilic sites [44]. The proline residues introduce steric flexibility to the molecule, permitting 

conformational changes required to bind to both lipid components and lipoproteins of different 

sizes [44]. 

Human apolipoprotein A-II exists both as a major protein constituent of HDL and in a lipid-free 

state, and is synthesized in the liver. Human apo A-II consists of 77 amino acid residues that 

form a homodimer linked through a disulfide bridge [28]. The structure of a single apo A-II 

molecule consists of three long alpha-helical domains, punctuated by proline residues. Two apo 

A-II homodimers will associate to form a tetramer, which will then associate to form a 

dodecamer [28] in the lipid-free state. The mechanism of apo A-II binding to lipids is similar to 

that of apo A-I in that the repeated alpha helical domains are capable of binding to lipid 

components while attaching to the lipoprotein carrier. 

Apolipoprotein B 

In humans, apolipoprotein B exists primarily as two forms: apo B-100, synthesized by the liver, 

and apo B-48, synthesized by the intestine. Both are lipid binding proteins with a pentapartite 

structure composed of a globular amino terminus, two domains of beta pleated sheets, and two 
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alpha helical domains which span the entire surface of the associated lipoprotein particle [45,46]. 

These proteins are not found in the blood independent of an associated lipoprotein. 

Apolipoprotein B is thought to play an essential role in the innate immune response to 

Staphylococcus aureus in mice [47]. Apolipoprotein B associated with VLDL and LDL binds to 

a hydrophobic quorum-sensing pheromone released by S. aureus, preventing its attachment to 

the nearby bacteria and blocking the induction of several virulence genes, limiting invasive 

infection [47]. This protective effect of apolipoprotein B was also demonstrated towards several 

strains of methicillin-resistant S. aureus in mice [47]. 

Apolipoprotein C 

The C apolipoproteins are found associated with HDLs, VDLs, and CHRs. Apo C-I is 

synthesized primarily in the liver. It is composed of 55 amino acid residues, approximately 6.6 

kDa, and is known to contain two lipid-associating domains [48]. Apo C-II is expressed both in 

the liver and the intestine and is comprised of 79 amino acid residues, which equals 

approximately 8.9 kDa, and forms three alpha helices which are thought to mediate lipid binding 

[48]. Apo C-III is synthesized in the liver and is the most abundant apolipoprotein C in human 

plasma. It is similarly composed of 79 amino acid residues and is approximately 8.8 kDa [48]. 

Apolipoprotein D 

Apolipoprotein D is a 29 kDa glycoprotein which is most commonly associated with HDL in 

humans. Its structure is atypical for apolipoproteins in that it is predicted to be a member of the 

lipocalin family [49]. Lipocalins form an L-barrel structure and are capable of transporting small 

hydrophobic ligands, including cholesterols [49]. High apolipoprotein D gene expression has 

been demonstrated in the spleen, testes, and brain [49]. 
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Apolipoprotein E 

The E apolipoproteins are found associated with CHYs, CHYRs, VLDLs, and HDLs, and are 

primarily synthesized in the liver. The apolipoprotein E polypeptide in humans is composed of 

299 amino acids, organized into two domains: an N-terminal (1-191), and a C-terminal (216-

299) [48]. The C-terminal is organized into three alpha-helical repeats, and is the region, which 

mediates apolipoprotein E lipid binding. 

The plasma concentration of apolipoprotein E has been shown to increase after feeding mice 

diets high in fats and cholesterol. In addition, an immunoregulatory receptor capable of binding 

apolipoprotein E has been demonstrated on the surface of lymphocytes in humans. Binding of 

apolipoprotein E to this receptor renders lymphocytes resistant to mitogenic stimulation; it has 

been shown to inhibit several early events required for lymphocyte activation [50]. Interestingly, 

Basu et al. demonstrated that resting macrophages produce large amounts of apolipoprotein E, 

however, macrophages show a marked decrease in production during various stages of activation 

[41]. 

Apolipoprotein M 

Apolipoprotein M is mainly found associated with HDL [51]. In addition to being synthesized in 

the liver, apolipoprotein M is also synthesized in kidney proximal tubule cells [51]. 

Apolipoprotein M is thought to also be a member of the lipocalin family, and is composed of 188 

amino acids in humans. The predicted structure of apolipoprotein M contains an eight-stranded 

anti-parallel beta-barrel and one alpha-helix [51]. To date there have been three forms of 

apolipoprotein M with different molecular weights identified in HDL [51]. 
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1.2.6 Apolipoproteins in humans   

 

 

The major role of apolipoproteins in humans is reverse cholesterol transport. Reverse cholesterol 

transport describes the efflux of excess cellular cholesterol and phospholipids from cells and 

their return to the liver for excretion [52,53]. These lipophilic molecules are transported to the 

cell surface via the ATP binding cassette transporter A-1 (ABCA1) where they form lipid 

domains that interact with amphipathic α-helixes in apolipoproteins and are transported away in 

association with HDL [52]. Apolipoproteins may also bind to ABCA1 to enhance this lipid-

transport activity [52]. This is often studied in the context of apolipoprotein A-I providing a 

protective effect on the development of atherosclerosis, which is the thickening of the arterial 

wall, in part due to a buildup of cholesterol and triglycerides [53]. 

During the acute phase response, the lipid and apolipoprotein composition of HDL changes. 

Inflammatory mediators such as interleukin-6 induce the production of serum amyloid A (SAA) 

which displaces apolipoprotein A-I and becomes the most abundant protein associated with acute 

phase HDL [39]. Apolipoprotein A-I gene expression and plasma half-life also decrease during 

the acute phase response making it a negative acute phase protein [54]. 

Apolipoprotein A-I is capable of binding to and removing cholesterol from the lipid rafts in 

macrophages and dendritic cells [54] resulting in a decrease in both macrophage and dendritic 

cell activation and subsequent inflammatory mediator release. Furthermore, apolipoprotein A-I 

inhibits transendothelial migration of immunocompetent cells from plasma circulation into the 

arteries by down-regulating the expression of cellular adhesion molecules such as vascular cell 
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adhesion molecule 1 (VCAM-1), intercellular adhesion molecule 1 (ICAM-1) and E-selectin 

[44]. Both of these factors result in an overall anti-inflammatory shift in the immune response.  

The amphipathic alpha-helical domains on apolipoprotein A-I, which are capable of binding to 

lipids, are also able to interact with the lipid components of cellular membranes. The incubation 

of neutrophils with acute phase HDL, which readily releases its apolipoprotein A-I in favor of 

SAA, results in the association of apolipoprotein A-I with the neutrophil membrane [55]. This 

binding subsequently inhibits neutrophil activation, and reduces degranulation and superoxide 

production [55], thereby decreasing the overall neutrophil inflammatory effects. 

Human apolipoprotein A-I also has bactericidal activity and under certain conditions it is able to 

bind Yersinia enterocolitica in the gut resulting in the bacteria being lysed [56]. It was also able 

to suppress the growth of Escherichia coli and Klebsiella pneumonia [57]. By binding to and 

clearing bacterial LPS, apolipoprotein A-I plays an important role in protection from sepsis in 

severe Gram negative bacterial infections [58]. This was demonstrated in transgenic mice which 

overexpressed apolipoprotein A-I and showed protection from sepsis [58], and in rats undergoing 

sepsis which showed increased survival when treated with an apolipoprotein A-I mimetic peptide 

[59]. The effects of apolipoprotein A-I injection in humans has also been studied [60] and is 

currently being developed as a treatment for atherosclerosis [61]. It is interesting that while 

evidence supports an important role of apolipoprotein A-I in inflammation and immunity and 

there is a benefit to artificially increasing its expression, it is a negative acute phase protein. 

Research into the innate immune responses of domestic animals has indicated that 

apolipoproteins may play a similar role during infection as they do in humans. Apolipoprotein A-

I is a negative acute phase protein in mice [62], pigs[63–65], cows [66], and rabbits [67]. In these 
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cases apolipoprotein A-I is preferentially replaced from acute phase HDL by SAA, as previously 

described. As in humans, these apolipoproteins, including Apo A-I, A-II and H are able to bind 

and clear pathogen-derived LPS. Most of these studies were not conducted in the context of 

examining apolipoprotein immune involvement, thus there is little evidence to suggest that 

apolipoproteins bind directly to pathogens, or how they do so. 

1.2.7 Apolipoproteins in fish 

 

HDL is the major plasma lipoprotein in channel catfish (Ictalurus punctatus), accounting for 22-

32% of total plasma protein [68]. The apolipoprotein A-I gene is ubiquitously expressed in the 

skin, intestine, liver, spleen, anterior and posterior kidney, brain, and blood of healthy channel 

catfish [23]. After an experimental infection with Aeromonas hydrophila, the Gram negative 

causative agent of motile aeromonad septicemia, apolipoprotein A-I gene expression was up-

regulated in all catfish tissues except the intestine [23]. Relative to other tissues, the skin, 

anterior kidney, and blood had significantly higher up-regulation [23]. In another study, channel 

catfish were vaccinated with attenuated Edwarsiella ictaluri, the Gram negative causative agent 

of enteric septicemia of catfish, and apolipoprotein A-I was the most highly upregulated gene 

(8.5-fold) in the anterior kidney [69]. 

The skin is the site of entry and attachment of most fish pathogens, and acts as a large source of 

immune-related genes [70]. After experimental infection with Citrobacter freundii, 

apolipoprotein A-I gene expression increased 3.39-fold in zebrafish (Danio rerio) skin [70]. In 

addition, zebrafish experimentally infected with Staphylococcus chromogenes had an increase in 

apolipoprotein A-I gene expression of 4.67-fold in the skin [70]. 
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In cod (Gadus morhua L.) the apolipoprotein A-I gene is expressed in the kidney. After 

induction of an acute phase response by intramuscular injection of turpentine oil, kidney 

apolipoprotein A-I gene expression was increased 7.1-fold one hour post injection [71]. A 

similar study revealed significant upregulation of the apolipoprotein A-I gene in blood 

leukocytes from cod 24 hours after intra-peritoneal vaccination with heat-inactivated Listonella 

anguillarum [72]. This is consistent with several other studies that demonstrated increased 

apolipoprotein A-I gene expression in Chinook salmon [73] and Atlantic halibut [25] following 

immunogenic stimulation.  

Both apolipoproteins A-I and A-II are present in the cytoplasm of the basal cell layer of the carp 

(Cyprinus carpio) epidermis [22]. Synthesized in the epidermis, apolipoprotein A-I and A-II are 

then secreted to the mucosal surface in association with nascent HDL. These mucosal barriers 

are the primary site of exposure to environmental pathogens, and many innate immune proteins 

are present to prevent infection. One possible role of these lipoproteins is binding to bacteria or 

their constituents (such as LPS) to prevent further infection. Apolipoprotein A-I is the most 

abundant plasma protein in carp and corresponds to approximately 10% of the total protein 

synthesized by hepatocytes [22]. Acclimatization of carp to cold water temperatures results  in a 

demonstrated change in hepatic gene expression set points for a large number of proteins [20] 

however HDL and apolipoprotein expression was shown not to vary. Hepatocytes isolated from 

cold water acclimatised carp revealed that although overall protein synthesis was dramatically 

reduced, apolipoprotein A-I still represented almost 10% of total protein synthesis [20]. This 

may suggest an important and conserved role for apolipoproteins in the teleost innate immune 

system. 
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Rainbow trout (Oncorhynhus mykiss) HDL has been shown to have a similar anti-inflammatory 

role as in mammals. Villarroel et. al. demonstrated that in vitro interactions between HDL and 

isolated head kidney leukocytes (HKL) resulted in a significant reduction in HKL release of 

inflammatory cytokines such as IL-1B and TNF-α when subsequently incubated with LPS [74]. 

Apolipoprotein A-I expression was demonstrated by immunohistochemistry and RT-PCR in 

rainbow trout epidermis, gills, and intestinal mucosa which again are primary defense barriers in 

fish [20]. In addition, liver gene expression of apolipoprotein A-I was shown not to decrease 

during the acute phase response as it does in mammals [20].  

Apolipoprotein A-I has been demonstrated in many fish species to possess lytic and 

antimicrobial activity including apolipoprotein A-I of carp against Planococcus citreus, Yersinia 

ruckeri, and Escherichia coli [21], apolipoprotein A-I of striped bass against Streptococcus sp., 

Escherichia coli, and Mycobacterium marinum [24], apolipoprotein A-I of channel catfish 

against Aeromonas hydrophilia [23], and apolipoprotein A-I of rainbow trout against Yersinia 

ruckeri and Pseudomonas sp. [20]. Apolipoprotein A-II in carp also demonstrated lytic and 

antimicrobial activity in vitro against Planococcus citreus, Yersinia ruckeri, and Escherichia coli 

[21]. 

Similar to mammals, fish apolipoproteins are also involved in lipid storage and transport, so 

there are likely many other factors that may influence apolipoprotein expression in fish. A study 

examining crowding (>200 kg fish/m
3
, 40 min) in Atlantic salmon found that apolipoprotein A-I 

decreased in abundance 1.7-fold in the muscle of fish held in crowded conditions [75]. Crowding 

is also associated with a higher susceptibility of fish to disease, which may be partly linked to the 

decrease in apolipoprotein and other APP levels. . 
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A recombinant plasmid coding for apolipoprotein A-I DNA has been directly tested both in vitro 

and in vivo for its ability to confer protection to disease in channel catfish [23]. When infected 

with Aeromons hydrophila, the proliferation rate of catfish gill cells transfected with the 

apolipoprotein A-I vector was significantly higher than that of cells transfected with the empty 

vector [23]. In a trial with Aeromonas hydrophila infected catfish, the relative survival of those 

fish who received the apolipoprotein A-I vector plus adjuvant was 100%, [23] and the adjuvant 

alone conferred 75-88% relative survival. Higher survival in the group which received the 

apolipoprotein A-I vector and adjuvant was correlated to higher apolipoprotein A-I gene 

expression in those fish [23]. 

It is interesting that apolipoprotein A-I shares a similar lipid binding role in both fish and 

humans, but acts in different contexts. The similar binding function is not surprising as both 

species’ apolipoproteins A-I share the conserved alpha helical repeat domains responsible for 

lipid binding. While apolipoproteins have been well studied in humans, this research has rarely 

focused on direct apolipoprotein interaction with pathogens. Because of the significant difference 

in apolipoprotein expression during the immune responses of fish and humans, the majority of 

human studies do not serve as applicable models to base further research on in fish.  

The available evidence suggests that teleost apolipoporteins A-I and A-II act as positive APPs, in 

contract to their role in mammals. Similarly to other species, apolipoproteins A-I and A-II have 

the ability to bind to bacterial pathogens and confer some degree of protection against them. 

Finally, both proteins have some immunomodulatory activity and may have potential as 

immunostimulants which should be explored further. 
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1.3 Rationale 

 

A previous study in our laboratory revealed that an inflammation-inducible acute phase protein 

in rainbow trout (termed “p9.5”) was dramatically increased (75-fold) in plasma; a level 

unusually high for any fish acute phase protein to date [27]. Sequencing of this 9.5 kDa protein 

spot from two-dimensional PAGE yielded a single 15 amino acid peptide, which had no close 

matches in GenBank[27] at the time. The purpose of the second chapter was therefore to obtain 

further sequence information, allowing identification and partial characterization of this protein. 

In addition we wanted to confirm if p9.5 was acting as an acute phase protein.  

The genome of walleye is not available, and there is very little information regarding their innate 

immune capability. Identification of pattern recognition receptors or acute phase proteins in 

walleye may shed light into mechanisms of disease resistance. Therefore plasma proteins that 

bound to F. columnare were isolated from walleye plasma. A walleye plasma protein that was 

demonstrated to bind F. columnare was partially identified using mass spectrometry in a 

previous experiment and had 66% sequence identity to apolipoprotein A-I from striped bass 

(Morone saxatilis). The purpose of the third chapter was therefore to obtain further sequence for 

walleye apolipoprotein A-I allowing partial characterization of this protein. 

Hypothesis 

1) “p9.5” is an inflammation-inducible, positive acute phase protein in rainbow trout. 

2) Walleye apolipoprotein A-I is a plasma circulating, positive acute phase protein capable of 

binding to F. columnare. 

Objectives 
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a) To create rainbow trout and walleye  first strand cDNA libraries, in order perform 5’/3’ 

RACE PCR with a set of gene specific primers in order to amplify the ends of the coding 

sequence for the putative genes that were partially sequenced by mass spectrometry. 

b) Based on the sequences derived from the previous objective, to design a RT-qPCR assay 

specific to each gene, to determine their variation in multiple tissues in the rainbow trout and 

walleye. 

c)  To obtain an antibody to these novel proteins to be used in quantitative assays (ELISA) 

in order to determine the concentration of these proteins in the plasma of rainbow trout and 

walleye. 
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CHAPTER TWO 

2.0 Identification and partial characterization of type IV ice structuring protein LS-12 in 

rainbow trout Oncorhynchus mykiss. 
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2.1 Abstract 

 

Farmed rainbow trout (Oncorhynchus mykiss) are highly susceptible to bacterial 

coldwater disease (BCWD), which is caused by the Gram negative pathogen Flavobacterium 

psychrophilum. A previous study generated a 15 amino acid sequence from a 9.5 kDa plasma 

acute phase protein (APP) in rainbow trout, which dramatically increased (75-fold) with 

inflammation. RACE PCR was used to generate a 443 bp nucleotide sequence that was 98.6% 

similar to type-4 ice-structuring protein LS-12 from Atlantic salmon (Salmo salar). RT-qPCR 

and indirect ELISA were used to measure gene expression and plasma concentration of LS-12 

following experimental intraperitoneal (i.p.) infection with either 10
6 

or 10
8
 F. psychrophilum. 

There was no significant change in the plasma concentration of LS-12 up to 15 d post infection 

(p.i.) in any group. Hepatic LS-12 gene expression was significantly reduced at 3, 6 (p<0.001) 

and 12 d p.i. (p=0.05) in fish infected with 10
8
 CFU relative to sham-infected fish. Hepatic 

expression in fish infected with 10
6
 CFU was not significantly different from sham-infected fish 

at any time point. Infected fish had significantly increased hepatic gene expression of serum 

amyloid A. LS-12 branchial and anterior kidney gene expression in fish infected with 10
8
 CFU 

was not significantly different from sham-infected fish at 1, 9, and 12 d p.i. or at 6 and 12 d p.i., 

respectively. Under the conditions used, LS-12 is not a positive acute phase protein in rainbow 

trout. 
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2.2 Introduction 

 

Farmed rainbow trout are highly susceptible to bacterial cold water disease (BCWD), caused by 

Flavobacterium psychrophilum, which annually results in millions of dollars in losses due to 

reduced growth and fish mortality [1]. The causative agent is a Gram negative, psychrophilic 

bacterium which is found almost ubiquitously in freshwater [3]. Large numbers of bacteria are 

released into the surrounding environment from dead fish, leading to high environmental 

bacterial loads contributing to ongoing infection and disease [3]. Susceptibility of fish to disease 

can be a limiting factor in rainbow trout farming and identification of the immune effectors that 

are critical in disease resistance will improve productivity and lessen reliance on antimicrobials. 

Low temperatures inhibit components of adaptive immunity in teleost fish [6,8] resulting in a 

slower or aborted response. Innate immune responses including the acute phase response (APR) 

are therefore vital for disease resistance [8]. The APR is characterized by the differential 

production of acute phase plasma proteins (APP), which are secreted predominantly by the liver 

[11]. Many APPs are capable of modulating the innate and adaptive immune response [19]. 

Teleost fish express many homologs to mammalian APP, including serum amyloid A [38], C-

reactive-like protein [76][77], and serum amyloid P [78], however they are generally expressed 

in plasma at a much lower concentration than in mammals. For example, unlike mammalian 

SAA, which can increase greater than 1000-fold in plasma during inflammation [37], rainbow 

trout SAA was only increased 2.3-fold during an APR [79]. 

Ice structuring proteins (ISPs), also termed antifreeze proteins (AFPs), are capable of binding 

directly to ice crystals to inhibit ice recrystallization. This lowers the freezing point in a solution 

and protects against freezing. Many teleost fish produce one of four classes of AFP [80]; type I 

[81], type II [82], type III [83], or type IV [84,85] but none are typically associated with 
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immunity. The various AFPs range from 3 to 12 kDa in size and are diverse in their secondary 

structures which can be α-helices, β-rolls, random coils and globular structures [86]. These 

structurally diverse AFPss evolved separately, and fish species differ in both the type of AFP 

produced and how it is regulated [87]. Some fish synthesize AFPs seasonally before freezing 

conditions, some in response to freezing conditions, and others possess year round high 

concentrations of AFPs [87]. AFP synthesis primarily occurs in the liver [87] but in some fish 

synthesis occurs in other tissues as well [88]. 

LS-12 (named after the 12 kDa protein first identified in longhorn sculpin) is a type IV ISP, 

which contains both apolipoprotein A-I and A-II domains. It is speculated that it may have 

evolved by the recruitment and mutation of a plasma apolipoprotein [84]. LS-12 was originally 

classified as a type IV ice-structuring protein from longhorn sculpin (Myoxocephalus 

octodecimspinosis), due to its in vitro antifreeze activity and a structure that differed from known 

ISP types I – III [84]. However, subsequent study suggested that the very limited antifreeze 

activity of LS-12 was likely functionally irrelevant and was coincidental or was related to 

binding of an unknown ligand other than ice [85]. Many teleost fish have LS-12 homologs 

however the roles of these proteins are not well understood.  

A previous study in our laboratory revealed evidence that an inflammation-inducible APP in 

rainbow trout was dramatically increased (75-fold) in plasma; a high level that would be unique 

for any fish acute phase protein to date [27]. This 9.5 kDa protein spot, discovered by two-

dimensional SDS-PAGE, was sequenced yielding a single 15 amino acid peptide which had no 

close matches in GenBank [27]. The purpose of the present study was therefore to obtain further 

sequence information for “p9.5”, allowing its identification and partial characterization.. 
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Additionally, quantitative RT-PCR and ELISA were used to investigate the involvement of this 

protein in the APR of rainbow trout following experimental infection with F. psychrophilum. 

2.3 Materials and methods     

 

2.3.1 Isolation of total RNA 

 

Total RNA was extracted from tissues frozen in RNAlater using TRIzol Reagent (Ambion, 

Rochester USA) according to the manufacturer instructions. Briefly, tissues were homogenized 

in a 1.5 ml tube containing 1 ml TRIzol. 200 μl of chloroform was added and incubated for 5 min 

at room temperature (RT), and centrifuged (12,000 x g, 15 min). The aqueous phase was 

collected and mixed with 500 μl 100% isopropanol, incubated at RT for 10 min, and centrifuged 

(12,000 x g, 10 min, 4 °C). The supernatant was discarded and the pellet washed three times with 

1 mL 75% ethanol. The sample was then centrifuged (7500 x g, 5 min, 4 °C), and the wash 

discarded. The pellet was air dried for 5 min, dissolved in 50 ml DEPC water, incubated at 55 °C 

for 10 min, then stored at -80 °C.  

2.3.2  3' and 5' RACE PCR 

 

In order to clone the coding sequence of the putative gene encoding for the 9.5KDa peptide, 

rapid amplification of cDNA ends (RACE) was performed using the SMARTer RACE 5'/3' kit 

(Clontech, WI, USA) according to the manufacturer instructions. RNA was obtained from 

healthy rainbow trout liver tissue as a template for cDNA synthesis. Briefly, 5'-RACE-ready and 

3'-RACE-ready cDNA libraries were created using the 5'-CDS-primer and 3'-CDS-primer 

respectively in a 10 to l reaction with SMARTScribe Reverse Transcriptase. 3' and 5' RACE 

reactions were then set up with the respective cDNA template, gene specific primers (FWD: 5'-

ATGCAGCTGAAGCACCTGAT-3', REV: 5'- CCTTGGTCTGGTCCACCAC-3', Tm: 59 °C), 
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and a universal primer mix. Reactions were carried out with the recommended thermal profile. 

PCR products were resolved on a 1.5% agarose gel, stained with SYBR Safe (Life Technologies, 

CA, USA), and excised on a ChemiDoc MP system (Biorad, CA, USA) under UV light. 

Amplicons from the 5’ and 3’ RACE PCR were separately cloned into the pCR 4 TOPO vector 

for sequencing using the TOPO-TA cloning kit (Life Technologies, CA, USA). All steps were 

performed according to the manufacturer instructions. Plasmid DNA containing PCR products 

was sequenced using the M13 forward and reverse sequencing primers (University of Guelph 

Molecular Supercenter, ON, CA) using an Applied Bioscience 3730 DNA Analyzer. 

2.3.4 Standard PCR 

 

After cloning and sequencing of the 3’ and 5’ ends of the putative gene, standard PCR was 

carried out to amplify the whole coding sequence of the gene, using a new set of primers. 

Briefly, cDNA was synthesized from rainbow trout liver RNA using Superscript III reverse 

transcriptase (Life Technologies) according to the manufacturer’s instructions at 42 °C for 50 

min using oligo-dT primers. cDNA was diluted 10-fold and 1 μl was used for PCR using “p9.5” 

gene specific primers (FWD 5'- CCGTGCCCGAGCGCGATTAAC-3', REV 5'-

GGTCCAATCCTGGGT TTTCGC-3', Tm 60 °C ) and carp ß-actin primers  (FWD 5'-

AGAGCTATGAGCTGCCTGCCTGACG-3', REV 5'GAGGGCTGTGATCTCCTTCTG3', Tm 

64 °C) as positive controls. PCR’s were conducted with Platinum Taq DNA polymerase (Life 

Technologies) according to the manufacturer’s instructions. Products were visualized, cloned, 

and sequenced as previously described. 
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2.3.5 Polyclonal antibody production 

 

The amino acid sequence derived from spot p9.5 [27] was used to generate a polyclonal 

antiserum in rabbits (Pacific Immunology Corporation, San Diego, USA). A synthetic peptide 

(DIPAEIETLTKYY) was generated with a cysteine residue (-CYS) added to increase 

immunogenicity, and coupled to keyhole limpet hemocyanin (KLH), and a polyclonal antiserum 

was raised using standard procedures. 

2.3.6 One-dimensional SDS-PAGE and Western blot 

 

Whole rainbow trout plasma was characterized by one-dimensional (1D) SDS-PAGE using a 

12.5% acrylamide resolving gel under reducing conditions with the Mini-PROTEAN 

electrophoresis system (Biorad, CA, USA). Samples were diluted in sample buffer (0.2 M 

TrisHCl pH 6.8, 8% SDS, 40% glycerol, 0.004% bromophenol blue) with the addition of 50 mM 

dithiothreitol followed by heating at 100 
o
C for 5 min. Gels were stained overnight with SYPRO 

Ruby Protein Gel Stain (Life Technologies, CA, USA), destained following the manufacturer’s 

instructions and visualized on a ChemiDoc MP system. 

Proteins separated by 1D SDS-PAGE were transferred onto polyvinylidene difluoride membrane 

(EMD Millipore, MA, USA) using the Trans-Blot SD Semi-Dry Electrophoretic Transfer Cell 

(Biorad, CA, USA). Membranes were blocked in PBS-T (PBS pH 7.6 containing 0.1% [v/v] 

Tween-20) with 5% skim milk powder followed by incubation with rabbit anti-p9.5 diluted 

1:16,000 in PBS-T with 1% skim milk powder. Membranes were washed in four changes of 

PBS-T followed by 1 h incubation with HRP-conjugated goat anti-rabbit immunoglobulin 

(Agilent Technologies, CA, USA) diluted 1:16,000 in PBS-T. All incubations were performed at 
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RT under gentle agitation. Western blots were developed with Pierce ECL Plus Western Blotting 

Substrate (Life technologies, CA, USA) and visualized on a ChemiDoc MP (BioRad, CA, USA). 

2.3.7 Experimental animals 

 

Two hundred and fifty mixed-gender rainbow trout weighing 30-50 g were maintained in Hagen 

Aqualab (University of Guelph, Canada) for 22 days (1 week acclimation period and a 15 day 

infection and observation period). Fish were obtained from the Alma Aquaculture Research 

Station, University of Guelph. Fish were exposed to a 12 h on/off cycle of dim lights and fed a 

commercial pelleted diet (Martin Mills, ON, CA). Fish were housed in 60 L tanks with 50 fish 

per tank and single-pass well water at 11 
o
C. Before infection, housed fish did not present 

clinical abnormalities, and a subsample of fish were euthanized before experimentation and 

subjected to routine histopathology and bacterial culture to ensure the health status of the group. 

Animal experimentation was performed according to the Animal Care Guidelines of the 

University of Guelph. 

2.3.8 Bacterial culture and preparation 

 

Flavobacterium psychrophilum FPG 101 was a low-passage isolate originally obtained from the 

spleen of clinically affected rainbow trout experiencing a mortality event. FPG 101 is highly 

virulent to rainbow trout in experimental trials (M. Jarau, unpublished). Pure colonies of FPG 

101 were stored in 15% glycerol and modified cytophaga broth (CB) [89] at -80 °C. Frozen 

stocks were subcultured onto modified cytophaga agar (CA) [89] and were incubated at 15 °C 

for 72 h. After the incubation period, pure cultures were harvested and resuspended in CB. The 

bacterial suspensions were then adjusted to an optical density of 0.6 at 600 nm; approximately 

equivalent to a concentration of 2.6 x 10
9
 colony-forming units (CFU) per millilitre. 
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Subsequently, bacterial suspensions were separately diluted for use in experimental infection. 

Standard bacterial plate counts were conducted to determine the actual concentration of bacterial 

inoculum.  

2.3.9 Experimental design 

 

Treatment groups in duplicate tanks included fish injected intraperitoneally with 0.1 ml of 1 x 

10
9
, 1 x 10

8 
and 1 x 10

7
 CFU/ml, providing 10

8
, 10

7 
and 10

6
 CFU F. psychrophilum per fish, and 

a single negative control tank with fish that were sham-injected i.p. with sterile CB.  Six fish per 

day were euthanized (10 mg/L ethyl-4-aminobenzoate) for collection of plasma and tissue across 

all tanks on day 3 and 1 pre-infection, as well as on the day of infection, in order to obtain a pre-

infection base-line sample. Three fish per tank were sampled from all treatment groups at 1, 3, 6, 

9, 12, and 15 d.p.i.  

2.3.10 Plasma and tissue collection 

 

Immediately following euthanasia, blood was collected from individual rainbow trout via caudal 

puncture and mixed 5:1 into sterile 0.1 M sodium citrate buffer (pH 6.0). Samples were placed 

on ice and within 1 h of collection were centrifuged (950 x g for 20 min at 4 
o
C). Plasma was 

immediately separated and stored at -20 ºC. Fish were maintained on ice after bleeding and tissue 

samples were collected in RNAlater from individual rainbow trout, stored on ice for 1 h, allowed 

to fix 24h at -4 ºC, and then stored at -80 
o
C. Tissues collected included anterior kidney, 

posterior kidney, liver, heart, gills, muscle, and skin. 

2.3.11 Indirect enzyme-linked immunosorbent assay (ELISA)  

 

The ELISA protocol was adapted from instructions provided by Pacific Immunology (San 

Diego, CA, USA) with the polyclonal antiserum. Briefly, Nunc-Immuno MicroWell Maxisorp 
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96 well plates (Sigma Aldrich, MO, USA) were coated in duplicate with 50 μl rainbow trout 

plasma samples diluted in 50 μl coating buffer (50 mM carbonate buffer, pH 9.6). All reactions 

took place at RT, incubations occurred for 1 h followed by rinsing with 300 μl wash buffer 

(PBS/0.02% thimerosal/0.05% Tween 20), unless indicated. A standard curve of synthetic 

peptide without KLH (0.2 mg/L to 9 mg/L) was included on each plate. Plates were left for 2 h, 

rinsed and incubated with 200 μl blocking buffer (5.0% BSA/PBS/0.02% thimerosal). After 

washing (PBS/0.02% thimerosal/0.05% Tween 20), 100 μl of rabbit anti-p9.5 diluted 1:12,000 in 

wash buffer was added to each well; plates were washed again and 100 μl of 1:12,000 dilution of 

horseradish peroxidase-conjugated goat anti-rabbit IgG (Life Technologies, CA, USA) was 

added. Peroxidase activity was detected with 1-Step Ultra TMB-ELISA (Life Technologies, CA, 

USA). After 30 min the reaction was stopped with 100 ml of 1 M H2SO4. Absorbances were read 

at 450 nm on a Ceres 900 EIA workstation (Bio-Tek Instruments Inc., VT, USA) and corrected 

for the absorbance of blank wells. An ELISA was also conducted with plasma samples diluted 

1:10 to 1:100 in coating buffer to confirm the absence of a prozone effect.  

2.3.12 Reverse-transcription quantitative PCR (RT-qPCR)   

 

RNA was extracted from all trial tissues as previously described. A liver tissue sample from a 

control fish was sectioned and frozen in multiple tubes, then included with every set of RNA 

extractions as an extraction control. The RNA concentration of each sample was determined 

using a Nanodrop (Thermo Scientific, MA, USA) and all samples were standardized to 250 ng/μl 

with distilled water. SAA gene expression was determined in all trial tissues (FWD 5'- 

TTCAAGCCTCTGGCTGATG -3’, REV 5'- GGGAGATGATTCAGGGTTCCA-3’, PROBE 5'-

TCGAGGACACGAGGACTCAGCA-3', Tm=59
 o
C) [79]. The primers and probe to amplify the 

p9.5 gene were designed using Primer3Plus (FWD 5'-TTACGTCCCCAGTGGTTAGC-3', REV 



 

 

31 

 

5'- AGTGCCTTGGTTTGGTCAAC -3', PROBE 5'- AGATGGAGCAGCTCTTCCAGACCGT -

3', Tm=59
 o
C). RT-qPCR was performed according to the manufacturer’s protocols using the 

Roche LightCycler 480 RNA Master Hydrolysis Probe kit (Roche, CA, USA) run on a Roche 

LightCycler 480. A dilution series of cDNA (10
2
 to 10

9
 copies) was prepared for use as a 

standard curve. Mean threshold cycle (Ct) value was determined at each 10-fold dilution of the 

standard curve, run in quintuplet. Subsequent qPCR reactions were run on 96-well plates and 5 

copies of the 10
5
 standard was run to ensure the mean Ct value matched the standard curve 

within 0.5 Ct. The Ct values of the samples were extrapolated into the external standard curve to 

calculate gene copy number per 250 ng total RNA. One section of the extraction control tissue 

was also included in each qPCR plate to ensure that its Ct value was consistently within 0.5 Ct. 

2.3.13 Bioinformatic and statistical analysis 

 

Protein and gene sequences were obtained from GenBank provided by the National Center for 

Biotechnology Information (NCBI). Sequence alignments and analysis were performed with 

Geneious version R8 [90]. Two-way repeated measure ANOVA and pairwise multiple 

comparison procedures (Holm-Sidak method) were performed using SigmaPlot version 11.1, 

from Systat Software, Inc., San Jose California USA. 

2.2 Results 

 

2.3.1 RACE PCR  

 

A 443 nucleotide cDNA sequence was generated and translated to a 147 amino acid, which 

contained the “p9.5” peptide sequence DIPAEIETLTKYYFQ [18] with a difference of one 

amino acid, DIPAEIETLTKY_FQ (Figure 2.1). The predicted 13.95 kDa protein contained a 

conserved apolipoprotein A1/A4/E domain (GenBank accession no. pfam01442, e = 9.45e-06) 
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from residues 54 - 141 and a conserved apolipoprotein A-II domain (GenBank accession no. 

pfam04711, e = 7.36e-06) from residues 37-79. The protein was 100% similar to a 145 amino 

acid, unnamed protein product, from a recent rainbow trout genome sequencing project [80] 

(GenBank accession no. CDQ69682.1), 98.6% similar to type IV ice-structuring protein LS-12 in 

Atlantic salmon (Salmo salar), and 69.6% similar to apolipoprotein A-IV-like protein in 

Northern pike (Esox lucius) (Figure 2.2). The GenBank entry for the 100% similar unnamed 

protein product in rainbow trout contains 50 additional residues at the N terminus 

(MQLKHLISNP ISTHTWTLCL YWDRHHIKCT MLHLKLPVVV LILVSSSVDP) and 7 

additional residues at the C terminus (LLPP QSS). Based on these results, the putative gene 

derived from the 9.5 kDa peptide was considered to be an orthologue of the LS-12 protein.   

2.3.2 Experimental Trial 

 

All fish examined before experimentation had normal behaviour and were without detectable 

bacterial growth or significant histological abnormalities. All fish in the sham-infected control 

group survived to the end of the experimental infection while the groups injected with 10
6
, 10

7 

and 10
8
 CFU of F. psychrophilum, had 85%, 58%, and 40% mean survival, respectively. 

Survival curves illustrate that mortality in all groups commenced between 6-8 d p.i. (Figure 2.3). 

Infected fish had clinical signs of bacterial coldwater disease.  F. psychrophilum was re-cultured 

from the spleen of selected dead fish. 

2.3.3 RT-qPCR 

 

 SAA gene copy number per 250 ng total RNA was determined in all experimental groups 

(Figure 2.4, Table 2.1). There was no significant difference seen at any time following infection 

between the fish infected with 10
6
 CFU and sham-infected fish. At each time point after infection 
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SAA gene expression was significantly upregulated (p<0.01) in the 10
7
 and 10

8
 groups compared 

with sham-infected fish but there was never a significant difference between the 10
7
 and 10

8
 

groups.  

 

Hepatic LS-12 gene expression (Figure 2.5, Table 2.2) was significantly decreased (p<0.01) at 3 

and 6 days p.i. in fish infected with 10
8
 CFU relative to sham-infected fish, however, at day 12 

there was no longer a significant difference. There was no significant difference (p>0.01) 

between fish infected with 10
6
 CFU and sham-infected fish at any time point. LS-12 gene 

expression in the gills of fish infected with 10
8
 CFU at 1, 9, and 12 d p.i., or in the anterior 

kidney at 6 and 12 d p.i., was not significantly different than in sham-infected fish tissues.  

2.3.4 Western blot and ELISA 

 

Eight of the amino acids used to generate the polyclonal antibody were within the 3' end of the 

apolipoprotein A-II binding domain. Western blot analysis of pooled rainbow trout plasma from 

healthy fish revealed two distinct bands at 12 and 14 kDa (Figure 2.6) and a few faint bands at 

higher molecular weights. The linear range (in optical density vs. concentration) of the peptide 

standard curve was determined to be 0.2 mg/L to 9 mg/L (Figure 2.7). Above 10 mg/L there was 

evidence for a prozone effect. 

There was no significant difference in LS-12 plasma concentration between fish infected with 

10
8
 CFU and sham-infected groups up to 15 d p.i. and there was no significant change over time 

within either group (Figure 2.8).  
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Figure 2.1 Annotation and alignment of predicted LS-12 protein (2) with the peptide generated 

from sequencing of the 9.5 kDa protein spot (1) [27]. 
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Figure 2.2 A neighbour joining tree with the Jukes-Cantor formula of rainbow trout LS-12 

predicted protein (green) and closely related amino acid sequences in GenBank, with 

Scieropages formosus LS-12 as an outgroup. 
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Figure 2.3 Survival curve (mean survival %) of rainbow trout experimentally infected with 10
8
 

CFU/fish F. psychrophilum (red), 10
7
 CFU/fish (purple), 10

6
 CFU/fish (blue) and a sham-

infected control group injected with sterile cytophaga media (green). 
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Figure 2.4 Serum amyloid A gene expression in the livers of rainbow trout before and following 

experimental infection with F. psychrophilum at 10
8
 CFU/fish (red), 10

7
 CFU/fish (purple), 10

6
 

CFU/fish (blue) and a sham-infected control group injected with sterile cytophaga media (green). 

Gene expression is measured in copy number per 250 ng total RNA 
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Day 1 
 

Comparison P value 

10
7
 vs. 10

6
 <0.001 

10
8
 vs. 10

6
 <0.001 

10
7
 vs. CONTROL <0.001 

10
8
 vs. CONTROL 0.002 

CONTROL vs. 10
6
 0.227 

10
7
 vs 10

8
 0.523 

Day 6 
 

Comparison P value 

10
8
 vs. CONTROL <0.001 

10
7
 vs. CONTROL <0.001 

10
8
 vs. 10

6
 <0.001 

10
7
 vs. 10

6
 <0.001 

10
6
 vs. CONTROL 0.249 

10
8
 vs. 10

7
 0.529 

Day 12 
 

Comparison P value 

10
7
 vs. CONTROL <0.001 

10
7
 vs. 10

6
 <0.001 

10
8
 vs. CONTROL <0.001 

10
8
 vs. 10

6
 <0.001 

10
7
 vs. 10

8
 0.001 

10
6
 vs. CONTROL 0.059 

 

Table 2.1 Pairwise multiple comparison procedures (Holm-Sidak method) of rainbow trout 

experimental groups infected with each dose of F. psychrophilum (10
6
, 10

7
, 10

8 
CFU/fish and 

sham-infected control fish) at d 1, 6, and 12 p.i., obtained by two-way repeated measures 

ANOVA. 
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Figure 2.5 Hepatic LS-12 gene expression in rainbow trout before and following experimental 

infection with F. psychrophilum at 10
8
 CFU/fish (red), 10

6
 CFU/fish (blue) and a sham-infected 

control group injected with sterile cytophaga media (green). Gene expression is measured in 

copy number per 250 ng total RNA. 
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Day 1 

 Comparison P value 

10
6
 vs. 10

8
 <0.001 

CONTROL vs. 10
8
 <0.001 

CONTROL vs. 10
6
 0.331 

Day 6 

 Comparison P value 

10
6
 vs. 10

8
 <0.001 

CONTROL vs. 10
8
 0.004 

10
6
 vs. CONTROL 0.098 

Day 12 

 Comparison P value 

10
6
 vs. 10

8
 <0.001 

CONTROL vs. 10
8
 0.054 

10
6
 vs. CONTROL 0.528 

 

 

Table 2.2 Pairwise multiple comparison procedures (Holm-Sidak method) of rainbow trout 

experimental groups infected with each dose of F. psychrophilum (10
6
, 10

8 
CFU/fish and sham-

infected control fish) at d 1, 6, and 12 p.i., obtained by two way repeated measures ANOVA. 
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Figure 2.6 Western blot with rabbit anti-“p9.5” antiserum of 12.5% SDS-PAGE of reduced 

whole rainbow trout plasma from healthy fish (Lane 2). 12 (‘x’) and 14 (arrowhead) kDa bands 

are indicated.  
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Figure 2.7 Standard curve generated by conducting an ELISA with a 2-fold dilution series of a 

synthetic peptide (DIPAEIETLTKYY) from the “p9.5” amino acid fragment and the rabbit anti-

p9.5 primary antibody. The linear range of the peptide standard curve is 0.2 mg/L to 9 mg/L. 
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Figure 2.8 Mean plasma concentrations of LS-12 in rainbow trout experimentally infected with 

10
8
 CFU/fish (red) (n=9) and sham-infected rainbow trout (green) (n=3).  
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2.3 Discussion 

 

The purpose of this study was to further examine the LPS-inducible protein termed “p9.5” that 

was previously demonstrated to be a highly upregulated acute phase protein using 2D-PAGE. 

The identity of this unknown protein was investigated by generating additional sequence. Its role 

as an acute phase protein in rainbow trout following infection with a Gram negative pathogen 

was studied using qPCR and ELISA. 

The protein “p9.5” was identified as Type IV ice-structuring protein LS-12 and our predicted 

protein sequence was located in GenBank as an unannotated protein in the rainbow trout 

genome. This is the first report of LS-12 in rainbow trout. The very high degree of similarity 

between rainbow trout and Atlantic salmon LS-12 (98.6%) is not that surprising as the two 

species are closely related and apolipoprotein domains dominate the sequence. Two proteins 

containing apolipoprotein domains which also show a high degree of similarity between rainbow 

trout and Atlantic salmon include apolipoprotein A-I-1 (NP_001117719.1, ACI69572.1) (90%) 

and the major acute phase protein serum amyloid A (NP_001117908.1, NP_001140037.1) 

(93%). 

All of the protein sequences in GenBank similar to “p9.5” (Figure 2.2) contain apolipoprotein A-

I and A-II domains. The protein showing the second highest similarity, apolipoprotein A-IV-like 

from Northern pike (69.6%) also contains the conserved apolipoprotein A-I domain, is a 

component of high density lipoprotein, and plays a role in lipid transport [28]. Protein sequences 

with less similarity include apparent LS-12 homologs in similar teleost fish, identified in 

GenBank by sequence similarity to LS-12 in longhorn sculpin and labeled as “LS-12-like”. 
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Experimental infection with three doses of F. psychrophilum was used to stimulate an active 

inflammatory and acute phase response. F. psychrophilum is well-studied as an infection model 

[3,5], [92] and it has been used to investigate aspects of innate immunity involved in protection 

against BCWD [93,94]. Intraperitoneal infection with F. psychrophilum stimulates a peritonitis 

and a splenitis and lesions are often present in the muscle and dermis. The experimental infection 

produces moderate to high mortality but allows sufficient time for the population to develop a 

marked inflammatory response [93,94].  

SAA is a known acute phase protein in rainbow trout and other teleosts [37,38]. Numerous 

stimuli, including other bacterial infections [5] and pro-inflammatory cytokines [37], have been 

used to upregulate SAA expression. The fact that the lowest experimental dose (10
6
 CFU/fish) 

did not appear to cause an elevation in plasma SAA concentration up to 12 d p.i. while the 10
7
 

CFU/fish dose did was unexpected as these groups of fish experienced roughly similar mortality 

in this period. Dose-dependent activation of the acute phase response has not been investigated 

in fish. To further explore this phenomenon the plasma concentration of other positive-APP 

should be investigated in these experimental groups, to determine if this phenomenon applies to 

other proteins as well.  

The present research did not confirm that the concentration of LS-12 increased in plasma after a 

stimulus that demonstrably produced an acute phase response, nor was hepatic gene expression 

of LS-12 increased during this period. There are several possibilities which may explain why the 

present research has demonstrated that LS-12 is not an acute phase protein under the present 

experimental conditions despite previous evidence of a marked increase in response to 
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inflammation [27]. LS-12 contains apolipoprotein A-I and A-II domains, and has an 

apolipoprotein-like alpha-helical structure. There are several teleost apolipoproteins which are 

difficult to detect in plasma experimentally but whose plasma concentrations are known to 

increase during the acute phase response, a notable example being serum amyloid A. During the 

acute phase response SAA preferentially replaces the apolipoproteins A-I and A-II in association 

with plasma circulating HDL [79]. This association has complicated SAA plasma detection in 

several previous studies [38,79].  

It is also possible that, given its apolipoprotein domains, LS-12 is a lipid binding protein, which 

may also be found in association with plasma-circulating lipoproteins, making it difficult to 

detect with antibody-based techniques. Plasma samples for 2D SDS-PAGE were digested and 

reduced in sample buffer [27] likely resulting in the dissociation of apolipoprotein-lipoprotein 

complexes. However the plasma samples for indirect ELISA were not digested or reduced, 

possibly preventing detection and accurate quantification with the polyclonal antibody. Further 

study should attempt to digest and reduce plasma samples prior to ELISA, or follow a 

delipidization technique which has been used to separate apolipoproteins from their constituent 

lipoproteins, allowing increased detection by antibody-based techniques in previous studies [79]. 

It is also possible that LS-12 bound the lipid components of F. psychrophilum and was removed 

from plasma, preventing its detection in circulation. Generation of an antibody that binds to LS-

12 outside of its binding domain might also allow improved plasma quantification. 

While gene expression of LS-12 was initially down-regulated in the liver it returned to pre-

infection levels at day 12, compared with serum amyloid A expression, which was still 

drastically upregulated at that time. It is unlikely that LS-12 would have been induced later in the 

infection and eventually recruited into the plasma, since the time-frame used for the present 
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study was similar to the original experiment [27] where a significant increase in plasma 

concentration of LS-12 occurred. 

The very limited antifreeze activity of LS-12 was postulated to be functionally irrelevant and was 

coincidental or was related to binding of an unknown ligand other than ice [85]. Further 

investigation is necessary to determine the binding targets of LS-12 and if the protein is 

expressed in tissues other than those examined, in order to determine its function. In conclusion, 

rainbow trout LS-12 was not an acute phase protein under the present experiment conditions as 

neither the plasma concentration nor hepatic gene expression increased following experimental 

infection with F. psychrophilum. 
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3.1 Abstract 

 

Walleye (Sander vitreus) are economically important fish in eastern North America and stocking 

efforts and wild fish are impacted by Flavobacterium columnare, the cause of columnaris 

disease. F. columnare was chosen as a target to identify soluble plasma pathogen recognition 

receptors (PRR) in walleye. Two discontinuous peptides totalling 18 amino acids obtained from 

a 22 kDa protein that bound to F. columnare were identical to portions of apolipoprotein A-I 

from striped bass (Morone saxatilis). PCR was used to generate 159 bp nucleotide sequence that 

was 72.4% similar to apolipoprotein A-I from striped bass. RT-qPCR was used to measure 

hepatic gene expression of walleye apolipoprotein A-I following experimental infection with 

viral hemorrhagic septicaemia virus (VHSV). Apolipoprotein A-I was significantly upregulated 

in the livers of walleye at 6 and 11 d post infection (p.i.) (p<0.001 both days) in comparison to 

sham-infected walleye.  

 

3.2 Introduction 

 

Walleye are a freshwater fish native to most of Canada and northern USA, and the most popular 

recreational fish species in Ontario accounting for 23% of total fish harvested and 690 million 

dollars per year in revenue [95]. Over fishing of walleye and susceptibility to disease result in an 

overall decrease in walleye commercial production and wild populations [96,97]. Two major 

diseases that impact walleye are columnaris [4] and viral hemorrhagic septicemia (VHS) [98]. 

Columnaris may present as fin rot, ulceration of the skin and gills and necrotic stomatitis [4]. The 

causative agent of columnaris disease is Flavobacterium columnare, a Gram negative, aerobic, 
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rod-shaped bacterium which survives outside of the fish host and is found almost ubiquitously in 

warm freshwater [4]. The pathogenesis of columnaris is only somewhat understood but is highly 

strain-specific [4] and innate immunity to this agent in any species is poorly characterized [4]. 

Pattern recognition receptors (PRR) and the acute phase response (APR) are essential 

components of the teleost innate immune response towards pathogens. PRRs are germline 

encoded and constitutively expressed and recognize pathogen-associated molecular patterns 

(PAMPs). An example is rainbow trout ladderlectin (RTLL), which binds to VHSV [12]. While 

some PRRs are in plasma, others may also be found in the epidermis and mucus-covered 

epithelial surfaces in fish [11,20,99]. The APR is characterized by the differential production of 

acute phase plasma proteins (APP), which are secreted predominantly by the liver [11]. Many 

APP have direct antimicrobial properties such as opsonisation, complement activation, restriction 

of microbial resources, and modulation of the immune response [19]. Some PRRs can also be 

APP, like some apolipoproteins [20–22,24]. 

Apolipoproteins are lipid-binding proteins found circulating in plasma in association with 

lipoproteins such has high-density lipoprotein (HDL). Apolipoproteins are expressed in the liver, 

epidermis, gills, and intestinal mucosa of teleost fish [20]. There is in vitro evidence that 

apolipoprotein A-I (apoA-I) may act as an innate immune effector in many teleost fish. 

Apolipoprotein A-I from common carp (Cyprinus carpio) inhibited the growth of the Gram 

negative fish pathogens Pseudomonas sp. and Yersinia ruckeri by 50% at concentrations as low 

as 2.6 μM [21]. Striped bass (Morone saxatilis) apoA-I inhibited the growth of Escherichia coli, 

Streptococcus sp. and Mycobacterium marinum and rainbow trout apoA-I also inhibited the 

growth of E.coli, Pseudomonas sp., and Yersinia ruckeri [20]. Recombinant apoA-I in channel 

catfish possessed antimicrobial activity against Aeromonas hydrophila at 6 mM and 12 mM [23]. 
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Apolipoprotein A-I has also been demonstrated to be a positive acute phase protein in Atlantic 

halibut (Hippoglossus hippoglossus) following vaccination for Vibrio anguillarium and 

Aeromonas salmonicida [25]; in channel catfish (Ictalurus punctatus) infected with Aeromonas 

hydrophilia [23]; and in orange-spotted grouper (Epinephelus coioides) challenged with 

lipopolysaccharide, poly(I:C), Vibrio alginolyticus, and Singapore grouper iridovirus (SGIV) 

[26]. Apolipoprotein A-I expression in the liver of grouper infected with SGIV was upregulated 

as early as 6 h p.i., and remained so 3 and 5 d later [26]. Similarly, apolipoprotein A-I gene 

expression in the liver of channel catfish was increased 2 d after exposure to A. hydrophila. In 

contrast, rainbow trout apolipoprotein A-I may not be a positive acute phase protein since there 

was no significant difference in hepatic expression or plasma concentration between healthy and 

diseased fish with external skin legions [20].  

The genome of walleye is not available, and there is very little information regarding their innate 

immune capability. Identification of PRRs or acute phase proteinss in walleye may shed light 

into mechanisms of disease resistance. Therefore plasma proteins that bound to F. columnare 

were isolated from walleye plasma. Mass spectrometry and PCR were used to generate further 

sequence information for one protein and quantitative PCR was used to investigate hepatic gene 

expression during an experimental infection with VHSV.  
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3.3 Materials and Methods 

3.3.1 Walleye plasma 

 

Walleye obtained from Manitoulin Lake, Ontario, in collaboration with the Ontario Ministry of 

Natural Resources, were held at Hagen Aqualab (University of Guelph) in recirculated well 

water at 11 °C and fed commercial trout pellets. Whole blood was collected by caudal 

venipuncture and mixed with 18 mM sodium citrate buffer at a ratio of 9 to 1 and stored on ice. 

Blood was centrifuged (5000xg, 4 °C, 20 min) and plasma was stored at -20 °C. For use, plasma 

was thawed in 30 IU heparin for each 40 ml of plasma, and dialysed across a Spectrapore 

membrane (Spetrum Medical, CA) overnight in 10 volumes of TBSCa
2
 and fibrinogen was 

removed with 50 mM calcium chloride. Dialysed plasma was decanted and centrifuged (5000 g, 

4 °C, 20 min) before being syringe filtered (0.2 mm, Nalgene Company, NY, USA) and used in 

the binding assay. 

3.3.2 Flavobacterium columnare and bacterial binding assay 

 

F. columnare strain B69-97 was isolated from a mortality event due to branchial columnaris in 

farmed Ontario rainbow trout. Bacterial stock that had been frozen in glycerol at -80 °C was 

grown on cytophaga agar (CA) [89]. Pure colonies were selected, grown in cytophaga broth (CB) 

to logarithmic phase and harvested by centrifugation (8000xg, 4 °C, 10 min), washed four times 

in TBSCa
2
 buffer and fixed in 0.05 % formalin v/v in TBSCa

2
+ at 4 °C overnight before being 

washed in 10 volumes of TBSCa
2
+ for use in the bacterial binding assay as described [14]. 

Briefly, bacteria were washed five times using centrifugation and resuspension in fresh TBSCa
2
 

and were finally resuspended in either 35 ml of whole pooled walleye plasma or in TBSCa
2
 

alone as a negative control. Following a 2 h incubation at 4 °C, bacteria were washed ten times 



 

 

53 

 

with 200 ml TBSCa
2
 per wash as described above. Proteins bound to the bacteria in a 

carbohydrate-dependent manner were competitively eluted from the bacterial pellet by re-

suspension and 1 h incubation in 20 ml of TBSCa
2
 containing 300 mM each of; galactose (Gal), 

glucose (Glu), N-acetyl-glucosamine (GlcNAc), N-acetyl-mannosamine (ManNAc), mannose 

(Man) and L-fucose (fuc-L). Bacteria were washed three more times before 40 mM EDTA was 

applied to remove any remaining proteins that required calcium (Ca
++

) to bind. Unbound plasma, 

pre-sugar elution wash, sugar elution, pre-EDTA elution wash and EDTA elution were collected, 

filtered (0.2 mm syringe filters, Nalge Company, NY, USA), concentrated (Amicon MWCO 

5000 kDa, Millipore, Carrightwohill, Co. Cork, Ireland) and resolved on reducing 1D-SDS 

PAGE. 

3.3.3 One dimensional SDS-PAGE 

 

Walleye plasma was characterized by one dimensional (1D) SDS-PAGE using a 15% acrylamide 

resolving gel under reducing conditions with the Mini-PROTEAN electrophoresis system 

(Biorad, CA, USA). Samples were diluted in sample buffer (0.2 M TrisHCl pH 6.8, 8% SDS, 

40% glycerol, 0.004% bromophenol blue) with the addition of 50 mM dithiothreitol followed by 

heating at 100 
o
C for 5 min. Gels were stained overnight with SYPRO Ruby Protein Gel Stain 

(Life Technologies, CA, USA), destained following the manufacturer’s instructions and 

visualized on a ChemiDoc MP (Biorad, CA, USA). 

3.3.4 PCR to generate further sequence of apolipoprotein peptides 

 

A liver tissue sample frozen in RNAlater from a healthy walleye was obtained from our 

laboratory and total RNA was extracted using TRIzol Reagent (Ambion, Rochester USA) 

according to the manufacturer instructions. cDNA was then synthesized using Superscript III 
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reverse transcriptase (Life Technologies, CA, USA) according to the manufacturer’s instructions 

at 42 
o
C for 50 min using oligo-dT primers. cDNA was diluted 10-fold and 1 l was used for 

PCR using walleye apolipoprotein primers (Table 3.1) that were designed from the striped bass 

apolipoprotein A-I sequence obtained from GenBank. Rainbow trout actin primers were used as 

controls (Table 3.1). PCRs were conducted with Platinum Taq DNA polymerase (Life 

Technologies, CA, USA) according to the manufacturer’s instructions. PCR products were 

resolved on a 1.5% agarose gel, stained with SYBR Safe (Life Technologies, CA, USA), and 

visualized on a ChemiDoc MP system (Biorad). Bands were excised under UV light, gel purified 

with a MinElute PCR purification kit (Qiagen, CA, USA), and cloned into the pCR 4 TOPO 

plasmid vector for sequencing using the TOPO-TA cloning kit (Life Technologies). All steps 

were performed according to the manufacturer instructions. M13 forward and reverse primers 

were used to generate PCR products that were then sequenced (University of Guelph Molecular 

Supercenter; 3730 DNA Analyzer, Applied Bioscience). 

3.3.5 Experimental infection of walleye with VHSV 

 

A VHSV experimental infection trial was previously conducted [100] and samples from two 

experimental groups were selected: controls (exposed to 10% minimum essential media (MEM) 

in 6 L water) and infected (i.p.-injected with 1.49 x 10
8
 plaque-forming units [PFU] VHSV/fish). 

Duplicate tanks (n=20/tank; average weight 3.6g) of walleye were used per treatment group. 

Two fish were sampled from each tank at d 0, 6, and 11 and livers) were collected separately in 

RNAlater and frozen at -80 °C. Total RNA was extracted from frozen tissues in RNAlater using 

TRIzol Reagent (Ambion, Rochester USA) according to the manufacturer instructions and as 

described [100]. RNA was stored at -80 °C until used.  
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3.3.6 Reverse-transcription quantitative PCR (RT-qPCR) for walleye apolipoprotein gene 

expression  

 

The RNA concentration of each sample was determined using Nanodrop (Thermo Scientific, 

MA, USA) and all samples were standardized to 250 ng/l with distilled water.  

The primers and probe to amplify the walleye apolipoprotein A-I were designed using 

Primer3Plus (Table 3.1). RT-qPCR was performed according to the manufacturer’s protocols 

using the Roche LightCycler 480 RNA Master Hydrolysis Probe kit (Roche, CA, USA) and a 

Roche LightCycler 480. A dilution series of the cloned gene into the TOPO vector (10
2
 to 10

9
 

copies) was prepared for use as a standard curve. Mean threshold cycle (Ct) value was 

determined at each 10-fold dilution of the standard curve, run in quintuplet. Subsequent qPCR 

reactions were run on 96-well plates, and 5 copies of the 10
5
 standard was run to ensure the mean 

Ct value matched the standard curve within 0.5 Ct. The Ct values of the samples were 

extrapolated into the external standard curve to calculate copy number. 

3.3.7 Bioinformatics and statistical analysis 

 

Protein and gene sequences were obtained from the GenBank sequence database provided by the 

National Center for Biotechnology Information (NCBI). Sequence alignments and analysis were 

performed with Geneious version R8 [90]. Two-way repeated measure ANOVA and pairwise 

multiple comparison procedures (Holm-Sidak method) were performed using SigmaPlot version 

11.1, from Systat Software, Inc., San Jose California USA. 
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Table 3.1  List of primers and probe sequences used in this study.  

 

Primer Sequence 5' - 3' Tm 

qPCR REV TGGCGGAATACTCTGTGATG 

58 °C 
qPCR 
PROBE [6FAM]CATCCAGGACTACCGTACAAGGATGGAA[BHQ1] 
qPCR FWD TGCACTGAGAGAGGTCATCG 
w598F CCTCACGAACTCCATCAGACC 

58 °C 
w598R CTTGTCTGAGGTGTTACCCG 
Carp Actin 
F AGAGCTATGAGCTGCCTGCCTGACG 

64 °C 
Carp Actin 
R GAGGGCTGTGATCTCCTTCTG 
wApoF GCCGCTATGGATGTGTACCT 

60 °C 
wApoR GAACAGACTCCACCATGGGCATCAG 
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3.4 Results 

 

3.4.1 Bacterial binding assay 

 

One dimensional SDS-PAGE resolution of the F. columnare-binding assay after EDTA elution 

demonstrated that two distinct bands, 22 and 14 kDa, were present when plasma was applied but 

were not present when TBSCa
2
+ alone was used (Figure 3.1). Partial amino acid sequences were 

obtained for the 22 kDa band by mass spectrometry; ALDQLDDTEYK and PIVEELR. Both 

peptides showed 100% similarity to the GenBank sequence of apolipoprotein A-I from striped 

bass (Morone saxatilis) (GenBank accession no. ACH90227.1). 

3.4.2 Walleye apolipoprotein sequence  

 

The walleye apolipoprotein A-I primers generated a 193 bp product. Regions of the translated 

sequence had 100% similarity to each of the partial amino acid sequences obtained from the 22 

kDa protein band that resulted from the F. columnare binding assay (Figure 3.2). The nucleotide 

sequence for walleye apolipoprotein A-I had the greatest degree of similarity (72.4%) to striped 

bass apolipoprotein A-I (Figure 3). Apolipoprotein A-I nucleotide sequences from 8 other 

teleosts were 67.3- 68.5% similar to that from walleye, however these grouped separately (Figure 

3.3). 

3.4.3 VHSV experimental infection and quantification of walleye apolipoprotein gene 

expression 

 

No mortality occurred in the sham-infected control group (not shown) but the VHSV-infected 

group experienced 45% mortality [100]. Mortality had ceased by 12 d p.i.. VHSV was detected 

from infected fish using RT-qPCR and there were necrotizing and inflammatory lesions typical 

of VHSV (not shown) [100] . Walleye apolipoprotein A-I hepatic gene expression was 
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significantly upregulated in the experimental VHSV group 13.2-fold at day 6 and 28.5-fold at 

day 11 (p<0.001 both days) in comparison to sham-infected walleye (Figure 3.4).  
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Figure 3.1 15% SDS-PAGE of Flavobacterium columnare EDTA elutions of bound walleye 

plasma and TBSCa
2
+ controls, stained with SYPRO® Ruby. Molecular weight markers are 

indicated. A: walleye plasma and F. columnare; B: TBSCa2+ and F. columnare. Bound plasma 

proteins indicated (-), as are proteins for which amino acid sequence was obtained (arrow head).  
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Figure 3.2. Alignment indicating similarity between walleye apolipoprotein and partial amino 

acid sequences. 1, 2: partial amino acid sequences obtained from 22 kDa band from F. 

columnare binding assay. 3: Translation of apolipoprotein A-I PCR sequence. Green residues 

indicate 100% similarity. 
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Figure 3.3 A neighbour joining tree with the jukes-cantor formula showing the similarity of 

walleye apolipoprotein A-I to ten other teleost fish. Rainbow trout (Oncorhynchus mykiss) 

apolipoprotein A-I is included as an outgroup. 
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Figure 3.4 Apolipoprotein A-I hepatic gene expression at d 0, 6, 11 p.i. Green: control group 

injected with sterile MEM. Red: experimental group injected with 1.4 x 10
8
 PFU VHSV. Gene 

expression was determined by direct quantification using a standard curve of 10
3
 to 10

8
 copies 

and measured in copy number per 250 ng total RNA. Results are the mean of four fish at each 

point. 
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3.5 Discussion 

 

Walleye are variably susceptible to VHS [98,100,101].  Experimental infection reliably leads to 

necrosis and inflammation in multiple tissues and is a suitable model to examine the stimulation 

of an acute phase response [97,98,100,102]. The fish from which samples were obtained 

consistently had moderate to severe necrotizing hepatic, cardiac and renal lesions and an 

inflammatory infiltrate if the fish survived for a week or more [100]. The increased hepatic 

expression of walleye apolipoprotein A-I at 6 and 11 days following VHSV infection is in 

agreement with previous research [25,26,103] and supports a role for apolipoprotein A-I as a 

positive acute phase protein in walleye. 

Purified apolipoprotein A-I from common carp [21], striped bass [24], rainbow trout [20], and 

channel catfish [23] all demonstrated antibacterial activity against Gram negative bacterial 

pathogens of fish in vitro. This study did not investigate the antibacterial activity of walleye A-I 

against F. columnare, however given the sequence similarity of A-I it is possible walleye A-I 

shares this activity. There are positive acute phase proteins of teleosts which also demonstrate 

antibacterial activity. The upregulation of the positive acute phase proteins C-reactive protein 

[76,77,104] and serum amyloid P component [105] is likely related to their known antibacterial 

activity during the acute phase response. 

Apolipoprotein A-I has also been demonstrated as a positive acute phase protein in response to 

viral infection in grouper [26] and bacterial challenge in channel catfish [23]. Hepatic A-I gene 

expression was increased at 6, 12, and 24 h following infection with A. hydrophila in channel 

catfish [23] and at 6, 12, 24, 48, 72, 96, 120 h following infection with SGIV [26].  
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The upregulation of walleye A-I after experimental infection with VHSV in this study at 6 d p.i. 

is consistent with these previous studies time frame for gene upregulation, however neither study 

measured as long as 11 days p.i. for comparison . In contrast, rainbow trout apolipoprotein A-I is 

not a positive acute phase protein; hepatic expression or plasma concentration was unchanged 

between healthy and diseased fish [20]. This is likely due to species variation in function since 

the sequence of walleye apolipoprotein is least similar to that of rainbow trout apolipoprotein 

(Figure 3.3).  

Despite the low level of primary sequence conservation between closely related fish, 

apolipoprotein A-I displays consistent antimicrobial activity against Gram positive and Gram 

negative fish pathogens. In common carp, apolipoproteins associated with high density 

lipoproteins are produced as a component of surface mucus [21]. Since the mucus-covered 

epithelial surface is a primary site of colonisation for F. columnare [4], it is a significant finding 

that walleye apolipoprotein will bind F. columnare. Identification of walleye apolipoprotein as a 

binding protein for F. columnare supports a role for circulating apolipoprotein A-I as a PRR. The 

presence of apolipoprotein A-I in the walleye epidermis should be investigated using the 

established RT-qPCR assay to determine epithelial gene expression during the course of a 

bacterial infection. Raising an antiserum towards walleye apolipoprotein A-I would allow  

localization, through IHC, to determine if the protein is present in the epidermis, mucosal layer, 

and/or other tissues. IHC could then be further used to co-localise apolipoprotein A-I and F. 

columnare during an infection challenge in tissues determined to be positive for apolipoprotein 

A-I expression. This would provide further in-vivo evidence for walleye apolipoprotein 

interacting with F. columnare. A polyclonal antibody was raised in this study however a western 
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blot detected a large number of bands (not shown) and it was determined to be not specific 

enough for further use.   

This study determined that following infection with VHSV, walleye apolipoprotein A-I acts as a 

positive acute phase reactant.  
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4.0 General discussion 

 

The first hypothesis of this thesis stated that “p9.5” was an LPS-inducible, positive acute phase 

protein in rainbow trout. “p9.5” was identified as Type-IV ice-structuring protein LS-12. An 

antibody specific to LS-12 was raised and used in an ELISA to determine that plasma 

concentration of LS-12 did not change up to 15 days p.i. with F. psychrophilum. An RT-qPCR 

assay specific to LS-12 revealed that hepatic gene expression was significantly down-regulated 

at 3 and 6 d p.i. In conclusion, rainbow trout LS-12 was not an acute phase protein under the 

present experimental conditions as neither the plasma concentration nor hepatic gene expression 

increased following experimental infection with F. psychrophilum. 

A limiting factor in this portion of the thesis was that only eight amino acid residues were known 

and these were therefore used to design the polyclonal antibody.  These residues were found to 

be within the 3' end of the apolipoprotein binding domain. Generation of an antibody that binds 

to an epitope of LS-12 outside of the binding domain may allow for improved plasma 

quantification. It does seem reasonable to conclude that LS-12 is not a highly upregulated acute 

phase protein and that a mechanism apart from increased expression might explain the original 

finding of increased plasma concentration after inflammation.   

Further functional characterization for rainbow trout LS-12 is necessary given that type IV 

antifreeze proteins can have limited functional antifreeze activity. Tissue localization by 

immunohistochemistry (IHC) would provide useful information as to where the protein is being 

expressed, as this thesis only examined plasma protein concentration. In a future infection trial a 

portion of tissues should be collected for analysis by IHC at each time point, to determine where 

LS-12 is expressed and if this expression is altered by infection with a Gram negative pathogen. 
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Co-localising IHC would also be a useful step in order to explore the interaction between LS-12 

and F. psychrophilum in the tissues and mucosal layers. 

Since the original study indicated that LS-12 was highly upregulated in response to injection 

with LPS and Freund’s incomplete adjuvant (FIA) it should be determined if LS-12 is capable of 

binding to purified LPS or to a Gram negative pathogen. Affinity chromatography and a bacterial 

binding assay with F. psychrophilum could be used to determine the binding capability of LS-12. 

A bacterial binding assay as described in chapter three should also be used with rainbow trout 

plasma to determine if plasma-circulating LS-12 binds F. psychrophilum. Because 75-fold is an 

unusually high degree of up-regulation for fish acute phase protein it may be worthwhile 

repeating the original experiment [27] to confirm these results. Experimental groups should 

include rainbow trout injected with LPS, LPS with an oil immersion as an adjuvant, and a 

control.  

The second hypothesis stated that walleye apolipoprotein A-I was a plasma circulating, positive 

acute phase protein capable of binding to F. columnare. This thesis determined that walleye 

apolipoprotein A-I is a plasma protein capable of binding to F. columnare. It was also shown that 

walleye apolipoprotein A-I gene expression increases in response to experimental infection with 

VHSV and that it may be an APP. While studies have indicated that purified apolipoprotein A-I 

from common carp [21], striped bass [24], rainbow trout [20], and channel catfish [23] all 

demonstrate antibacterial activity against Gram negative fish pathogens, this is the first study 

indicating that this apolipoprotein can bind a Gram negative pathogen. Apolipoproteins bind to 

lipids for transport and may function as circulating pattern recognition receptors by binding to 

and clearing bacterial lipids during a Gram negative infection. 
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A polyclonal antibody was raised in this study, however western blot detected a large number of 

bands and it was determined to be not specific enough for further use (not shown).  A more 

specific polyclonal antibody should be raised in order to further investigate protein expression. 

While this study supports a role for apolipoprotein A-I as a potential APP during VHSV 

infection, an infection trial performed using a Gram negative bacterial fish pathogen would also 

be worthwhile. Plasma concentration should be directly determined using indirect ELISA to 

complement tissue gene expression analysis. IHC should be used as previously described in 

order to measure protein expression in tissues before and during an infection. Since 

apolipoprotein A-I was already demonstrated to bind F. columnare in plasma, co-localising both 

with IHC would be useful to determine if they interact in tissues or the mucosal layer.  

Rainbow trout LS-12 and walleye apolipoprotein A-I both contain apolipoprotein domains and 

this thesis has reported the first sequences for each. 

Apolipoproteins are lipid binding proteins capable of binding to lipids in fish plasma. Gram 

negative bacterial pathogens including F. columnare and F. psychrophilum are an issue for the 

culture of both rainbow trout and walleye, further stressing the importance of investigating innate 

immune responses that might reduce their impact on fish health. Apolipoprotein A-I appears to 

be an important acute phase response in walleye, while LS-12 does not appear to be a highly 

upregulated acute phase protein. 
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