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Abstract 

Seawater-transferred rainbow trout (Oncorhynchus mykiss) has become an attractive aquaculture 

product in recent years. Industrial interest is mainly due to its resistance to infectious pancreatic 

necrosis and its adaptability to brackish water, which allows farming in otherwise unexploited 

locations. However, most practices for the aquaculture of this species have been imported from 

Atlantic salmon (Salmo salar) without evidence data supporting their suitability for the species. 

These include protocols to induce their preadaptation to seawater (smoltification). As a result, 

following seawater transfer, large numbers of fish die (around 10%) or become growth-stunted 

(GS; 10-60%). Therefore, species-specific rearing protocols and seawater-readiness biomarkers are 

needed.  

In the present PhD thesis, the effects of different photoperiod and temperature protocols for 

rearing in freshwater were assessed on the development of smoltification traits and subsequent 

seawater performance. This was achieved by using an array of molecular tools to measure 

osmoregulation-, growth- and haematopoiesis-related genes, proteins and hormones. Moreover, 

the discovery of potential seawater-readiness biomarkers and the study of smoltification, seawater 

adaptation and GS fish development were performed using several mass spectrometry proteomic 

and lipidomic approaches.  

Results suggest that winter light signals are inadvisable for the species, while all tested summer 

signals produced similar good results. Moreover, increased temperature protocols not only failed 

to improve smoltification and growth but potentially compromised the immune system of the fish. 

Overall, continuous light seems an advisable light regime, irrespective of temperature. Moreover, 

new promising potential biomarkers for seawater-readiness were identified using proteomics, 

while also suggesting a previously unknown role of these proteins in smoltification and seawater 

adaptation. Finally, GS development was shown to be related to low insulin-like growth factor 1 

levels following seawater transfer. Moreover, other related factors to the phenotype were higher 

stress levels, possibly caused by bullying by bigger fish, and hepatic anomalies related to oxidative 

stress.  
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Chapter 1: General introduction 

1.1. General background 

Over 600 different animal species are currently produced in aquaculture systems, including finfish 

(e.g. catfish, trout, carp, tilapia, salmon), crustaceans (e.g. shrimp, prawn, crabs, freshwater crayfish), 

and molluscs (e.g. mussels, oysters and clams) (Troell et al., 2014). In Northern Europe, salmonids are 

the main cultured fish species. Worldwide, Norway is the biggest salmonid producer with over 1.3 

million tonnes of Atlantic salmon (Salmo salar) in 2016 (Food and Agriculture Organization of the 

United Nations, 2019), followed by Chile at over 600,000 tonnes/year, and Scotland at over 170,000 

tonnes/year.  

While still small compared to Atlantic salmon production, over the last three decades there has been 

an increase in the aquaculture production of seawater-transferred rainbow trout (Oncorhynchus 

mykiss), which reached over 84,000 tonnes in Norway alone in 2016 (Figure 1.1) (Food and Agriculture 

Organization of the United Nations, 2019). The situation in Scotland is similar, with several aquaculture 

companies now increasing their production. Industrial interest in seawater-transferred rainbow trout 

is based on their resistance to infectious pancreatic necrosis (Okamoto et al., 1993; Ozaki et al., 2001) 

and due to their preference for brackish water (0.5 to 30‰ salinity) compared to Atlantic salmon 

(Altinok and Grizzle, 2001). This preference for brackish water allows producers to grow rainbow trout 

in locations that are less prone to sea lice (Lepeophtheirus salmonis) infestations and that would not 

be as suitable for Atlantic salmon production, thus making use of otherwise unexploited locations. 

 

Figure 1.1. Seawater-transferred rainbow trout production in Norway. Source of data: Food and 

Agriculture Organization of the United Nations (2019). 
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Having said this, the industry is faced with a major challenge: independently of the location, following 

seawater transfer, fish experience high mortality rates (around 10%) and a significant portion 

(between 10 and 60%) become growth-stunted (GS). GS rainbow trout exhibit little to no growth 

following transfer to seawater and become extremely lean. Moreover, they often show injuries, acute 

fin damage, and high abundance of melanin in their skin, indicating that they are under severe stress 

(Ellis, et al., 2008; Ellis, et al., 2012). Therefore, this is not only problematic in economic terms but also 

when it comes to animal welfare. The problem occurs throughout the year but more notably during 

the summer months, forcing some companies to cease their production during this season, and 

therefore abandoning one third of their potential production per year. 

Before transfer to seawater, salmonids need to develop hypo-osmoregulatory competence in 

freshwater, as well as a series of other adaptations that are grouped under the term smoltification, 

which are aimed at maximizing performance and survival in seawater. In salmonids, the smoltification 

process is controlled by changes in day length and temperature, although developmental responses 

vary between species and strains. While in Atlantic salmon these mechanisms are well described and 

the knowledge is implemented into a successful all-season smolt production (Stead and Laird, 2002), 

in rainbow trout there is limited knowledge on the environmental control of smoltification and 

appropriate tools to assess smolt status are lacking (Berejikian et al., 2016). An example of this 

knowledge gap in rainbow trout production is illustrated in the common practice of using continuous 

light (LL) and to regard seawater tolerance only as size-dependent, despite this being a production 

strategy that gives reduced smolt quality in Atlantic salmon (Farmer, 1994; Stead and Laird, 2002). 

Hence, the development of GS fish is likely related to a lack of understanding of vital intrinsic (e.g. 

endocrine control) and extrinsic (environmental control) factors governing smolt development in 

rainbow trout and leading to suboptimal timing of seawater transfer. 

 

1.2. Anadromy and Salmonids 

Migration is a long-distance movement driven by the need to obtain energy for maintenance, growth, 

and reproduction. Migratory animals take advantage of seasonally predictable patterns of resource 

availability and predator abundance within or among habitats and they travel accordingly to meet 

their energy demands while seeking maximal survival, although there is often a trade-off between the 

two (Fleming and Reynolds, 2004; Quinn et al., 2011). For fish, most of the species do not migrate or 

these migrations occur within the same water type. However, in less than 1% of fish species, which 

are known as diadromous, migrations involve crossing the boundary from freshwater to seawater, or 

vice versa (Quinn et al., 2016). Generally, in lower latitudes, where productivity in freshwater 
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ecosystems tends to exceed that of seawater, these fish are catadromous, spawning in seawater and 

migrating to freshwater streams to grow. Contrarily, in higher latitudes freshwater ecosystems are 

less productive than the ocean and diadromous fish tend to be anadromous, spawning in freshwater 

and growing primarily at sea (Gross et al., 1988). 

Anadromy is widespread over several fish families including salmonids, lampreys, sturgeons, clupeids, 

osmerids, and basses (McDowall, 2008; Potter et al., 2015). But the most studied exponent are 

salmonids (salmons, trouts and charrs), which provide an economic and cultural benefit to humans 

and to their ecosystem by transporting nutrients between the ocean and freshwater habitats (Gende 

et al., 2002).  

The salmonid family is composed of entirely freshwater-resident species such as graylings (Thymallus 

spp.), obligate anadromous species like the pink salmon (O. gorbuscha) and chum salmon (O. keta), 

and species that can present both life histories, like rainbow/steelhead trout (Quinn and Myers, 2004). 

Having both life-histories in a species is understood as a strategy that spreads mortality over space 

and time, which decreases population fluctuations and makes the species more resilient to 

environmental changes (Moore et al., 2014). 

While anadromous fish grow more than their freshwater-resident counterparts, environments with 

the greatest food availability tend to be characterised by a larger density of predators (Lima and Dill, 

1990). Consequently, anadromous fish face a mortality rate that may exceed in 95% that of 

freshwater-residents (Hendry et al., 2004). However, their bigger size gives them a reproductive 

advantage (Fleming and Reynolds, 2004; Quinn et al., 2011).  

O. mykiss is a species with dual life history in terms of migration. The freshwater-resident phenotype 

of the species is called rainbow trout while the anadromous phenotype is known as steelhead trout 

(Pearse et al. 2009). These two phenotypes usually cohabit in sympatry and can originate from the 

same cohort (Christie et al., 2011; Kendall et al., 2015). The proportion of each phenotype is influenced 

by genotype (Nichols et al., 2008; Hecht et al., 2013), individual condition (size, growth rate, energy 

storage) (McMillan et al., 2012) and environmental factors (Sloat et al., 2014). Regardless, efforts to 

produce a strain with a single phenotype, either selecting the sea-run (Sharpe et al., 2007; Christie et 

al., 2011; Sloat and Reeves, 2014) or the freshwater-resident (Thrower and Joyce, 2005; Hayes et al., 

2012), have failed.  

O. mykiss were first introduced to Europe in 1870, supposedly from a freshwater-resident population 

in the San Francisco Bay area (Stankovic et al., 2015). They were mostly released in lakes for 

recreational fishing and used for freshwater aquaculture (Savini et al., 2010). As a result, these fish 

are rarely anadromous and they are only referred to as rainbow trout in Europe. Regardless, the 
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steelhead phenotype is still present in some of these introduced populations since, if seawater can be 

reached, some individuals will naturally migrate (case of Lake Constance, Germany; Stankovic et al., 

2015). Therefore, European rainbow trout still had the potential to be reared in seawater. After 

generations of selection for seawater migrants, this is what some countries including Norway or 

Scotland are currently doing (Food and Agriculture Organization of the United Nations, 2019). 

 

1.3. Smoltification 

Salmonids spawn in freshwater. Therein, the first stage of their life cycle occurs, that is, from the 

hatching of the eggs, through alevins living off their yolk-sac, to fry feeding actively. During their fry 

stage, parr marks (dark vertical bars or ovals found along the side of the fish) will appear on their skin 

and the fish will enter their parr stage, which lasts from months to years depending on the species 

(Björnsson et al., 2011). At this point, freshwater-residents will keep growing and mature in freshwater 

while migrating salmonids will develop a series of preadaptations to life in seawater, collectively 

known as smoltification, and become smolts. After migrating to the ocean, smolts start their post-

smolt (or adult) stage during which they grow for a number of years before returning to their natal 

freshwater streams to reproduce. While some species like the sockeye salmon (O. nerka) die after 

spawning, others like Atlantic salmon and wild migrating rainbow trout or steelhead trout will usually 

survive (Auer et al., 2018). 

Smoltification takes place upon reaching a threshold size, typically between 10 and 15 cm (McCormick 

and Saunders, 1987; Kendall et al., 2015). At this point environmental cues, such as changes in 

photoperiod and water temperature, trigger an endocrine reprogramming (i.e. changes in the cytology 

of the tissue) of mainly the pituitary, thyroid and inter-renal tissues of parr fish (Prunet, P., Boeuf, 

Bolton and Young, 1989). In turn, these endocrine tissues orchestrate a series of nearly simultaneous, 

yet often independent, changes that preadapt anadromous salmonids to life in seawater and are 

collectively grouped under the term smoltification (Hoar, 1988; Björnsson et al., 2011). Most seawater 

adaptation changes, but not all, are reversible and last during a short period of time (i.e. smolt 

window). If fish do not reach seawater within the smolt window, seawater adaptation changes are 

lost and fish readapt to freshwater (desmoltification) (Stefansson et al., 1998).  

For steelhead trout, the smolt window typically lasts for 3-4 months (Wagner, 1974a; Dickhoff et al., 

1978; Negus, 2003) and migration occurs in midspring after the first year of life (Hayes, et al., 2008; 

Satterthwaite et al., 2009), although it can also happen at age 2, 3 or above (Sogard et al., 2012). 

A majority of the work studying smoltification has been done in Atlantic salmon, coho salmon (O. 

kisutch), Chinook salmon (O. tshawytscha), brown trout (Salmo trutta) and steelhead trout. Therefore, 



5 

 

the knowledge on smoltification comes from a generalization over a collage of species. However, for 

the most part, smoltification control (intrinsic and extrinsic) and smoltification changes are consistent 

across species (Høgåsen, 1998; Stefansson et al., 2008; Rousseau et al., 2012). 

 

1.3.1. Intrinsic factors. Endocrine control of smoltification 

While environmental factors set the smoltification in motion, controlling its timing and magnitude, 

the endocrine system is the effector as it orchestrates all the seawater adaptation changes that take 

place. In this sense, the key endocrine organ is the pituitary gland and smoltification cannot occur in 

hypophysectomised parr (Nishioka et al., 1982). In turn, the pituitary is responsible for controlling the 

function of other endocrine organs. It exerts influence over the thyroid through the pituitary hormone 

thyrotropin, promoting the production of thyroid hormones (TH), over the inter-renal tissue through 

the pituitary hormone adrenocorticotropin (ACTH), which promotes the release of corticosteroids 

(mainly cortisol), and over other tissues through the pituitary growth hormone (GH), which acts on 

tissues directly or indirectly via the hepatic production of insulin-like growth factor 1 (IGF-I) (Rousseau 

et al., 2012). 

 

Figure 1.2. Environmental and endocrine control of smoltification.  
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1.3.1.1. The thyrotropic axis 

THs are pituitary hormones and crucial regulators of metabolism, differentiation and development in 

vertebrates (Ávila-Mendoza et al., 2016). They are involved in most metabolic pathways influencing 

changes in protein, lipid, carbohydrate and vitamin metabolism and are key for the normal function 

of processes like growth, metabolic balance or cognition (Zhang and Lazar, 2000; Smith et al., 2002). 

Tetra-iodothyronine (T4) is the predominant hormone secreted. T4 has few direct actions and acts 

mainly as a precursor for tri-iodothyronine (T3), which is biologically more active (Power et al., 2001). 

The conversion of T4 to T3 occurs in the peripheral tissue by the enzymatic removal of one iodide unit 

(Eales and Brown, 1993). These hormones circulate in plasma attached to proteins like albumin, 

transthyretin, thyroxine-binding globulin or lipoproteins (Babin, 1992; Power et al., 2001). In the case 

of migrating salmonids, T3 and tetra-iodothyronine (T4) have been demonstrated to be deeply 

involved in the regulation of smoltification (Iwata, 1995).  

Circulating TH levels increase at the start of the smolt window (Boeuf and Prunet, 1985; Hoar, 1988) 

and their function in the regulation of smoltification is mainly related to the development of migratory 

behaviour and changes in energy reserve metabolism, but also to changes in skin coloration and in the 

composition of muscle, visual pigments and hemoglobin isoforms (Høgåsen, 1998; Stefansson et al., 

2008; Rousseau et al., 2012). 

1.3.1.2. The somatotropic axis 

The somatotropic axis, including GH, IGF-I, IGF-II, their associated carrier proteins and their receptors, 

is classically involved in the regulation of growth and metabolism in vertebrates. GH is protein 

hormone that has an important role in growth control, mainly promoting body growth by stimulating 

the liver and other tissues to secrete IGF-I. In turn, IGF-I is protein hormone functionally and 

structurally related to insulin but with higher growth-promoting activity (Renaville et al., 2002). In fish, 

the mechanism of somatotropic action on growth through GH directly, or by the activation of GH 

receptor (GHr) and the subsequent production of hepatic IGF-I has been studied in multiple groups 

(Beckman, 2011). In turn, the activity of IGF-I (and IGF-II) is regulated by a family of six IGF binding 

proteins (IGFBPs), which either either inhibit or enhance the growth-promoting actions of IGF-I and 

IGF-II (Shimizu et al., 2011a). IGFBP1 is one of the most studied in the family. It is an inhibitor of growth 

which is expressed under catabolic conditons. Similarly, IGFBP2, 4 and 6 are considered growth 

inhibitors (Rajaram et al., 1997, Duan et al., 1999; Zhou et al., 2008), while IGFBP3 and 5 potentiate 

the effects of IGF-I and II (Rajaram et al., 1997, Shimizu et al., 2011b). 

When it comes to the smoltification process, circulating levels of both GH and IGF-I, and the 

abundance of GHr, increase at the start of the smolt window (Mori et al., 2001; Kiilerich et al., 2007; 
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Shimomura et al., 2012). GH and IGF-I are mainly involved in the development of seawater tolerance, 

migratory behaviour and smolt morphology (Boeuf et al., 1994; Shrimpton and McCormick, 1998a; 

Rousseau et al., 2012). 

1.3.1.3. The corticotropic axis 

The corticotropic axis, otherwise known as the stress axis, is formed by ACTH and corticosteroids like 

cortisol. Its main role is to allow the adaptation of an organism to bodily and environmental challenges 

by inducing behavioural and physiological changes that improve the ability of the organism to regain 

homeostasis (Tsigos and Chrousos, 2002). Cortisol is the hormonal end product of the axis and it plays 

a crucial role in the adaptation to challenges by binding to glucocorticoid receptors that are present 

in almost every tissue of the body. As a result, cortisol mediates many metabolic processes including 

energy mobilization towards brain and muscles, modulation of the immune system, increasing glucose 

utilization, or increasing blood flow and respiration (McEwen and Seeman, 1999; Fries et al., 2009). 

Because of its activation under conditions of homeostatic challenge, this axis is classically involved in 

the response to stress, and cortisol is the most widely used stress marker in vertebrates (Tsigos and 

Chrousos, 2002), including fish (Sloman et al., 2001; Ellis et al., 2012). 

Similarly to TH, GH and IGF-I, circulating levels of cortisol increase during smoltification (Langhorne 

and Simpson, 1986; Shrimpton and McCormick, 1998b). The main implications of this hormone in 

smoltification include the development of seawater tolerance, migratory behaviour and changes in 

energy reserve metabolism (Richman et al., 1985; Sheridan, 1986; Madsen 1990a) 

1.3.1.4. The gonadotropic axis 

The gonadotropic axis is classically linked to sexual maturation and is involved in development of the 

reproductive system, ageing, and immunity in vertebrates (Veldhuis, 2008). It is regulated by the 

pituitary luteinizing (LH) and Follicle-stimulating hormones, which promote the release of sex steroids 

from the gonads. For fish, these steroids are mainly estradiol in males and females and 11-

Ketotestosterone in males (Rousseau et al., 2012). 

In a smoltification context, the seawater adaptation process follows its natural course when no 

increase in sex steroids occurs (Patino et al., 1986; Parhar and Iwata, 1996). However, the release of 

sex steroids from mature gonads has been shown to inhibit seawater adaptation changes such as the 

development of migratory behaviour, or the smoltification process altogether (Munakata et al., 2001; 

Madsen et al., 2004). Hence, sexually mature fish either do not start the smoltification process or 

abort the development of related traits. Therefore, sexually mature freshwater salmonids do not 

migrate to seawater (Foote et al., 1994; Thorpe and Metcalfe, 1998; Nichols et al., 2008).  
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1.3.1.5. The pituitary-prolactin axis 

Prolactin is produced mainly in the pituitary gland. Its secretion is controlled by dopamine and affected 

by several factors, like stress (Torner and Neumann, 2002) or sex steroids (Palm et al., 2001). Prolactin 

is a multifunctional hormone involved in processes such as membrane lactation, reproduction, 

immune response, angiogenesis or osmoregulation in vertebrates (Bole-Feysot et al., 1998; Freeman 

et al., 2000). In fish it has been studied mainly in relation to osmoregulation due to its ion intake 

promoting effects (McCormick, 2001; Mancera and McCormick, 2007). 

Regarding the smoltification process, prolactin is considered a freshwater adaptation hormone, thus 

working against smoltification (Madsen, Steffen S. and Bern, 1992; McCormick, 2001). In this sense, 

prolactin is antagonistic to GH and IGF-I; it interacts with cortisol to revert seawater tolerance 

adaptation (Madsen, Steffen S. and Bern, 1992; Seidelin and Madsen, 1997; Sakamoto and 

McCormick, 2006). Prolactin circulating levels have been observed to increase towards the end of the 

smolt window (Prunet and Boeuf, 1989; Young et al., 1989), likely as part of the desmoltification 

process. 

 

1.3.2. Extrinsic factors. Environmental control of smoltification 

Though endogenous circannual rhythms influence smoltification of salmonids (Wagner, 1974b; 

Björnsson and Bradley, 2007), exogenous factors are the main drivers of smoltification. Hoar (1988) 

proposed that the environmental factors that influence smoltification are photoperiod, temperature, 

salinity, lunar phases, turbidity and flow rate. Nowadays, photoperiod is considered the most 

important factor (McCormick and Björnsson, 1994; Handeland and Stefansson, 2001; Taylor et al., 

2005), while temperature is less important but still has considerable influence (Handeland et al., 1998; 

McCormick and Moriyama, 2000; McCormick et al., 2002). 

1.3.2.1. Photoperiod 

Photoperiod is commonly manipulated in settings for aquaculture production of salmonids. For 

salmonids that migrate to seawater in spring or summer, including steelhead trout (Zaugg and 

Wagner, 1973a; Wagner, 1974a), long days after a period of short days (advanced photoperiod; 

summer signal) advance the onset of smoltification, while a shift from long to short days delays it 

(delayed photoperiod, winter signal) (Barron, 1986; Björnsson et al., 2011; Hayes, S. A. et al., 2012). 

For Atlantic salmon, this can be accomplished even in out-of-season periods of the year, allowing full 

year production (Handeland and Stefansson, 2001). However, this is not yet possible for rainbow trout, 

as the effects of photoperiod on their smoltification are still unclear. 
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Moreover, photoperiod is known to affect maturation rates and growth in Atlantic salmon and 

rainbow trout (Davies and Bromage, 2002; Berrill et al., 2003; Taylor et al., 2005). While freshwater 

maturation occurs more frequently after a long summer signal (8 months) following a winter signal (1 

month), growth rate is consistently highest at LL. 

Experimental work has shown the photoperiod control of smoltification to be regulated by the pineal 

gland through the production and release of melatonin (Porter et al., 1998; Iigo et al., 2005). The 

pineal gland is closely connected to the pituitary through catecholaminergic and nonapeptidergic 

neurons in what is described as the light-brain-pituitary axis (Holmqvist and Ekström, 1995). At the 

start of the smoltification process, a structural reorganization of this axis occurs, which has been 

shown to take place just prior to the increment of circulating TH and GH levels (Holmqvist and Ekström, 

1995; Ebbesson et al., 2003; Ebbesson et al., 2007). 

1.3.2.2. Water temperature 

Temperature manipulation can also be used to control the smoltification process. The onset of 

smoltification can be advanced by an increase in water temperature, which is at least partly due to an 

increase in metabolism and growth rate that makes the fish reach their threshold size for 

smoltification sooner (Feldhaus, 2006; Kammerer and Heppell, 2013; Doctor et al., 2014), but also 

because temperature acts as a rate-controlling factor on the physiological responses to changes in 

photoperiod (Handeland et al., 2004; Handeland et al., 2013).  

It is likely that both temperature and fish size affect many factors related to smolt survival, therefore 

conditioning the timing of migration and ocean entry (Björnsson et al., 2011; Handeland et al., 2013). 

If done correctly, an early temperature increment can result in an advance of the onset of 

smoltification (Staurnes et al., 1994; Solbakken et al., 1994; Handeland et al., 2004). However, overly 

high temperatures (over 13-15oC) can shorten the smolt window (Björnsson et al., 2011) or inhibit the 

smoltification process altogether (Zaugg and Wagner, 1973a; Ewing et al., 1979; Handeland et al., 

2000), while temperatures that are too cold (2oC) can also inhibit the development of seawater 

adaptation traits (McCormick and Moriyama, 2000). Deleterious effects of temperature on 

smoltification have been related to low circulating T4 levels (McCormick and Moriyama, 2000).  

Contrarily to these results, some studies show that steelhead trout are more likely to migrate when 

they do not find optimal conditions in freshwater (Sloat et al., 2014): a higher proportion of wild 

migrants was found in warm streams, with temperatures that went as high as 19.2oC on average, while 

sites where temperatures were around 15oC produced mostly freshwater-residents (Sogard et al., 

2012).  
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1.3.3. Seawater adaptation changes 

These changes can be biochemical, physiological, morphological, and behavioural in nature.  

1.3.3.1. Biochemical and physiological changes 
1.3.3.1.1. Osmoregulation 

1.3.3.1.1.1. Gill 

Gills are respiratory organs that extract dissolved oxygen from water and excrete carbon dioxide. 

However, they are also critical for ionic exchange and osmotic regulation. This osmoregulatory 

function is carried out by two types of specialized chloride cells, each present in different parts of the 

gill, proliferating at different stages and having differential roles due to their differential Na+,K+-ATPase 

(NKA) pump repertoire (Richards et al., 2003; Katoh et al., 2008; McCormick et al., 2009). Hence, 

lamellar chloride cells are found mainly in the lamellae of gills, are more abundant during the parr 

stage, and mainly contain the freshwater pump NKA α-subunit isoform 1a (NKAα1a), thus contributing 

towards freshwater tolerance (Figure 1.3). On the other hand, filamental chloride cells are found 

mainly in the gill filament, increase in abundance during smoltification and seawater adaptation, and 

mainly contain seawater pumps NKAα1b and Na+,K+,2Cl- cotransporter 1a (NKCC1a), thus being 

responsible for seawater tolerance (Nilsen et al., 2007; Flores and Shrimpton, 2012; McCormick et al., 

2013). 
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Figure 1.3. Chloride cells and pumps involved in salmonid osmoregulation. Mechanism of lamellar 

chloride cell (a) and filamental chloride cell (b), and in situ hybridization to show the location of 

NKAα1a (green) and NKAα1b (red) RNA in gills of parr (c), smolt (d) and post-smolt (e) Atlantic 

salmon. Yellow cells express both kinds of pump. FW: Freshwater, SW: Seawater, CFTR: cystic 

fibrosis transmembrane regulator. Adapted from McCormick et al. (2013). 

 

This increase in seawater pumps of gill tissue during smoltification is associated with an increase in 

the overall NKA activity of the gill, which creates an osmotic gradient that results in ion excretion, thus 

making the fish hypo-osmotic in seawater (Zaugg and Wagner, 1973a; McCormick, 1995). Therefore, 

NKA activity Is correlated to seawater performance and survival. After increasing during the 

smoltification process, NKA activity remains high during a variable number of months, depending on 

the species (Wagner, 1974a; Dickhoff et al., 1978; Negus, 2003), before decreasing again if the fish did 



12 

 

not successfully enter seawater (desmoltification). This period of high NKA activity and seawater 

tolerance is used to determine the smolt window. 

While experimental work indicates that development of gill NKA activity is not regulated by TH 

(Madsen, 1990b; Boeuf et al., 1994), treatment of parr salmonids with GH (Wedemeyer et al., 1980; 

Boeuf et al., 1994; Shrimpton and McCormick, 1998a), IGF-I (McCormick et al., 1991), and cortisol 

(Richman et al., 1985; Madsen, 1990a) significantly increased their gill NKA activity. On the other hand, 

prolactin prevents the formation of filamental chloride cells and increases the number of lamellar 

chloride cells, thus negatively affecting NKA activity and hypo-osmoregulatory capacity (Madsen, 

Steffen S. and Bern, 1992; Seidelin and Madsen, 1997; McCormick, 2001). Furthermore, sex steroids 

inhibit an increase in NKA activity (Madsen et al., 1997; Madsen et al., 2004), likely by preventing TH 

production (Ikuta et al., 1985; Ikuta et al., 1987). 

1.3.3.1.1.2. Intestine, urinary bladder and kidney 

Other key osmoregulatory organs include the intestine, the kidney and the urinary bladder. While 

freshwater fish receive hydration through passive gradient, due to their hyper-osmotic ion 

concentration in respect to their environment, seawater fish need active water intake and excrete 

excessive ions. In this case, water is absorbed through the gut, which experiences an increase in net 

fluid absorption during the smolt and post-smolt stages (Collie and Bern, 1982), mainly in the posterior 

intestine (Veillette et al., 1993; Veillette and Young, 2005). This phenomenon occurs due to an 

increase in the intestinal NKA activity of the anterior intestine and a decrease in transepithelial 

resistance in the posterior intestine (Sundell et al., 2003). In turn, this increase in water absorption 

causes the accumulation of ions in blood that need to be filtrated in the kidney, which undergoes 

changes in glomeruli (increased juxtaglomerular proliferation) and increases its glomerular filtration 

rate (Ford, 1958; Mizuno et al., 2001). This is accompanied by a reduction of electrolyte absorption in 

the urinary bladder and a reduction of urine production to store water (Loretz et al., 1982). The 

resulting urine is more concentrated in seawater than in freshwater (Boeuf, 1993). 

1.3.3.1.2. Energy reserve metabolism 

As a general trend, the metabolism of proteins, lipids and carbohydrates is altered to sustain the 

increased metabolic demands of smoltification and as an adaptation to the composition and 

availability of marine prey (Stefansson et al., 2008). However, during the post-smolt phase, energy 

procurement is enough to replenish and enlarge these energy reserves (Stefansson et al., 2003; 

Björnsson et al., 2011). 

Smoltification involves a depletion of whole body lipids, and especially from muscle and liver 

(Sheridan, 1989). These lipids are depleted due to high lipolytic rates and low lipid synthesis, shown 

to be caused by increased levels of the THs; T4 (Sheridan, 1986) and T3 (Farbridge and Leatherland, 
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1988), and cortisol (Sheridan, 1986). Mobilized lipids are mainly triglycerides (TG) and cholesterol, 

which are needed to supply energy during a period of high metabolic requirements (Sheridan et al., 

1985; Sheridan, Woo et al., 1985; Rousseau et al., 2012).  

Similarly for protein reserves, protein catabolism is increased, leading to a depletion of whole body, 

muscle and liver protein (Fessler and Wagner, 1969; Nordgarden et al., 2002). 

Also for carbohydrates, liver glycogen is decreased due a decrease in liver glycogen synthesis and an 

increase in glycogen phosphorylase activity (Sweeting et al., 1985; Sheridan, Woo et al., 1985). This 

energy reserve is translocated from liver to muscle (Hemre et al., 2002). 

1.3.3.1.3. Hemoglobins 

The ratios of hemoglobin isoforms are altered, with positively charged fractions of hemoglobin 

increasing in abundance while those that are negatively charged do not change, making the 

hemoglobin system more complex and increasing the overall hemoglobin concentration (Sullivan, C. 

V. et al., 1985; Zaugg and McLain, 1986; Seear et al., 2010). These changes are triggered by T3 while 

dietary administration of propylthiouracil, a hormone used to treat hyperthyroidism, prevents them 

(Sullivan, Dickhoff et al. 1985, Hoar 1988). In turn, this causes a major increase in the oxygen carrying 

capacity of blood (Fyhn et al., 1991), which is needed due to the dramatic increment in oxygen 

consumption that occurs by action of GH during smoltification (Maxime et al., 1989; Seddiki et al., 

1996; Robertson and McCormick, 2012), likely to prepare the fish for higher oxygen demands during 

migration.  

1.3.3.1.4. Muscle composition and performance 

During smoltification, T4 induces a reorganization of red muscle, resulting in a decrease in myosin 

heavy chain abundance (Martinez, I. et al., 1993; Coughlin et al., 2001). Physiologically, this affects the 

swimming kinetics of the fish, as parr have faster twitching muscles which they use to maintain a faster 

frequency tailbeat than smolts (Coughlin et al., 2001). These differences in muscle composition and 

swimming behaviour are likely related to the downstream position that smolts adopt, thus taking 

advantage of the current to aid them in their downstream migration while saving energy. 

1.3.3.1.5. Visual pigment composition 

Salmonid rod photoreceptors contain either rhodopsin or porphyropsin. During smoltification 

rhodopsin photoreceptors become dominant as a preadaptation to the shorter wavelengths 

characteristic of oceanic environments (Bridges and Delisle, 1974; Temple et al., 2006; Temple et al., 

2008). At the same time, ultraviolet-sensitive cones are lost in the smolt retina due to apoptosis (Dann 

et al., 2003; Allison et al., 2003; Allison, Dann et al., 2006) triggered by increasing levels of T4 

(Veldhoen et al., 2006; Allison, Veldhoen et al., 2006). Interestingly, these cones are regenerated upon 
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the return of the post-smolts to freshwater for spawning (Browman and Hawryshyn, 1994; Allison, 

Dann et al., 2006) in a process also controlled by T4 (Browman and Hawryshyn, 1994). 

1.3.3.2. Morphological changes 

While parr rainbow trout tend to be of dark green and red tones and present parr marks, smolts have 

a silvery body colour (Figure 1.4), which functions as cryptic coloration in open waters (Hoar, 1988). 

This is caused by the accumulation of the metabolic by-products guanine and hypoxanthine in the skin 

and scales of smolts (Kazuhiro et al., 1994) in a process triggered by elevated T4 and GH levels (Miwa 

and Inui, 1983; Miwa and Inui, 1985). 

 

Figure 1.4. Morphology of rainbow trout parr (a) and smolt (b). 

 

Changes in body shape include an elongation of the caudal peduncle of smolts and a transition from 

a rounded parr to a streamlined smolt, which causes a decrease in condition factor (Winans and 

Nishioka, 1987) and is likely controlled by GH (Wedemeyer et al., 1980; McCormick, 2009). Both of 

these changes improve swimming performance.  

1.3.3.3. Behavioural changes 

Behavioural changes during smoltification are related to seawards migration, the timing of which 

varies among species. As a general trend, it occurs earlier (as soon as early spring) for salmonids of 

latitudes closer to the equator, and progressively later (as late as August) for salmonids of higher 

latitudes (Utrilla and Lobón-Cerviá, 1999; Antonsson and Gudjonsson, 2002).  
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While parr tend to swim against currents, smolts swim downstream (Martin, P. et al., 2012) and 

experience increased salinity preference (Hoar, 1988). During their migration, the bottom-dwelling, 

aggressive and territorial parr progressively become pelagic, gregarious and migratory smolts (Thorpe, 

1994), in a process that is induced by increased levels of TH (Iwata, 1995), GH (Iwata et al., 1990; Ojima 

and Iwata, 2009; Ojima and Iwata, 2010) and cortisol (Munakata et al., 2007; Ojima et al., 2007), while 

sex steroids prevent it (Berglund et al., 1994; Munakata et al., 2001). The reduction in aggression 

allows school formation (only during the day in rivers, Riley et al., 2014). This is possible because the 

difficulty in finding food, which is of low nutritional content in rivers, is less of a problem in seawater 

(Godin et al., 1974; Iwata, 1995). And it is an advantageous strategy as fish become exposed to a higher 

risk of predation during their migration and once in seawater, being in a school can act as a defence 

mechanism (McCormick et al., 1998). 

 

1.3.4. Desmoltification 

Smoltification is an example of programmed rheostasis; a process that adjusts the homeostasis of an 

organism to future conditions (Mrosovsky, 1990). In the case of smoltification, fish become adapted 

to seawater while still in freshwater. However, fish might be unable to reach seawater, in which case 

seawater adaptation changes become detrimental. Therefore, if after the smolt window fish have not 

entered seawater, the desmoltification process begins. 

Desmoltification is an alternative life history event to partially or completely revert seawater 

adaptation changes and readapt the salmonids to freshwater, although some exceptions like pink and 

chum salmon, as well as some strains of Atlantic salmon, seem unable to do so (Boeuf, 1993; Rottiers, 

1994). This process, like smoltification, is affected by several environmental factors, such as 

photoperiod (Kurokawa, 1990; Duston and Saunders, 1990), temperature (Zaugg and Mclain, 1976; 

Duston et al., 1991), or salinity (Mortensen and Damsgård, 1998). Moreover, it has been suggested 

that the lack of migration movement accelerates the process (Soivio et al., 1988; Høgåsen, 1998). 

Hence, desmolted salmonids adopt an upstream orientation and revert to aggressive, territorial 

behaviour (Schmitz, 1992; Ojima and Iwata, 2007). They also lose their hypo-osmoregulatory capacity 

(McCormick et al., 1997) and their silvery coloration while increasing their condition factor and their 

fat deposits in muscle and liver back to normal parr levels (Lundqvist and Eriksson, 1985; Li, H. and 

Yamada, 1992). However, they do not lose the characteristic feeding habits and growth potential of a 

smolt (Duston et al., 1991; Høgåsen, 1998). 

Desmoltification seems to be induced by a decrease in GH production (Ágústsson et al., 2001), while 

other hormones are likely to be implicated such as cortisol (Young et al., 1989), T4 and T3 (Boeuf et 
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al., 1989; Prunet, P., Boeuf and Young, 1989), prolactin (Young et al., 1989) or sex steroids released 

after sexual maturation (Fängstam, 1994). However, the endocrinology of the process has still not 

been elucidated in detail (Høgåsen, 1998; Björnsson et al., 2011). 

 

1.3.5. Emerging technologies to study smoltification 

Untargeted –omics technologies have the potential to unravel the underlying mechanisms that lead 

to a process (Beale et al., 2016; Raposo de Magalhães et al., 2018; Karczewski and Snyder, 2018). They 

provide a holistic view of this process by measuring the abundance of large numbers of posteriorly 

annotated biomolecules (e.g. genes, transcripts, proteins, metabolites, lipids). This information can 

then be used to infer the involved pathways.  

Currently, and especially after the publication of several salmonid genomes (e.g. Atlantic salmon 

(Davidson et al., 2010) and rainbow trout genomes (Berthelot et al., 2014)), a great body of genomic 

resources are available for salmonid molecular work (e.g. PCR, genomics, transcriptomics, 

proteomics). They provide a scaffold sequence for BLAST (i.e. database search) of DNA, RNA or protein 

sequences. Once identified, genes, transcripts and proteins can be annotated. These genomic 

resources can be accessed in salmonid specific databases like SalmoBase (Samy et al., 2017) or in 

multispecies databases like NCBI (ncbi.nlm.nih.gov), Mascot (matrixscience.com) or UniProt 

(uniprot.org). 

However, while as previously described there has been a great amount of research done on the topic 

of smoltification, –omics studies on this topic are still relatively rare. Mainly genomic and 

transcriptomic studies have been used in relation to the smoltification process. Findings include the 

repression of the immune system in smolts (Boulet et al., 2012; Johansson et al., 2016; Healy et al., 

2018), gene expression changes associated to seawater transfer (Norman et al., 2013; Norman et al., 

2014; Johansson et al., 2016), and elevated transcription of nkaα1b in gill (Healy et al., 2018), 

epigenetic modifications (Baerwald et al., 2016), quantitative trait loci (Hecht et al., 2012), and gene 

expression patterns (Hecht et al., 2014; Sutherland et al., 2014; Hale et al., 2016) associated with the 

likelihood of steelhead trout to migrate to seawater. Moreover, some also provide confirmation of 

physiological and biochemical changes described by previous studies (Seear et al., 2010; Robertson 

and McCormick, 2012; Norman et al., 2014). 

The –omics technology that studies proteins is proteomics, which is often used for clinical and animal 

research. Modern tools to study the proteome of a sample are based on mass spectrometry (MS) 

platforms. An example is liquid chromatography tandem MS (LC-MS/MS), which is one of the 

preferred pipelines used due to identify proteins in a complex sample, due to its high versatility and 
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high protein identification potential. This is achieved thanks to the physical separation capabilities of 

liquid chromatography coupled with the ionization capabilities of MS (Geromanos et al., 2009). Other 

examples of MS platforms used for proteomics include 1- and 2-dimensional sodium dodecyl sulphate 

polyacrylamide gel electrophoresis (SDS-PAGE) protein separation followed by MS, capillary 

electrophoresis–mass spectrometry, which separates proteins in a liquid sample using capillary 

electrophoresis, and matrix assisted laser desorption/ionization time of flight (MALDI-TOF) MS, which 

uses a laser to ionize peptides and proteins by excitation of a matrix that is added to the sample. 

Different MS platforms have advantages and disadvantages when compared (e.g. LC-MS/MS excels at 

protein identification whereas MALDI-TOF is fast and expensive in comparison; Volmer et al., 2007). 

However, proteomic approaches also have common limitations, which include their limited proteome 

coverage of low-abundant proteins when not coupled with protein depletion/enrichment steps 

(Liumbruno et al., 2010), their poor detection of membrane proteins (Tan et al., 2008) and the fact 

that post-translational modifications are rarely detected unless specifically targeting them (Betzen et 

al.¸ 2015). Moreover, the physico-chemical properties of the proteins coupled with the chosen 

extraction method strongly bias which proteins can be detected (Encheva et al., 2006). 

Proteomic studies have successfully gained a deeper understanding of processes and conditions such 

as embryological development (Link et al., 2006; Papakostas et al., 2010), starvation (Martin et al., 

2001; Martin et al., 2003), response to stressors (Mendelsohn et al., 2009; Zhang, W. et al., 2012), 

disease (Zhang, A. -H et al., 2013; Ruprecht and Lemeer, 2014), and infection (Chongsatja et al., 2007; 

Somboonwiwat et al., 2010; Medina-Gali et al., 2019), amongst many others. However, in a 

smoltification context only targeted, top-down studies of key protein hormones such as IGF-I, GH, 

insulin and their receptors have been carried out (Beckman et al., 2004a; Mancera and McCormick, 

2007; Shimomura et al., 2012). In this sense, an untargeted, bottom-up protein approach (i.e. 

proteomics) would have the potential to identify proteins previously unknown to be related to the 

smoltification process.  

 

1.4. Growth-stunted phenotype 

In aquaculture, GS fish are a recurring problem in seawater-transferred rainbow trout, similarly to 

other salmonids (Folmar et al., 1982; Vindas et al., 2016), which represent between a 10% and a 60% 

of the summer production. Moreover, around 10% of the fish transferred to seawater during this 

season die, which are very likely also GS fish. GS fish experience reduced growth, decreased condition 

factor, and often present lesions such as fin damage (Figure 1.5). Therefore, they do not only represent 

a financial problem but also a fish welfare issue (Ellis et al., 2008). 
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Figure 1.5. Morphology of robust (a) and GS (b) rainbow trout post-smolts. 

 

Currently, there is still no published literature investigating the specific issue of GS seawater-

transferred rainbow trout. However, a similar phenotype has been described in freshwater rainbow 

trout (Sloman et al., 2000a; Sloman et al., 2000b). These studies linked the phenotype to subordinate 

behaviour (Gilmour et al., 2005). Findings report that the characteristics of the phenotype include 

reduced food intake (Abbott and Dill, 1989; DiBattista et al., 2006), higher standard metabolic rate 

(Sloman et al., 2000a), increased protein catabolism (Mommsen et al., 1999; DiBattista et al., 2006), 

increased lipid metabolism (Kostyniuk et al., 2018), increased mobilization of stored glycogen and 

gluconeogenic potential (Gilmour et al., 2012), and higher plasma glucose levels (Peters et al., 1988).  

While some or all of the above-mentioned characteristics of the freshwater phenotype are likely to 

affect seawater GS rainbow trout, the problem at hand occurs only after a forceful seawater transfer 

and in aquaculture production conditions instead of lab conditions. Therefore, more factors involving 

smoltification traits are likely to be relevant to seawater GS development. In this sense, it is possible 

that the problem relates to the dual life history of the species; the GS fish originating from rainbow 

trout that would have been natural freshwater-resident individuals. In this case, optimizing 

smoltification protocols, as well as discovering and monitoring biomarkers for the early detection of 

GS fish, could prove a successful strategy to increase the sustainability, profitability and welfare of 

seawater rainbow trout farming. 
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In cases like this, with many possible explanations for a physiological alteration but still very little 

known, a first characterisation of the phenotype can be the way forward, providing a holistic view of 

the underlying mechanisms that lead to its development (Beale et al., 2016; Raposo de Magalhães et 

al., 2018; Karczewski and Snyder, 2018). Therefore, –omics approaches like proteomics and lipidomics 

are an optimal strategy. 

Shotgun lipidomic approaches allow for rapid and sensitive identification and quantification of 

individual lipid species and their composition. Similarly to proteomics, they offer great potential to 

unravel mechanisms related to lipid metabolism, which are likely to be relevant in GS due to the 

starvation and stress related characteristics of the phenotype (Abbott and Dill, 1989; DiBattista et al., 

2006; Kostyniuk et al., 2018). 

In this sense, the liver, due to its central role in energy storage and mobilization, is the sample type 

that is more likely to reflect differences in physiology and metabolism (Burra, 2013). Both proteomic 

and lipidomic studies have been used on liver to assess the effects of differential feeding (Martin et 

al., 2001; Jové et al., 2014; Skorve et al., 2015), stress (Wu et al., 2016), and disease (Martel et al., 

2012; Lee et al., 2017), among others. In this sense, a multi–omics approach targeting liver has high 

chances of unravelling mechanisms involved in GS development. 

 

1.5. Biomarkers 

Biological markers (biomarkers) are molecules or characteristics that can be objectively measured and 

evaluated in biological material as an indicator of normal biological processes, pathological processes 

or pharmacological responses to a therapeutic intervention (Frank and Hargreaves, 2003). Biomarkers 

are used commonly in human and animal medicine to identify disease or propensity to it (Hye et al., 

2006; Hanash et al., 2008; Geyer et al., 2017) and in ecological studies to estimate age (Allain and 

Lorance, 2000; Fablet and Le Josse, 2005) and life history events based on otoliths (Jónsdóttir et al., 

2006; Elsdon et al., 2008) or to assign personality traits (Dadda et al., 2010; Ariyomo et al., 2013). In 

aquaculture, they are commonly used to determine gender (Palaiokostas et al., 2015; Robledo et al., 

2018) or the presence of desirable attributes such as fast growth (Beckman, 2011; Salem et al., 2012; 

Tsai et al., 2015) or disease resistance (Villanueva et al., 2011; Vallejo et al., 2017), which can then be 

used for selective breeding. 
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1.5.1. Biomarkers for salmonid aquaculture 

In the case of anadromous salmonid aquaculture, the most interesting biomarkers are for the 

identification of robust smolts. Robust smolts quickly adapt to seawater and grow to harvesting size, 

thus maximizing production profitability. In this sense, seawater adaptation is highly dependent on 

the correct monitorization of the smolt window and on transferring the fish to seawater during the 

optimum time within this window (Handeland and Stefansson, 2001; Handeland et al., 2013). Correct 

growth depends on the well-being of the fish, which in turn is dependent on rearing conditions. 

However, growth potential can also be genetically determined (Beckman, 2011; Salem et al., 2012; 

Tsai et al., 2015). Finally, disease and mortality are some of the main threats to production (Asche et 

al., 2009; Dale et al., 2009; Kristoffersen et al., 2009). Hence, the capacity to fight infection is a critical 

factor. Therefore, biomarkers of a robust smolt are mainly related to seawater tolerance, growth 

potential, and immune capacity. 

1.5.1.1. Seawater tolerance 

Seawater tolerance biomarkers are needed to predict the optimal time for seawater transfer. In this 

sense, the development of smoltification traits can be used as an indirect measure of seawater 

tolerance. The easiest biomarkers of smoltification would be the occurrence of seawater adaptation 

changes in coloration and body shape, thus they are often used as smolt markers since they can be 

visually assessed. However, they are not reliable, as often fish present this morphological changes 

before fully developing hypo-osmoregulatory competence (Staley and Ewing, 1992). Another 

potential seawater tolerance biomarker, in this case a physiological smoltification change, would be 

the change in composition of visual pigments. However, it would not be reliable either, as Temple et 

al. (2006) demonstrated that these pigments change not only because of the smoltification process 

but also seasonally in fish that stay in freshwater. Other biomarkers could be hormonal, such as TH 

levels, which increase during smoltification but several studies have failed to determine a relationship 

between the hormone levels and seawater tolerance (Madsen, 1990b; Boeuf et al., 1994; Rousseau et 

al., 2012). Similarly, cortisol cannot be used either because it has been shown to increase during 

desmoltification to interact with prolactin (Høgåsen, 1998).  

On the other hand, circulating GH and IGF-I levels are more promising options due to their implication 

in the development of seawater tolerance. Particularly IGF-I has been singled out as a reliable robust 

smolt biomarker (Beckman et al., 1999). However, fish farmers do not rely on this biomarker to 

measure hypo-osmoregulatory capacity. Regardless, it is an interesting candidate for seawater-

readiness but its suitability for rainbow trout has not been investigated yet. 
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Currently, the most frequently used biomarker test for seawater tolerance and smoltification in both 

fish farms and salmonid research (Handeland et al., 2013; Elsner and Shrimpton, 2018; McGowan, 

2018) is the direct measurement of NKA activity in gill tissue using a kinetic assay measured by 

spectrophotometry (McCormick, 1993) that is based on the enzymatic production of NAD+ in the 

reaction: 

ATP 
NKA
↔   ADP + Pi  

ADP + phosphoenolpyruvate 
pyruvate kinase 
→            pyruvate + ATP  

pyruvte + NADH 
lactate dehydrogenase
→                  lactate + NAD+  

Moreover, the transcription of NKA-related pumps nkaα1a, nkaα1b and nkcc1a is increasingly used in 

research and production as a biomarker of seawater tolerance (Flores and Shrimpton, 2012; 

McCormick et al., 2013; McGowan, 2018). However, both NKA activity and measurement of NKA-

related gene transcription have been reported to have low accuracy, being respectively of 60% and 

57% for Atlantic salmon (McGowan, 2018). Therefore, there is a need for new, more accurate 

biomarkers of seawater tolerance. 

1.5.1.2. Growth potential 

Due to the lack of literature on the GS seawater-transferred rainbow trout, it is hard to pinpoint 

biomarkers that could be used for the early detection of the GS phenotype. However, Beckmann et al. 

(1999) indicated that in Chinook salmon circulating IGF-I could be a good biomarker for growth, as 

behaviourally dysfunctional fish had lower levels of the hormone shortly after release in seawater, 

and these levels were correlated with growth and survival. Interestingly, IGF-I levels before seawater 

transfer correlate with growth rate in seawater for some species, while they do not for others (Pierce 

et al., 2005; Picha et al., 2008; Beckman, 2011). Moreover, some IGFBPs, and particularly IGFBP1b, are 

negatively correlated with growth rate and may be useful as a negative marker of growth for some 

salmonids (Shimizu et al., 2006; Kawaguchi et al., 2013; Kaneko et al., 2019). 

Both IGF-I and IGFBP1b are promising candidate biomarkers for growth but their suitability for 

seawater-transferred rainbow trout remains untested.  

1.5.1.3. Immune capacity 

Organisms are constantly exposed to immune challenges. If their defences against these pathogens 

are low their risk of becoming infected increases, which can cause weakening or even death. 

Therefore, a robust smolt would have a strong immune capacity. Generally, this capacity is associated 

to a fast and effective immune response upon the detection of a pathogen, carried out by cells of both 

the innate and the adaptive immune systems. The innate immune system non-specifically recognizes 
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and attacks non-self agents with specialized cells such as macrophages and releasing molecules that 

promote inflammation and the further recruitment of these specialized cells towards the site of 

infection (Janeway, 1998). In turn, some of these molecules induce the proliferation and 

differentiation of cells from the adaptive immune system (Iwasaki and Medzhitov, 2010), which uses 

lymphocytes to recognize and attack a broad range of agents, thanks to their structural diversity 

generated by gene rearrangement, conversion, and hypermutation (Takano et al., 2010; Attaf et al., 

2015). 

Therefore, immune cells are the effectors of the immune system that determine the capacity of an 

organism to fight infection, and their abundance is often used as a measurement of immune capacity 

(Haney et al., 1992; Zmistowski et al., 2012; Albalat et al., 2019). In turn, the proliferation of innate 

and adaptive immune cells is dependent on haematopoiesis (Iwasaki and Akashi, 2007; Orkin and Zon, 

2008), thus constituting an indirect measure of immune capacity (Baldridge et al., 2010; Martin et al., 

2012). Hence, haematopoiesis regulators like Pu.1, which controls lymphoid cell production (DeKoter 

and Singh, 2000; Ribas et al., 2008), interleukin 1β (IL1β), a pro-inflammatory cytokine that promotes 

the proliferation and maturation of lymphocytes (Pleguezuelos et al., 2000; Reis et al., 2012), IL-4/13, 

involved in the stimulation of B lymphocyte proliferation and activation of macrophages (Martinez et 

al., 2009; Takizawa et al., 2011; Sequeida et al., 2017), and GATA3, which regulates the development 

of the T lymphocyte lineage and differentiation of T helper type 2 cells (Kumari et al., 2009), can all be 

used as biomarkers of immune capacity. 

1.5.2. Emerging technologies for biomarker discovery 

The general lack of reliable biomarkers in salmonid aquaculture, and especially for seawater-

transferred rainbow trout, are highlighted by the problems currently faced by producers (Vindas et 

al., 2016; McGowan, 2018). This has elicited a rise in genomic work aimed at choosing targets for 

selective breeding (Villanueva et al., 2011; Salem et al., 2012; Vallejo et al., 2017). Moreover, one 

study based on the meta-analysis of transcriptomic data in gill tissue elaborated a list of 37 candidate 

gene biomarkers for smoltification (Houde et al., 2018). These genes are mainly related to immunity 

(e.g. T cell receptor alpha, serine/threonine-protein kinase plk2), ion regulation (e.g. nkaα1a, nkaα1b 

and nkcc1), metabolism (e.g. NADH dehydrogenase 1 beta subcomplex subunit 2 and 4), and oxygen 

transport (e.g. hemoglobin subunit α).  

In this sense, proteomics, and especially matrix assisted laser desorption/ionization time of flight 

MALDI-TOF MS, is one of the preferred platforms for identifying novel biomarkers (Karpova et al., 

2010; Ng et al., 2014; Hajduk et al., 2016). These high-throughput MS technology, which measures 

hundreds to thousands of molecules in each run, combined with the classification capabilities of 
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machine learning, is currently generating some of the most reliable clinical biomarkers (Timm et al., 

2008; Pyatnitskiy et al., 2011; Lawton et al., 2014). However, it has not yet been used for biomarker 

discovery in fish. 

As a target biofluid, blood plasma is easily accessible in fish and it contains the most complex and 

informative proteome of an organism (Anderson and Anderson, 2002; Jacobs et al., 2005; Pernemalm 

and Lehtiö, 2014). Plasma protein studies have succeeded in discovering biomarkers for disease (Hye 

et al., 2006; Hanash et al., 2008; Geyer et al., 2017), growth (Beckman, Fairgrieve et al., 2004; 

Beckman, 2011), and stress (Fast et al., 2008; O'Loughlin et al., 2014), amongst many others. 

Therefore, it is highly likely that more protein biomarkers for the smoltification and seawater 

adaptation processes may be discovered in blood plasma. 

 

1.6. Objectives 

In order to improve the profitability, sustainability and welfare of seawater-transferred rainbow trout 

aquaculture, a better understanding of the intrinsic and extrinsic factors driving rainbow trout 

smoltification, optimised photoperiod and temperature production protocols capable of producing 

robust smolts, reliable biomarker tools to assess their smolt status, and a better understanding of the 

processes driving GS fish development are all needed. Therefore, this PhD thesis will address four 

specific objectives: 

a) Determine an optimised protocol for production of robust rainbow trout smolts. This will be 

achieved by testing the effects of different photoperiod and temperature regimes on fish 

smoltification and seawater adaptation. 

b) Determine the main intrinsic factors implicated in smoltification and seawater adaptation. 

This will be carried out to further our understanding of these processes in rainbow trout and 

it will be studied using both targeted approaches, by measuring the seasonal changes of 

molecules known to be implicated in the smoltification and seawater adaptation of salmonids, 

and an untargeted proteomic approach. 

c) Test known, and discover new candidate robust smolt biomarkers in rainbow trout. This will 

achieved using untargeted proteomic approaches.  

d) Determine the underlying mechanisms driving the development of the GS phenotype in 

rainbow trout. This will be investigated with the measurement of a range of molecules 

believed to be involved in seawater adaptation and growth, and by untargeted proteomic and 

lipidomic approaches. 
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Chapter 2. Effects of different photoperiod regimes on 

the smoltification and seawater adaptation of 

seawater-farmed rainbow trout  

2.1. Introduction 

Anadromous salmonids migrate to seawater in order to meet their energy demands for maintenance, 

growth and reproduction. However, juveniles do not have the biological traits needed for life in 

seawater and therefore require to go through a series of simultaneous, yet often independent, 

changes that prepare salmonids to life in seawater, collectively known as smoltification (Hoar, 1988; 

Björnsson et al., 2011). These changes are biochemical in nature, such as the alteration of the 

haemoglobin isoforms, which increases oxygen carrying-capacity of blood (Fyhn et al., 1991); 

physiological, such as the increase of gill NKA activity, which is the main enzyme involved in ion 

absorption and secretion (Mancera and McCormick, 2007; McCormick, 2001); morphological, such as 

the transition from dark, rounded parr to silvery, streamlined smolts; and behavioural, including the 

shift from bottom-dwelling, aggressive and territorial parr to pelagic, schooling and downstream 

migrating smolts (Riley et al., 2014). Once anadromous fish reach a threshold size (Kendall et al., 2015), 

smoltification is triggered by environmental cues, such as changes in photoperiod, water temperature 

and salinity, which in turn alter the pituitary, thyroid and inter-renal tissues (Prunet, P., Boeuf, Bolton 

and Young, 1989). These tissues are key orchestrators of the seawater adaptation changes. Most 

seawater-adaptation changes are reversible and last during a short period of time (smolt window). If 

fish do not reach seawater within the smolt window changes are lost (desmoltification) (Stefansson et 

al., 1998).  

Over the last three decades there has been an increase in the aquaculture production of the sea-run 

phenotype of rainbow trout, which reached over 84,000 tonnes in Norway alone in 2016 (Food and 

Agriculture Organization of the United Nations, 2019). Industrial interest of this phenotype is based 

on its resistance to infectious pancreatic necrosis (Okamoto et al., 1993; Ozaki et al., 2001) and its 

preference for brackish water compared to Atlantic salmon (Altinok and Grizzle, 2001). This 

preference for brackish seawater gives the possibility to grow rainbow trout in locations that are not 

as suitable for Atlantic salmon production and that are less prone to sea lice infestations. However, 

there is limited knowledge on the environmental control of rainbow trout smoltification and there is 

a need for appropriate tools to assess rainbow trout smolt status. In fact, the aquaculture industry has 
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reported that rearing protocols developed for the all-season production of Atlantic salmon might not 

be suitable for other salmonids. Reported issues include high mortality and fish that experience sub-

optimal growth (GS phenotype) after seawater transfer, especially in summer post-smolts, similarly to 

growth-stunted Atlantic salmon (Stephen and Ribble, 1995; Stien et al., 2013; Vindas et al., 2016). 

These problems are likely related to a current lack of understanding of how vital intrinsic (e.g. critical 

size, genetically determined phenotypic plasticity) and extrinsic (e.g. temperature, light) factors 

impact smoltification in rainbow trout, leading to suboptimal rearing conditions and/or mismatched 

timing of seawater transfer, as reported for other salmonids (Folmar et al., 1982). Currently, for 

rainbow trout, seawater tolerance is regarded only as size dependent and no studies have analysed if 

phenotype plasticity is linked to particular genotypes. Regarding extrinsic factors, smoltification is 

currently induced for all year production by rearing the rainbow trout under LL photoperiod without 

much supporting evidence for such practice while the impact of other potentially related factors such 

as temperature and salinity are unknown.  

Photoperiod is known to play a major role in the smoltification of anadromous salmonids, with short 

days (winter signal) followed by increasingly longer days (summer signal) acting as a zeitgeber that 

indicates the proximity to the summer season and the necessity to migrate, thus triggering 

smoltification (Zaugg and Wagner, 1973a; Brauer, 1982; Saunders et al., 1985). The manipulation of 

this environmental factor is the most common tool for the all year production of anadromous 

salmonid aquaculture (Handeland and Stefansson, 2001). Extensive literature on the manipulation of 

photoperiod to induce smoltification is available for Atlantic salmon (McCormick and Moriyama, 2000; 

Stefansson et al., 2007; Handeland et al., 2013) and this knowledge is applied commercially by using 

dynamic photoperiod regimes optimised for each of the four harvest times in a year (Good et al., 

2016). On the other hand, for rainbow trout it is unclear whether the photoperiod that is currently 

being used in commercial farms, LL, is the most appropriate to produce smolts, although there is 

evidence that long day photoperiods (light/dark (LD) 18:6) stimulate growth in freshwater rainbow 

trout through the action of IGF-I (Taylor et al., 2005).  

Optimizing rearing conditions for rainbow trout, as well as identifying and implementing novel 

markers for the evaluation of the smolt status and the early detection of fish that will grow sub-

optimally when transferred to seawater is crucial towards the improvement of both fish welfare and 

production. In this sense, a significant correlation between IGF-I abundance in blood plasma and 

growth has been previously reported for several fish species (Beckman et al., 2001). However, the 

regulation of plasma IGF-I through the transcription of igf-I, which is highest in liver, has been studied 

mainly in relation to fish growth and information on the effects of photoperiod on its regulation is 

incomplete. Similarly, the transcription of other key growth-regulating genes in liver, such as igfbp1b, 
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that results in a protein that likely inhibits IGF-I from interacting with its receptor, and ghr1, which 

translates into the transmembrane receptor that activates the pathway that results in IGF-I production 

by the liver (Reindl and Sheridan, 2012) have not been studied in rainbow trout in relation to 

smoltification and photoperiod. Moreover, in a smoltification context, cathepsin L (ctsl) might prove 

an interesting marker, since it is a lysosomal endopeptidase involved in the turnover of cells and 

tissues, which is critical during the smoltification process (Björnsson et al., 2012). The analysis of these 

growth-related factors is interesting not only from a mechanistic perspective but also within the 

context of this research, as they could be good candidates as growth-predictor markers.  

From a smoltification perspective, nkaα1a, expressed in lamellar chloride cells in the gills, and nkaα1b 

and nkcc1a, found primarily in filamental chloride cells in the gills, have been reported in rainbow 

trout (Richards et al., 2003; Katoh et al., 2008; McCormick et al., 2009). Studies in Atlantic salmon and 

rainbow trout showed that their transcription complements NKA activity, with nkaα1b and nkcc1a 

increasing in response to a seawater challenge while nkaα1a decreases, suggesting that the first two 

play a role in seawater tolerance while the third one is needed in freshwater (Nilsen et al., 2007; Flores 

and Shrimpton, 2012; McCormick et al., 2013). This is currently being exploited by the Atlantic salmon 

industry, as the transcription of these genes is increasingly replacing the analysis of NKA activity as 

quick smoltification markers (Nilsen et al., 2007). However, their suitability as smoltification markers 

for rainbow trout is currently unknown. 

Therefore, the objectives of this study are (1) to test the effect of different photoperiod regimes on 

the smoltification of rainbow trout through the measurement of the NKA activity over a five month 

period in freshwater, (2) to evaluate the suitability of gill nkaα1a, nkaα1b, nkcc1a transcription during 

this period as smoltification markers complementing NKA activity, (3) to analyse IGF-I abundance in 

plasma as a growth predictor in fish undergoing different photoperiod regimes and (4) to measure the 

transcription of key genes from the somatotropic axis in liver, igf-I, igfbp1b, ghr1 and ctsl, to 

understand their role on growth regulation, the effect that different photoperiods have on them and 

evaluate their suitability together with plasma IGF-I as growth proxies. 

 

2.2. Materials and methods 

2.2.1. Fish and rearing conditions 

Juvenile rainbow trout (AquaGen) with an initial weight of 78 ± 16.7 g were used in this experiment. 

Fish were fed ad libitum using a standard commercial dry diet (Skretting AS) from automatic feeders 

according to temperature and fish size. Fish were kept indoors in a flow through system using tanks 
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equipped with timer-controlled LED lights in a trout facility from Lerøy Vest AS (Bjørsvik, Hordaland, 

Norway). The fish were kept at ambient temperature, water flow at 0.4 L/kg/min and O2 was above 

80% saturation in the outlet. 

2.2.2. Experimental design 

Prior to the freshwater experimentation phase, fish were kept in 2 x 2 m rearing tanks (2,500 litres) 

under natural temperature and LL photoperiod for 2 weeks. On 18th February 2016 (mid-February), 

160 fish were individually Carlin tagged for recording individual growth rates during both the 

freshwater and seawater phase of the experiment. Fish were randomly distributed into eight tanks, 

resulting in 20 tagged and 90 untagged fish per tank. After two weeks of acclimation the photoperiod 

regimes were initiated. The experimental design included four different photoperiod treatments from 

mid-February until mid-July, as shown in Figure 2.1a: LL (18 weeks of LD24:0), Advanced Phase 

Photoperiod (APP ; 6 weeks of LD12:12 followed by 12 weeks of LD24:0), Delayed Phase Photoperiod 

(DPP; 4 weeks of LD24:0 followed by 6 weeks at LD12:12 and 8 weeks at LD24:0) and Simulated Natural 

Photoperiod (SNP; starting at LD12:12 and increasing light time by 45 min every week until reaching 

LD24:0). Weight and length were recorded in tagged fish once per month during the freshwater phase 

(February to July). On the 5th of July 2016, the remaining non-tagged fish from all experimental groups 

were individually tagged and, along with previously tagged fish, length and weight were recorded 

before being randomly distributed into four replicate tanks supplied with seawater and kept at LL 

photoperiod (continuous light) in a common garden experiment to strengthen growth studies. Weight 

and length were recorded once more at the end-point sampling on the 14th of September. Water 

temperature was recorded once per day. During the freshwater phase it was measured on-site. For 

the seawater phase, it was retrieved from the records of a Marine Harvest facility (Stord, Hordaland, 

Norway) (Figure 2.1b). 



28 

 

 

Figure 2.1. Photoperiod treatment and temperature during the experiment. Schematic 

representation of the number of hours of light for each of the four different photoperiod 

treatments (a) and water temperature during the experimentation period. Dashed lines indicate 

seawater transfer.  

 

Experimental work was ethically reviewed, approved and registered by the Norwegian Animal 

Research Authority (NARA) and by the Animal Welfare and Ethical Review Body (AWERB 088), 

University of Stirling, UK. 

2.2.3. Sampling 

On the 18th of February 2016, ten fish per tank were sampled to secure a common biological starting 

point prior to experimental photoperiod treatments being initiated. Lethal samplings of six fish per 

tank (12 per group) were conducted every two weeks during the freshwater phase. Samplings took 

place on 3rd of March, 17th of March, 31st of March, 13th of April, 27th of April, 11th of May, 25th of May, 
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9th of June, 22nd of June and 5th of July. A final lethal sampling was done 9 weeks after seawater transfer 

(14th of September).  

Fish were quickly dip-netted out of the tanks and euthanized by a lethal overdose of isoeugenol (AQUI-

S). For each fish, weight and length were recorded. Blood was extracted using heparinised syringes 

and centrifuged at 3,000 x g for 5 min to obtain plasma, which was frozen at -80°C. The first gill arch 

from each side of the fish were dissected out and preserved at -80°C; one in SEI buffer (Sucrose 250 

mM, Na2EDTA 10 mM, Imidazole 50 mM (all Sigma-Aldrich)) and the other one in RNAlater 

(ThermoFisher Scientific). Liver samples were also preserved in RNAlater according to manufacturer’s 

guidelines (overnight at 4oC and frozen at -80oC). 

2.2.4. Gill NKA activity 

Between March and July (freshwater phase) gill NKA activity of all fish sampled (12 per group) were 

analysed. For the seawater phase (final sampling), only the 50 fish above the third quartile in length 

(31.7 cm) with the highest condition factor and the 50 fish below the first quartile in length (29.0 cm) 

with the lowest condition factor were analysed. 

NKA activity was measured according to McCormick’s methodology, which couples the hydrolysis of 

ATP to the enzymatic production of NAD+ through the involvement of the enzymes pyruvate kinase 

and lactate dehydrogenase, and uses the NKA inhibitor ouabain to trace the baseline (McCormick, 

1993). Kinetic assay readings were carried out at 340 nm for 10 min (60 cycles) at 25oC in a Sunrise-

basic (Tecan) spectrophotometer. Total amount of protein in the homogenate was analysed using a 

bicinchoninic acid (BCA) assay run in triplicate. NKA values were determined as the ouabain sensitive 

fraction of the ATP hydrolysis, expressed as μmol ADP mg protein−1 hour−1. 

2.2.5. Real-time polymerase chain reaction (RT-PCR) 

All freshwater samples were analysed for gill nkaα1a, nkaα1b and nkcc1a and, with the exception of 

the samples from the first sampling in February, for liver igf-I, igfbp1b, ghr1 and ctsl mRNA abundance. 

For the seawater phase only the 50 fish above the third quartile (31.7 cm) in length with the highest 

condition factor and the 50 fish below the first quartile in length (29.0 cm) with the lowest condition 

factor were analysed for liver igf-I, igfbp1b, ghr1 and ctsl mRNA abundance. 

Before total RNA isolation of samples, 20-25 mg of tissue was homogenized in RLT buffer (Qiagen) 

with zirconium oxide beads (1.4 µm) using a homogenizer (5,000 rpm, 15 min) (Precellys 24, Bertin 

Technologies). Subsequent total RNA isolation was carried out using the Qiasymphony RNA kit in the 

QIAsymphony SP automatic system following manufacturer instructions (Qiagen). 
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Total RNA concentration and purity was measured using the NanoDrop ND-1000 spectrophotometer 

(NanoDrop Technologies). Purity was confirmed with 260/280 and 260/230 ratios above 1.8. A 

selected number of samples were assessed for RNA integrity on RNA 6000 Nano LabChip® kit using 

the Agilent 2100 Bioanalyzer (Agilent Technologies). Integrity was confirmed with RIN values higher 

than 8. 

Complementary DNA (cDNA) was reversely transcribed using 1.5 µg (gill) or 1.4 µg (liver) of total RNA 

using oligo(dT20) primer and the Superscript III kit (Thermo Fisher Scientific) using a MicrolabSTARlet 

Liquid Handling Workstation (Hamilton Robotics).  

RT-PCR was carried out in a CFX-96 RT-PCR detection system platform (Bio-Rad) using the following 

PCR conditions: 3 min at 95°C, 34 cycles of 15 seconds at 95°C and 1 min at 60°C and a melting curve 

step at the end (10 seconds at 95°C, 5 seconds at 65-95°C with increments of 0.5oC and 5 seconds at 

95°C). For each assay, triplicate two-fold cDNA dilution series from pooled samples (1:5-1:160) were 

used to determine amplification efficiencies. Samples were run in 25 µl duplicates using iTaq universal 

SYBR green supermix (Bio-Rad), 0.20 µM of each primer and 5 µl of diluted cDNA (dilution 1:50 for gill 

and 1:30 for liver). Each plate included a negative control as well as a common pooled sample used 

for the intercalibration of assays among plates. The relative transcription levels of the genes were 

normalized following the efficiency corrected method (Pfaffl et al., 2004) using elongation factor 1α 

(ef1α) as an endogenous reference gene (Olsvik et al., 2005). Primers used in this study are 

summarized in Table 2.1.  

 

Table 2.1. Primers used for RT-PCR analysis and accession numbers of the gene sequences (GenBank). 

Gene name Primer sequence (5'>3') Accession number Reference 

nkaα1a 
CCAGGATCACTCAATGTCACTCT 
CAAAGGCAAATGGGTTTAATATCAT 

XM_021573245 (Nilsen et al., 2007)  

nkaα1b 
GCTACATCTCAACCAACAACATTACAC 
TGCAGCTGAGTGCACCAT 

XM_021570999 (Nilsen et al., 2007) 

nkcc1a 
GATGATCTGCGGCCATGTTC 
CTGGTCATTGGACAGTTCTTTG 

XM_021601694 (Nilsen et al., 2007) 

igf-I TGCGGAGAGAGAGGCTTTTA 
AGCACTCGTCCACAATACCA 

M81904 (Rolland et al., 2015) 

igfbp1b AGTTCACCAACTTCTACCTACC 
GACGACTCACACTGCTTGGC 

AF403539 (Gabillard et al, 2006) 

ghr1 CGTCCTCATCCTTCCAGTTTTA 
GTTCTGTGAGGTTCTGGAAAAC 

AF403539 (Gabillard et al., 2006) 

ctsl CAACTACCTGCAGGCACCTA 
ACATGATCCCTGGTCCTTGAC 

AF358668 (Rolland et al., 2015) 

efα1 
CCCCTCCAGGATGTCTACAAA 
CACACGGCCCACGGGTACT 

AF498320 (Genge et al., 2013) 
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 2.2.6. Time-resolved fluoro-immunoassay (TR-FIA) for plasma IGF-I 

Circulating IGF-I levels were measured in plasma collected from 58 randomly selected tagged fish 

(n=16 SNP; n=16 APP, n=17 LL and n=9 DPP) at the beginning (July) and at the end (September) of the 

seawater period. 

TR-FIA protocol was used to measure plasma IGF-I concentration (Small and Peterson, 2005). Prior to 

the assay, plasma IGF-I was dissociated from the binding protein with acid-ethanol (Shimizu et al., 

2000). Briefly, 96-well DELFIA pre-coated goat anti-rabbit IgG Microtitration plates (Perkin Elmer) were 

washed with 200 μl DELFIA wash buffer before each well received 20 μl anti-barramundi IGF-I rabbit 

antiserum (GroPep; diluted 1:8000) and 100 μl of standard-recombinant salmon IGF-I (GroPep) or 20 

μl extracted sample (Cleveland et al., 2018). Standards and samples were diluted in Assay Buffer 

(Perkin Elmer). Plates were incubated overnight with shaking (600 rpm at 4oC). Europium labelled 

(0.05 ng μl−1) IGF-I was added to each well and the plate incubated overnight under agitation (600 rpm 

at 4oC). The plate was washed six times with 200 μl Washing Buffer (Perkin Elmer) before adding 200 

μl DELFIA enhancement solution (PerkinElmer) to each well. After shaking at 600 rpm for 10 min at 

RT, time-resolved fluorescence was measured by a fluorometer (ARVO X4; PerkinElmer) with 

excitation and read wavelengths at 340 and 615 nm, respectively. Parallel displacement of dilutions 

of extracted plasma from rainbow trout with the standard was confirmed (Figure 2.2). The half-

maximal displacement (ED50) occurred at 0.77 ± 0.02 ng/ml (mean ± SEM, n = 4). The ED80 and ED20 

were 2.08 ± 0.05 ng/ml (n = 4) and 0.29 ± 0.01 ng/ml (n = 4), respectively. The minimum detection 

limit of the assay, defined as the mean count of the zero standard minus two standard deviations, was 

0.06 ± 0.03 ng/ml (n = 4). The intra- and inter-assay coefficients of variation were 5.4 ± 0.2% (n = 4) 

and 9.8 ± 0.9% (n = 4), respectively. 
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Figure 2.2. Displacement of Eu-labeled salmon IGF-I 

with IGF-I standard and plasma extract from rainbow 

trout. B represents binding in the presence of 

competitor and B0 represented binding in its absence. 

 

2.2.7. Growth calculations 

Specific growth rate in length (SGR-L) was calculated using the formula:  

100 × 
𝐿𝑛 (𝐿𝑒𝑛𝑔𝑡ℎ𝐹𝑖𝑛𝑎𝑙) −  𝐿𝑛 (𝐿𝑒𝑛𝑔𝑡ℎ𝐼𝑛𝑖𝑡𝑖𝑎𝑙)

𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑑𝑎𝑦𝑠
 

Similarly for specific growth rate in weight (SGR-W): 

100 × 
𝐿𝑛 (𝑊𝑒𝑖𝑔ℎ𝑡𝐹𝑖𝑛𝑎𝑙) −  𝐿𝑛 (𝑊𝑒𝑖𝑔ℎ𝑡𝐼𝑛𝑖𝑡𝑖𝑎𝑙)

𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑑𝑎𝑦𝑠
 

The condition factor was calculated with Fulton’s formula: 

100 × 
𝑊𝑒𝑖𝑔ℎ𝑡

𝐿𝑒𝑛𝑔𝑡ℎ 3
 

2.2.8. Data analysis and representation 

Statistical tests were performed using R statistical software. Data representation was carried out using 

R package ggplot2 (Wickham, 2009). 



33 

 

One-way ANOVA was performed at each time point to find differences among treatments (effect of 

photoperiod) and also performed on the whole time-series for each treatment (effect of time). Data 

was transformed by either natural logarithm or square root to satisfy the normal distribution and 

homogeneity of variance assumptions, tested with the Shapiro and Bartlett tests, respectively. 

Significant comparisons (p < 0.05) were followed by Tukey’s posthoc test to identify different 

treatments. 

Linear relationship among variables was determined by linear regression using the QR method. 

Significance values (p < 0.05) were obtained by testing the null hypothesis: the slope of the least 

squares linear fit to the data is equal to 0. 

Quadratic model fit: Measurements for any particular photoperiod treatment that followed a clear 

parabolic trend were fitted to a quadratic model. Estimated parameters were: initial value, init, 

maximum value, Ymax, and time when Ymax occurred, Tmax. These were estimated using the 

formula:  

𝑎 × 𝑇𝑖𝑚𝑒2  +  𝑏 ×  𝑇𝑖𝑚𝑒 +  𝑐, where: 

𝑎 =  (𝑐 − 𝑌𝑚𝑎𝑥)/(𝑇𝑚𝑎𝑥2), 

𝑏 =  −2 ×  𝑎 ×  𝑇𝑚𝑎𝑥, 

𝑐 = 𝑖𝑛𝑖𝑡 

Calculated estimates of a particular measurement were considered different between treatments 

(photoperiod effect) if the estimates did not overlap (value ± s.e.) between two treatments. 

 

2.3. Results 

2.3.1. Fish growth 

2.3.1.1. Freshwater 

When analysing tagged fish, it is possible to visualize the growth trajectory of each fish (Figure 2.3a) 

and to calculate specific growth rate (i.e. SGR-L and SGR-W). SGR-L was low during the first three 

months, after which it increased steadily until June, before decreasing again until the end of the 

experiment (Figure 2.3b). Though no significant differences were found for either length or weight 

(Figure 2.3a, Figure 2.4a) differences were present in both SGR-L and SGR-W. The overall SGR-L during 

the freshwater phase (February to July) was significantly lower (p < 0.01, df: 3, F: 4.53) in DPP 

compared to the other three treatments (data not shown). Month per month, the SGR-L of fish kept 
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at DPP was significantly lower than for fish kept at APP in April-May and May-June, for fish kept at SNP 

in April-May and May-June, and finally compared to fish kept at LL but only in May-June (Figure 2.3b). 

A very similar result was found for SGR-W (Figure 2.4b). Results related to length were given priority 

over those related to weight for simplicity in further analysis but since the two were so similar (i.e. 

highly correlated, p < 0.001, slope= 23.86), the results for one can be extrapolated to the other. 

 

Figure 2.3. Fork length (cm, ± 1 s.e.) of juvenile rainbow trout reared in freshwater under four 

different photoperiod treatments and transferred to seawater on the 5th of July. Mean fork length 

(points and thick lines) and individual growth trajectory (thin lines) of each tagged fish, measured 

once per month (a) and mean SGR-L between samplings (b). Samplings took place on 24th of 

February, 18th of March, 14th of April, 12th of May, 10th of June, 5th of July and 14th of September. 

Error bars indicate s.e. The dashed line indicates seawater transfer. Different letters indicate 

statistical differences within a time point (p < 0.05). 
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Figure 2.4. Weight (g, ± 1 s.e.) of juvenile rainbow trout reared in freshwater under four 

different photoperiod treatments and transferred to seawater on the 5th of July. Mean weight 

(points and thick lines) and individual weight increase (thin lines) of each tagged fish, measured 

once per month (a) and mean SGR-W between samplings (b). Samplings took place on 24th of 

February, 18th of March, 14th of April, 12th of May, 10th of June, 5th of July and 14th of September. 

The dashed line indicates seawater transfer. Error bars indicate s.e. Different letters indicate 

statistical differences within a time point (p < 0.05). 
 

 

2.3.1.2. Seawater 

After nine weeks in seawater at LL, no differences in length (Figure 2.3a), SGR-L (Figure 2.3b), weight 

(Figure 2.4a) or SGR-W (Figure 2.4b) were found among fish that had been reared in different 

photoperiod treatments during their freshwater phase.  

There was a significant correlation between the overall freshwater SGR-L (February to July) and 

seawater SGR-L (p < 0.01, slope= 0.07). However, the worst performing fish in seawater (SGR-L below 
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0.10 cm*day-1) were not consistently the fish with the worst freshwater SGR-L (0.25 ± 0.010 cm*day-

1) in the total population (0.27 ± 0.004 cm*day-1). 

 

2.3.2. The effect of different photoperiod regimes on NKA activity 

2.3.2.1. Freshwater 

Fish from all photoperiod treatments experienced a significant increase in gill NKA activity from mid-

March to April, followed by a plateau from April until mid-May/June which was followed by a sharp 

decrease (Figure 2.5a). However, while NKA activity in fish kept at LL, SNP and DPP peaked in mid-May 

and started to decrease in June, NKA activity in fish kept at APP peaked two weeks later (June) and 

decreased also later in mid-June. At the final sampling point in July, NKA activity in fish from all 

treatments reached comparable low values, similar to those recorded in March (full statistical analysis 

available in Table 2.2). Significant differences among treatments were only found in early June when 

NKA activity in fish kept at APP was significantly higher than in fish kept at DPP (Tukey test, p < 0.001). 
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Figure 2.5. Gill NKA activity (a) and gill relative gene transcription of related genes, nkaα1a (b), 

nkaα1b (c) and nkcc1a (d) of juvenile rainbow trout in freshwater under four photoperiod 

treatments. Error bars indicate s.e. Different letters indicate statistical differences with a time point 

(p < 0.05). Samplings took place on 3rd of March, 17th of March, 31st of March, 13th of April, 27th of 

April, 11th of May, 25th of May, 9th of June, 22nd of June and 5th of July. The dashed line indicates 

seawater transfer. 
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Table 2.2. Tukey’s test results for the differences among sampling points for each treatment. 

Different letters indicate significant differences within a time point. 

 APP DPP LL SNP 

 
nk
cc1
a 

nka
1a 

nka
1b 

N 
K 
A 

nkc
c1a 

nka
1a 

nka
1b 

N 
K 
A 

nkc
c1a 

nka
1a 

nka
1b 

N 
K 
A 

nkc
c1a 

nka
1a 

nka
1b 

N 
K 
A 

Mid-
Feb 

b abc cd - c bcd ab - c bc b - a ac c - 

March ab ab ab be ab ab ab 
ab
e 

ab a ab a a a ab bd 

Mid-
March 

ab c c ab ac a ab ab ac ab ab a ab bc c ab 

April a c c cd ab a a c ac abc ab b a b c ac 

Mid-
April 

ac ac cd cd ac 
abc
d 

ab cd ac abc ab b a ac acd c 

May ab abc cd cd a 
abc
d 

ab cd ac abc ab b a abc c ac 

Mid-
May 

ab abc cd ac ac c b c ac c ab b a a cd c 

June a b ad d ab cd b ad ab c ac b a a ad c 

Mid-
June 

cd abc ab ab bd 
ab
d 

c be bd abc d a bc ac be bd 

July d abc b e d bcd c e d abc cd a c abc be d 

Mid-
July 

d c b - d 
ab
d 

c - d abc d - c a e - 

 

2.3.2.2. Seawater 

The NKA activity in seawater (September) showed no differences among fish reared in any of the 

freshwater photoperiod treatments (Data not shown; APP: 2.7 ± 0.29, DPP: 3.2 ± 0.53, LL: 2.8 ± 0.30, 

SNP: 2.5 ± 0.31 μmol ADP mg protein−1 hour−1). 

2.3.3. Transcription of nkaα1a, nkaα1b and nkcc1a complement 

NKA activity results 

Freshwater transcription of nkaα1b and nkcc1a, changed in a similar fashion to NKA activity while the 

transcription of nkaα1a changed in an inversely manner with highest values recorded from March to 

April instead of May to June (Figure 2.4b-d). Taking into consideration the whole freshwater period, 

all three genes, nkaα1a, nkaα1b and nkcc1a, correlated significantly with NKA activity (data not 

shown, p < 0.001, slope= -0.15; p < 0.01, slope= 0.13; p < 0.001, slope= 0.002; respectively). 
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The relative gill nkaα1a mRNA abundance was highest at the start of the trial, decreasing after mid-

April and reaching minimum values in mid-May and June (Figure 2.4b). In March, the transcription of 

this gene in fish kept at LD24:0 (LL, DPP) was significantly higher than in those kept at a photoperiod 

that changed to LD12:12 (SNP, APP) (p < 0.001, df: 3, F: 18.72).  

For all the different treatments, nkaα1b increased in mid-March and decreased in mid-May, earlier 

than NKA activity in both cases (Figure 2.4c). Similarly to nkaα1a, fish kept at LL (LL, DPP) was higher 

than those at LD12:12 (SNP, APP) in March (p < 0.001, df: 3, F: 11.56). 

The transcription of nkcc1a was stable (no statistical differences on time) until it decreased at the 

same time as the NKA activity, in mid-June (Figure 2.4d). After decreasing, its values were significantly 

lower than in February (Figure 2.4d; Table 2.2). Transcription of nkcc1a in fish kept at SNP was 

significantly higher than in fish kept at DPP in May (Tukey test, p < 0.05). 

2.3.4. igf-I, igfbp1b, ghr1 and ctsl transcription and plasma IGF-I 

abundance in response to different photoperiod regimes 

2.3.4.1. Freshwater 

In freshwater, the transcription of igf-I, ghr1 and ctsl followed a similar trend as gill NKA enzyme 

activity while igfbp1b showed less variation over time (Figure 2.6). Independently of photoperiod 

treatment, igf-I increased between March-April and then decreased in mid-June. This trend was also 

observed in ghr1, which increased sharply in mid-May before decreasing again in mid-June and in ctsl, 

which slowly increased until mid-May and decreased in June.  
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Figure 2.6. Liver transcription of genes of the somatotropic axis, igf-I (a), igfbp1b (b), ghr1 (c), and 

ctsl (d), of juvenile rainbow trout reared in freshwater under four different photoperiod 

treatments and transferred to seawater on the 5th of July. Error bars indicate s.e. Samplings took 

place on 3rd of March, 17th of March, 31st of March, 13th of April, 27th of April, 11th of May, 25th of 

May, 9th of June, 22nd of June, 5th of July and 14th of September. Different letters indicate statistical 

differences within a time point (p < 0.05). No letters indicate lack of significant differences. The 

dashed line indicates seawater transfer. 

 

Statistical differences among groups were found mostly at the beginning of the experiment, with igf-

I in March being higher in fish kept at DPP compared to APP, LL and SNP. Similarly ghr1 in March was 

higher in fish kept at DPP compared to those at SNP. During the two following months igfbp1b was 

higher in fish kept at DPP compared to those kept at SNP. Finally, ctsl was higher in fish kept at DPP 

and LL compared to those kept at APP in mid-March and in mid-June ctsl was higher in fish kept APP 

compared to those at LL. 
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Plasma IGF-I levels in July, were significantly higher in APP compared to the other treatments (p < 

0.001, df: 3, F: 6.68) (Figure 2.7a).  

 

Figure 2.7. Circulating IGF-I in blood plasma of juvenile rainbow trout reared in freshwater under 

four different photoperiod, sampled before seawater transfer (5th of July) (a) and after two 

months in seawater (14th September) (b). Error bars indicate s.e. Different letters indicate 

statistical differences within a time point (p < 0.05). 

 

2.3.4.2. Seawater 

In the seawater phase, no significant differences among fish reared in any of the freshwater 

photoperiod treatments were found for any of the genes analysed (Figure 2.6).  

In September, plasma IGF-I levels were significantly higher in fish that had been kept at APP during 

freshwater phase compared to fish that had been kept at DPP and LL (Figure 2.7b) (p < 0.001, df: 3, F: 

6.98).  

2.3.5. Quadratic model fit 

Freshwater SGR-L over time for each photoperiod treatment was fitted to a quadratic model (Figure 

2.8a, Table 2.3). According to the estimated model there were no differences among treatments for 

the initial values (init). However, the maximum value (Ymax), was lower in DPP (0.33 ± 0.008 cm * day-

1) compared to the other treatments (ranging from 0.356 to 0.379 cm * day-1). Moreover, the day 

when the maximum value occurred (Tmax) was later for LL (at day 155 ± 2.5) than for SNP (at day 147 

± 2.1). 
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Figure 2.8. Quadratic model fit to SGR-L (a), gill NKA activity (b) and liver igf-I gene transcription 

(c) during the freshwater phase of juvenile rainbow trout under four different photoperiod 

treatments. Samplings for SGR-L took place on 24th of February (day 55), 18th of March (day 78), 

14th of April (day 105), 12th of May (day 133), 10th of June (day 162), 5th of July (day 188). Samplings 

for NKA activity and igf-I transcription took place on 3rd of March (day 63), 17th of March (day 77), 

31st of March (day 91), 13th of April (day 104), 27th of April (day 118), 11th of May (day 132), 25th of 

May (day 146), 9th of June (day 161), 22nd of June (day 174). 
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Table 2.3. Estimates of a quadratic model fit to SGR-L (a), gill NKA activity (b), liver igf-I gene 

expression (c), and ctsl gene expression (d) of juvenile rainbow trout in freshwater under four 

different photoperiod regimes. init is the initial value, Ymax, the maximum value and Tmax is the 

day when Ymax occurred. 

  APP   DPP   LL   SNP   

  Estimate s.e. Estimate s.e. Estimate s.e. Estimate s.e. 

SGR-L          
 init -0.806 0.083 -0.691 0.073 -0.755 0.067 -0.838 0.0829 
 tmax 152.515 2.753 152.127 2.533 155.372 2.478 147.772 2.069 
 ymax 0.370 0.009 0.327 0.008 0.366 0.007 0.365 0.009 
NKA          
 init -21.772 3.677 -19.393 3.058 -22.669 3.079 -23.431 3.268 
 tmax 117.148 1.970 113.501 1.78 116.016 1.592 116.925 1.673 
 ymax 9.000 0.478 7.924 0.387 8.557 0.403 8.568 0.426 
Igf-I          
 init -0.065 0.017 -0.028 0.017 -0.061 0.019 -0.056 0.018 
 tmax 115.110 2.681 102.720 3.990 111.016 2.97 114.577 3.100 
 ymax 0.035 0.002 0.034 0.002 0.033 0.002 0.035 0.002 
ctsl          
 init -0.117 0.079 -0.090 0.049 -0.179 0.081 -0.054 0.059 
 tmax 114.178 4.869 101.347 3.234 104.683 3.582 103.440 4.619 
 ymax 0.141 0.009 0.136 0.006 0.150 0.009 0.136 0.007 

 

Similarly, freshwater NKA activity over time for each photoperiod treatment was also fitted to a 

quadratic model (Figure 2.8b, Table 2.3). According to the estimated model there were no differences 

among treatments for the initial values (init) and the day when the maximum value occurred (Tmax). 

However, the maximum value (Ymax), was higher in APP (9.0 ± 0.48 µmol ADP mg protein-1 hour-1) 

compared to DPP (7.9 ± 0.39 µmol ADP mg protein-1 hour-1).  

The transcription of igf-I and ctsl during the freshwater period followed a parabolic trend similar to 

NKA activity data, thus each treatment was fitted to a quadratic model. Estimates for igf-I indicate 

that Tmax occurs earlier for DPP (at day 102.7 ± 3.99) than for any of the other treatments (ranging 

from 108.1 to 117.79 days) (Figure 2.8c, Table 2.3). Similarly, for ctsl transcription Tmax occurs earlier 

in DPP (at day 101.4 ± 3.23) than in APP (at day 114.2 ± 4.87) (Table 2.3). 

2.3.6. Relationship between plasma IGF-I, liver igf-I, igfbp1b, ghr, 

ctsl and growth in seawater 

Tagged fish were used to study the relationship between growth in seawater (assessed through the 

SGR-L between the time of transfer in July and the end-point sampling after two months in September) 

plasma IGF-I (July and September) and liver gene transcription (September). 
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The relationship of SGR-L in September with the plasma IGF-I in July was not significant (Figure 2.9a, 

p < 0.05, slope= 96.67). However, SGR-L in September was significantly correlated with plasma IGF-I 

in September (Figure 2.9b, p < 0.01, slope= 431.21). Moreover, a significant correlation between the 

liver igf-I transcription in September and the SGR-L in seawater was found (Figure 2.9c, p < 0.001, 

slope= 0.08). Correlations of SGR-L with igfbp1b, ghr1 and ctsl were not significant. 

 

 

Figure 2.9. Relationship between SGR-L and plasma IGF-I or liver igf-I transcription of rainbow 

trout sampled in seawater on the 14th of September. Relationship between the SGR-L between 

July and September with plasma IGF-I prior seawater transfer (July) (a), plasma IGF-I in seawater 

(September) (b) and liver igf-I transcription in seawater (September) (c). 
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A significant correlation was also found for the plasma IGF-I in July and the plasma IGF-I in September 

(p < 0.001, slope= 0.17). However, the correlation between plasma IGF-I and liver igf-I in September 

was not significant (p: 0.16, slope: 2.7*10-5).  

 

2.4. Discussion 

In salmon aquaculture it is common to use different photoperiod regimes to produce robust smolts 

throughout the year while ensuring optimal growth and welfare of fish (Handeland and Stefansson, 

2001). In contrast, the preferred photoperiod protocol for production of rainbow trout smolts is LL, 

despite little evidence to support that LL is indeed the best suited photoperiod to induce smoltification 

related traits in this species. This study aimed at evaluating the effect of different photoperiods on 

smoltification through the use of both traditional and well established smolt assessment tools, such 

as NKA activity measurement, and less established molecular tools, like the transcription of 

osmoregulatory genes through RT-PCR. According to results from this study, there is no reason to 

disregard LL as a suitable photoperiod regime for rainbow trout smoltification. Moreover, since a 

growth-stunted phenotype of fish has been reported in rainbow trout once transferred to seawater, 

liver transcription of igf-I, igfbp1b, ghr1 and ctsl, and the abundance of circulating IGF-I in plasma were 

measured and evaluated in relation to both photoperiod treatment received in freshwater and 

somatic growth during the seawater phase. This experiment was performed on the winter to summer 

period, since a majority of the problems encountered by the industry occur in summer post-smolts. In 

this study, a strong correlation between growth in seawater and IGF-I (both circulating in plasma and 

in liver transcription) was found, highlighting that low levels of this hormone (among others that were 

not tested; a hormonal dysregulation) is one of the factors involved in the development of the GS 

phenotype.  

Growth was lower in fish kept at DPP compared to fish kept at the other photoperiod treatments 

during spring in freshwater and after 9 weeks in seawater. However, in contrast to the results obtained 

in similar studies with Atlantic salmon (Handeland and Stefansson, 2001), differences in the 

smoltification process in response to the different photoperiod treatments were generally mild, with 

few significant differences in NKA activity. In the present study, different photoperiods only caused a 

minor desynchronization of the biological clock of rainbow trout in spring. In fact, rainbow trout can 

smolt in total darkness (Wagner, 1974b), hinting that light regime is not their main zeitgeber for 

smoltification. Although all four treatments generated a smolt window in April, its duration was 

slightly longer for APP and shorter for DPP than in the rest of the treatments, particularly in June. In 

this context, a longer smolt window could have an impact to fish farmers, allowing them to be less 
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constrained by time in something as crucial as the seawater transfer of the fish. The difference 

between these two treatments was further shown by the NKA quadratic model, which showed that 

the overall activity of NKA was higher in APP than in DPP, suggesting that fish at APP become more 

seawater-ready. Nonetheless, the differences in the duration of the smolt window in the different 

treatments was small and, in mid-June, all treatments converged at low NKA activities, suggesting that 

this drop in hypo-osmoregulatory capacity (desmoltification) is induced by other factors that were not 

considered in this study, such as water temperature or simply a biological clock that is poorly affected 

by exogenous stimuli. 

Although it was tightly related to the NKA activity during the whole freshwater period, the 

transcription of nkaα1a, nkaα1b and nkcc1a offered further detail into the smoltification process. In 

this context, the transcription of both nkaα1a and nkaα1b in March allowed for the detection of a 

transient transcriptional response of SNP and APP to the switch from LD12:12 to LL, which the NKA 

activity did not show. This response may decrease the osmoregulation capacity of the fish, which are 

likely the effects of an transient response to photoperiod, as it has been previously observed on the 

immune response (Leonardi and Klempau, 2003; Valenzuela et al., 2008). Nonetheless, this effect was 

only transitory and transcription recovered in the two week period between samplings. During the 

smolt window, even though NKA activity stayed relatively stable at high values, there were changes 

that affected the NKA pumps at the gene expression level. The transcription of nkaα1a suggests that 

fish would have experienced their highest freshwater preference up to April, after which it decreased, 

reaching a minimum in mid-May, towards the end of the smolt window. On the other hand, nkaα1b 

and nkcc1a stayed relatively stable at high values until there was a significant decrease in mid-June 

for both, suggesting that the fish were able to respond optimally to a seawater challenge until mid-

June. During the desmoltification phase, the transcription of nkaα1b and nkcc1a decreased 

accordingly to the NKA activity, while nkaα1a rose back, showing that fish were abandoning their 

migratory instinct and readapting to a life in freshwater. At this point, the transcription of the two 

seawater genes was significantly lower than at the start of the experiment in February, while nkaα1a 

transcription was at similar levels. This could not be appreciated from the NKA activity, and it suggests 

that the osmotic stress of a sudden seawater challenge would be stronger for desmolted than for parr 

rainbow trout. Indeed, this would explain the mechanism behind the results of Wagner (1974b), who 

showed that parr steelhead trout in December can have a higher survival rate to a direct seawater 

transfer than desmolts in June, and it provides further evidence that the desmoltification process is 

not simply the reversal to the parr state. 

In mid-June rainbow trout from all treatments had desmolted, as their NKA activity and transcription 

of both nkaα1b and nkcc1a decreased to low levels while the transcription of nkaα1a increased. Since 
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fish lose the characteristics of a smolt, it has been suggested that transferring Atlantic salmon to 

seawater at this point would be suboptimal (Arnesen et al., 2003). Regardless, it was decided to 

proceed with the seawater allocation in order to understand the effects of a sub-optimal seawater 

transfer on rainbow trout. This approach offers the possibility to research the mechanism of the GS 

fish development. In fact, although mortality upon seawater transfer was negligible, approx. 14% of 

fish experienced very little to no growth (SGR-L below 0.10 %*day-1) during the summer months in 

seawater (July to September). These results are therefore in line with previous similar studies 

(Wagner, 1974a) and with the frequencies reported by Norwegian fish farmers. These two phenotypes 

might be linked to the two classes that are found in all migration studies in rainbow trout: sea-run and 

freshwater-resident phenotypes are always present, even in the same cohort (Christie et al., 2011; 

Kendall et al., 2015). Although the proportion of each phenotype is influenced by genotype (Nichols 

et al., 2008; Hecht et al., 2013), individual condition (size, growth rate, energy storage) (McMillan et 

al., 2012) and environmental factors (Sloat et al., 2014), the current knowledge is not enough to 

completely explain their smoltification patterns (Kendall et al., 2015). Efforts to produce a strain with 

a single phenotype, either selecting the sea-run (Sharpe et al., 2007; Christie et al., 2011; Sloat and 

Reeves, 2014) or the freshwater-resident (Thrower and Joyce, 2005; Hayes et al., 2012), have proved 

unsuccessful. Therefore, it is likely that the fish that performed poorly in seawater would have been 

natural freshwater-residents, while the others would have been the sea-run phenotype. Another 

explanation could be related to fish personality, with several studies not related to seawater transfer 

showing that rainbow trout exhibit dominant and subordinate behaviour (DiBattista et al., 2006; 

Kostyniuk et al., 2018). The latter experience stress and reduced growth, although this has not been 

shown in aquaculture production setups, with bigger tanks and bigger numbers of fish per tank (which 

might difficult the establishment of dominance) and longer experiment durations. However, in the 

present study, no behavioural tests were performed on the fish.  

The GH-IGF-I axis is involved in the control of both growth and smoltification (Shrimpton et al., 2000; 

Mancera and McCormick, 2007; Shimomura et al., 2012). The mechanism of the GH-IGF-I axis on 

growth, through the activation of GHr by GH and the subsequent production of hepatic IGF-I, the 

activity of which is regulated by IGFBP1b (Shimizu et al., 2011a), among others, has been studied in 

multiple fish groups (Beckman, 2011). On the other hand, in relation to smoltification, it has been 

proposed that GH, through GHr and IGF-I stimulation, is related to an increase in gill salt secretion 

capacity through the increment of the number of seawater chloride cells (Mancera and McCormick, 

2007; Reinecke, 2010). In these cells, the isoforms NKAα1b and NKCC1a are involved in 

osmoregulation, increasing the NKA activity and seawater tolerance (McCormick, 2001; Poppinga et 

al., 2007). On the other hand, ctsl is lysosomal endopeptidase which is involved in the initiation of 
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protein degradation (Joseph et al., 1988; Lysenko et al., 2017), relevant during turnover of cells and 

tissues during smoltification. The present study showed that the photoperiod treatment has relatively 

little effect on the regulation of the transcription of igf-I, igfbp1b, ghr1, and ctsl in liver. In March, due 

to reasons that cannot be traced back but are likely not related to the photoperiod treatment, DPP 

showed an increased transcription of igf-I and ghr1. Interestingly, this growth-enhancing condition 

might be quickly stopped by an increase of the transcript of igfbp1b in mid-March and April, which 

would decrease the effect of IGF-I, therefore the growth of DPP fish was not higher than in the other 

treatments and the transcription of the measured genes was soon returned to normal levels. 

Regarding ctsl, it transiently decreased in mid-March for the two treatments that changed to LD12:12, 

SNP and APP, the latter one being more affected. This could be related to the transient stress response 

to photoperiod switching that was also seen for nkaα1a and nkaα1b and, in the same way, the 

transcription recovered in the two week period until the next sampling. Months after, in mid-June, 

ctsl transcription of APP was higher than that of LL. However, the SGR-L was not bigger in APP than in 

LL during the June-July or July-September periods, which puts into question the validity of the 

transcription of this gene as a growth proxy. When modelled, only DPP treatment showed differences 

on the transcription of igf-I and ctsl, as seen through the model fit, since it started decreasing earlier 

than other treatments, which is consistent with the lower SGR-L recorded in this group. In any case, 

regardless of the photoperiod, the relationship between igf-I, ghr1 and ctsl and growth seemed clear: 

their trend is consistent with the SGR-L in tagged fish, with high gene transcriptions corresponding to 

periods of high SGR-L, which is especially clear in May and June, although with a phase delay. When 

compared to igf-I transcription, SGR-L has a phase delay of about 40 days, as would be expected when 

comparing a quick process (gene transcription) with a slow one (growth). It is likely that the liver 

transcription of igf-I, ghr1 and ctsl, among other genes, are responsible for promoting the growth of 

rainbow trout in the medium to long term (Beckman et al., 2004a; Picha et al., 2008; Beckman, 2011). 

This suggests that the smoltification process anticipates a period of high growth during the post-smolt 

phase, triggering the earlier transcription of growth-promoting genes. During desmoltification, the 

transcription of these genes is down-regulated as the fish would not become post-smolts and this 

period of intense growth would no longer occur. Finally, although both igf-I transcription and NKA 

activity increased in mid-March, igf-I transcription reached the high plateau of the smolt window 

sooner than nkaα1b or NKA activity, suggesting that indeed IGF-I drives the increase in NKA activity 

(McCormick, 2001; Poppinga et al., 2007). Moreover, NKA activity and igf-I transcription seemed to 

follow a very similar trend (Tmax for NKA activity: 111.72 to 119.12, Tmax for igf-1 transcription: 98.73 

to 117.79 days) (Sakamoto et al., 1995; Shimomura et al., 2012).  
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Unlike the case of the gene transcription of igf-I, ghr, ctsl and igfbp1b, the photoperiod treatment did 

affect the circulating IGF-I in plasma at the end of the freshwater phase (it was not measured prior to 

this point), when APP had significantly higher abundances than the other treatments, and in seawater 

in September, when it was higher in APP compared to DPP and LL. Similarly, Taylor et al. (2005) 

reported higher growth and plasma IGF-I levels in the LD18:6 treatment. It is possible that the 

rhythmicity of the APP provides the adequate zeitgeber for rainbow trout development, while DPP 

does the opposite. However, this difference due to the photoperiod was not found in the liver igf-I 

transcription. Assessing the relationship between plasma IGF-I and SGR-L in seawater (July-

September), the data does not allow to accept plasma IGF-I in July as a reliable predictor of the growth 

to come during the next two months in seawater. However, overall SGR-L in freshwater was a 

predictor of SGR-L in seawater, as previously observed (Johnsson et al., 1997).Moreover, both the 

plasma IGF-I and the liver igf-I transcription had significant correlations with SGR-L in tagged fish 

showing that they are involved in the regulation of growth in seawater for rainbow trout. 

In conclusion, the effects of photoperiod on rainbow trout in winter-spring are relatively small when 

compared with the effects on other salmonids, as seen from the minor differences in NKA activity, 

osmoregulatory genes and the studied transcription of growth-related genes among treatments. To 

exemplify this, after 16 weeks of photoperiod treatment, Atlantic salmon kept at SNP showed an NKA 

activity of around 10 μmol ADP mg protein−1 hour−1 while those fish kept at LL presented values of 

around 4 (Handeland and Stefansson, 2001). While given the general lack of differences between APP, 

LL and SNP it is difficult to pinpoint the most appropriate photoperiod regime for rainbow trout, APP 

induced a longer smolt window and fish showed higher values of plasma IGF-I. On the other hand, DPP 

was consistently the worst treatment, as shown by the shorter length of the smolt window, reduced 

NKA activity, earlier decrease in the transcription of igf-I and ctsl, lower abundance of plasma IGF-I 

and lower SGR-L and SGR-W. From a growth perspective, although igf-I, ghr1 and ctsl transcription 

were, mostly, not significantly affected by the light regime, they showed a clear increase during the 

smolt window, suggesting that during this phase the endocrine system of anadromous salmonids is 

preparing for the imminent period of high growth in seawater. Finally, while plasma IGF-I and liver igf-

I transcription in seawater were clearly related to the regulation of growth in seawater, IGF-I prior 

seawater transfer was not a reliable predictor of growth. Since the present work seems to indicate 

that the photoperiod is not a strong inducer of smoltification for the species, future work should 

investigate the effect of other environmental cues, like temperature and salinity as smoltification 

inducers in rainbow trout. 
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Chapter 3: Effects of temperature and photoperiod on 

rainbow trout smoltification and haematopoiesis  

3.1. Introduction 

 Most freshwater fish would not be able to cope with the osmotic stress intrinsic to seawater, quickly 

dehydrating and dying, and so are bound to freshwater ecosystems (Quinn et al., 2016). However, 

anadromous salmonids have developed a strategy to minimize osmotic counter effects, thus allowing 

them to live in both freshwater, ideal for safe spawning, hatching and early growth stages, and 

seawater environments, rich in energy resources for fast growth (Lima and Dill, 1990; Hendry et al., 

2004).  

Anadromous salmonids develop the attributes necessary for life in seawater during a process known 

as smoltification. Once anadromous salmonids reach a threshold size (Kendall et al., 2015), 

smoltification is triggered by environmental cues, such as changes in photoperiod, water temperature 

and salinity, which in turn alter the pituitary, thyroid and inter-renal tissues (Prunet and Young, 1989). 

These tissues are key orchestrators of many biochemical (e.g. haemoglobin; Fyhn et al., 1991), 

physiological (e.g. intake metabolism; Björnsson et al., 2011), morphological (e.g. dark and rounded 

to silvery and streamlined; Winans and Nishioka, 1987) and behavioural changes (e.g. bottom-

dwelling, aggressive and territorial to pelagic, schooling and downstream migrating, McCormick et al., 

1998; Riley et al., 2014), all designed to improve seawater performance and survival. Among these 

changes is the development of hypo-osmoregulatory capacity. This is possible because salmonids have 

different gill cell types with a repertoire of NKA pumps. Each of these pumps have differences in 

function, peak in expression at different times and are predominantly found in one of the gill cell types 

(Nilsen et al., 2007; Flores and Shrimpton, 2012). Thus, NKAα1a is a freshwater pump present in 

lamellar chloride cells, the function of which is to generate a hyper-osmotic gradient that results in 

ion uptake, and is highest during the parr stage of the fish. On the other hand, the seawater pumps 

NKAα1b and NKCC1a are found primarily in filamental chloride cells, their function is to generate a 

hypo-osmotic inner environment that results in ion secretion, and peak during the smolt stage and in 

seawater (McCormick et al., 2013). All smoltification changes are reversible and last during what is 

known as the smolt window (time of maximal seawater-readiness). If the fish do not reach seawater 

during the smolt window, these changes are lost in the process known as desmoltification (Stefansson 

et al., 1998).  
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Both photoperiod and temperature have been investigated in aquaculture management in a variety 

of farmed and potential farmed fish species (Deacon and Hecht, 1996; Allan and Burnell, 2013). In the 

case of salmonids, the artificial manipulation of these environmental factors has been shown to be a 

useful strategy for the production of out-of-season smolts, as well as for optimizing the induction of 

in-season smoltification and maximizing growth in aquaculture production systems (Solbakken et al., 

1994; Jørgensen et al., 2007; Handeland et al., 2013). Consequently, photoperiod is routinely 

manipulated according to the time of the year in order to obtain optimal smoltification rates in Atlantic 

salmon and Arctic char (Salvelinus alpinus) production (Stead and Laird, 2002; Johnston, 2008) while 

temperature is less often controlled due to heating costs. 

In recent years, there has been an increase in the aquaculture production of the sea-run phenotype 

of rainbow trout, which reached over 84,000 tonnes in Norway alone in 2016 (Food and Agriculture 

Organization of the United Nations, 2019). Industrial interest on this phenotype arises from the need 

to diversify production and the possibility to expand on-growing production sites to low salinity 

locations, which are more suitable for rainbow trout smolts than for Atlantic salmon (Altinok and 

Grizzle, 2001) and are less prone to salmon louse infestations. However, our understanding of the 

environmental control of rainbow trout smoltification is insufficient and there is a need for 

appropriate tools to assess rainbow trout seawater-readiness. In the absence of a rainbow trout 

specific all-season production protocol, most hatcheries are rearing rainbow trout at LL and natural 

temperature while seawater-readiness is regarded exclusively as size-dependent. Under these 

conditions, high mortalities and high numbers of fish that experience sub-optimal growth (GS 

phenotype) upon seawater transfer, especially in summer post-smolts, have been reported by the 

industry. While in Chapter 2 LL was compared to other photoperiod regimes and shown to be an 

appropriate option for rainbow trout smoltification, the effect of temperature and its interaction with 

photoperiod remain untested.  

In order to reduce the incidence of GS fish, optimizing rearing conditions for rainbow trout 

smoltification, as well as identifying and implementing markers of seawater-readiness and markers 

for the early detection of GS fish are all crucial, thus improving both fish welfare and production. In 

this sense, IGF-I is a peptide hormone that promotes growth of fish (Wood et al., 2005). The activity 

of circulating IGF-I is stabilized and regulated by the presence of multiple IGFBPs. In salmonids and 

other teleost species, plasma IGF-I is positively correlated with growth rate and can be used as a 

positive marker of growth (Picha et al., 2008; Beckman, 2011). On the one hand, IGFBP1b, one of three 

major circulating forms of IGFBP which is induced under catabolic conditions, is negatively correlated 

with growth rate and may be useful as a negative marker of growth in salmonids (Shimizu et al., 2006; 

Kawaguchi et al., 2013; Kaneko et al., 2019). 
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Another factor to take into consideration due to its potential to significantly compromise fish welfare 

and production are pathogen infections. While a wide variety of measures can be taken to prevent 

them (Sommerset et al., 2005; Sharifuzzaman and Austin, 2009; Oliva-Teles, 2012), disease is one of 

the main threats to production (Asche et al., 2009; Dale et al., 2009; Kristoffersen et al., 2009). 

Therefore, immune capacity is a key factor to take into consideration when optimising new production 

protocols. Since blood cells constitute the main line of defence against pathogens and non-self 

particles, haematopoiesis can be used as a proxy of immune capacity (Baldridge et al., 2010; Martin 

et al., 2012). A number of transcription factors related to haematopoiesis control such as the 

transcription factor Pu.1 (also known as SPI1) are well known. Low concentrations of Pu.1 are essential 

for the differentiation of granulocyte-monocyte progenitor (GMP) myeloid cells (i.e. mast cells, 

eosinophils, neutrophils, macrophages and dendritic cells) (Ribas et al., 2008; Orkin and Zon, 2008). In 

turn, cells from this myeloid lineage produce more Pu.1, increasing its abundance and shifting the 

haematopoiesis towards the productions of lymphoid cells. IL1β is a pro-inflammatory cytokine 

produced by immune cells like lymphocytes, monocytes and macrophages upon detection of signs of 

an infection or injury. IL1β enhances cell-mediated immunity by promoting the proliferation and 

maturation of lymphocytes (Pleguezuelos et al., 2000; Reis et al., 2012). IL-4/13 is the ancestral family 

cytokine related to both mammalian IL-4 and IL-13, involved in the stimulation of B lymphocyte 

proliferation and activation of macrophages (Martinez et al., 2009; Takizawa et al., 2011; Sequeida et 

al., 2017). Finally, the transcription factor GATA3 is essential for the development of the T lymphocyte 

lineage and differentiation of T helper type 2 cells (Kumari et al., 2009). Understanding the interplay 

of these key transcription factors and expression of cytokines in response to any changes in 

environmental conditions during smoltification is vital to assess the impact on the immune capacity 

of fish. 

The objectives of this study are (1) to test the effect of different photoperiod and temperature regimes 

on the smoltification of rainbow trout through the measurement of the gill NKA activity, and gill 

nkaα1a, nkaα1b, and nkcc1a transcription over a three month period in freshwater, (2) to identify the 

optimal regime in terms of growth and its regulation (circulating IGF-I levels) and (3) to evaluate the 

effect of such regimes on the immune capacity of the fish as a function of the transcription of 

haematopoiesis related genes pu.1, il1β, il4/13 and gata3 in head kidney. 
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3.2. Materials and methods 

3.2.1. Samples 

Juvenile rainbow trout (AquaGen) of 1+ years with an initial weight of 75.0 ± 15.1 g were used in this 

experiment (n=716). Fish were fed ad libitum using a standard commercial dry diet (Skretting AS) from 

automatic feeders according to fish size. Fish were kept indoors in a flow through system using tanks 

equipped with timer-controlled LED lights in a trout facility from Lerøy Vest AS (Bjørsvik, Hordaland, 

Norway). The fish were kept at ambient temperature except for the high temperature group, where 

it was raised for a period as part of the experimental setup, water flow of 0.4 L/kg/min and O2 was 

above 80% saturation in the outlet. 

3.2.2. Experimental design 

Prior to the freshwater experimentation phase, fish were kept in 2 x 2 m rearing tanks (2,500 L) under 

natural temperature and LL photoperiod for 2 weeks. On the 8th of March 2017, n=160 fish were 

individually Carlin tagged for recording of individual growth rates during both the freshwater and 

seawater phase of the experiment. Fish were randomly distributed into eight tanks, resulting in 20 

tagged and 67 untagged fish per tank. After two weeks of acclimation, the photoperiod and 

temperature regimes were initiated. The experimental design included a factorial design of two 

temperature treatments (high temperature (HT) or natural temperature (NT)) and two photoperiod 

treatments (LL or SNP) resulting in a total of four treatments: HT+LL, HT+SNP, NT+LL and NT+SNP. High 

temperature water was achieved using heat interchange with fjord seawater and homogenised in a 

series of head tanks with degassers before pumping into the experimental tanks. Due to this heat 

interchange mechanism, fjord water temperature determined the reachable water temperature for 

HT. Temperature of the HT group was set to 8oC with minor deviations from the 8th of March until the 

natural water temperature converged at 8oC (temperature convergence, TC) on the 8th of May (Figure 

3.1a). Fish at NT received water at ambient temperature for the duration of the experiment (8th of 

March to 13th of September 2017). After TC point, both NT and HT groups received water at natural 

temperature. LL photoperiod was constant light for the duration of the experiment, while SNP started 

at LD12:12 and increased light time by 45 min every week (Figure 3.1b). During the freshwater phase 

(8th of March to 2nd of June), weight and length were recorded in tagged fish on 8th March, 5th May and 

2nd June. In June, the remaining non-tagged fish from all experimental groups were individually tagged 

and length and weight recorded before being randomly distributed into four replicate tanks supplied 

with seawater and kept at LL in a common garden experiment to strengthen growth studies. Weight 

and length were recorded once more at the end-point sampling on the 13th of September. 
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Figure 3.1. Representation of the temperature and light regimes during the freshwater 

experimentation phase. Mean temperature of high temperature tanks and natural temperature 

tanks (a) and number of hours of light for each of the four different photoperiod treatments (b). 

Symbol + indicates when the temperature was measured.  

 

Experimental work was ethically reviewed, approved, and registered by the NARA and by the AWERB 

(088), University of Stirling, UK. 

3.2.3. Sampling 

Lethal samplings of six fish per tank (n=12 per group) were conducted every two weeks during the 

freshwater phase. Samplings took place on 23rd of March, 6th of April, 20th of April, 4th of May, 18th of 

May and 31st of May. A final lethal sampling was done 15 weeks after seawater transfer (13th of 

September).  

Fish were quickly dip-netted out of the tanks and euthanized by a lethal overdose of isoeugenol (AQUI-

S). For each fish, weight and length were recorded. Blood was extracted using heparinised syringes 

and centrifuged at 3,000xg for 5 min to obtain plasma, which was frozen at -80oC. The first gill arch 

from each side of the fish were dissected out and preserved at -80oC; one in SEI buffer (Sucrose 250 

mM, Na2EDTA 10 mM, Imidazole 50 mM (all Sigma-Aldrich)) and the other one in RNAlater 

(ThermoFisher Scientific). Head kidney samples were also preserved in RNAlater according to 

manufacturer’s guidelines (overnight at 4oC and frozen at -80oC). 
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3.2.4. Gill NKA activity 

Gill NKA activity of all freshwater fish (n=12 per group) was analysed. For the seawater phase (final 

sampling), only the 50 fish above the third quartile in length (34.0 cm) with the highest condition factor 

and the 50 fish below the first quartile in length (31.5 cm) with the lowest condition factor were 

analysed. 

NKA activity was measured as described in Chapter 2. 

3.2.5. RNA isolation and cDNA synthesis 

RNA isolation was carried out on gill and head kidney freshwater samples. Before total RNA isolation 

of samples, 20-25 mg of tissue was homogenized in RLT Plus buffer (Qiagen) with stainless steel beads 

(5 mm) (Qiagen) using a homogenizer (5,000 rpm, 15 min) (Precellys 24, Bertin Technologies). 

Subsequent total RNA isolation was carried out using the Qiasymphony RNA kit in the QIAsymphony 

SP automatic system following manufacturer instructions (Qiagen). 

Total RNA concentration and purity was measured using the NanoDrop ND-1000 spectrophotometer 

(NanoDrop Technologies). Purity was confirmed with 260/280 and 260/230 ratios above 1.8. A 

selected number of samples were assessed for RNA integrity on RNA 6000 Nano LabChip® kit using 

the Agilent 2100 Bioanalyzer (Agilent Technologies). Integrity was confirmed with RIN values higher 

than 8. 

Complementary DNA was reversely transcribed using 1.5 µg (gill) or 2.5 µg (head kidney) of total RNA 

using oligo(dT20) primer and the Superscript III kit (Fisher Scientific) using a MicrolabSTARlet Liquid 

Handling Workstation (Hamilton Robotics).  

3.2.6. Transcription assay 

Osmoregulation related gene transcription (nkaα1a, nkaα1b and nkcc1a) was measured in gill samples 

and haematopoiesis related gene transcription (pu.1, il1β, il4/13 and gata3) in head kidney samples, 

using RT-PCR with minor differences between gene sets. RT-PCR was carried out in a CFX-96 Real-Time 

PCR detection system platform (Bio-Rad) using the following PCR conditions: 3 min at 95°C, 34 cycles 

of 15 seconds at 95°C and 1 min at 60°C and a melting curve step at the end (10 seconds at 95°C, 5 

seconds at 65-95°C with increments of 0.5°C and 5 seconds at 95°C). For each assay, triplicate two-

fold cDNA dilution series from pooled samples (1:5-1:160) were used to determine both amplification 

efficiencies for each oligo pair and optimal dilution for cDNA template. Samples were run in 12.5 µl 

duplicates using iTaq universal SYBR green supermix (Bio-Rad), 0.20 µM of each primer and 2.5 µl of 

diluted cDNA (dilution 1:50 for gill and 1:75 for head kidney). Each plate included a negative control 
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as well as a common sample (pooled sampled) used for the intercalibration of assays among plates. 

The relative transcription levels of the genes were normalized following the efficiency corrected 

method (Pfaffl, 2001) using ef1α as an endogenous reference gene (Olsvik et al., 2005). Primers used 

in this study are summarized in the Table 3.1.  

 

Table 3.1. Primers used for RT-PCR analysis and accession numbers of the gene sequences 

(GenBank). 

Gene name Primer sequence (5'>3') Accession number Reference 

nkaα1a 
CCAGGATCACTCAATGTCACTCT 
CAAAGGCAAATGGGTTTAATATCAT 

XM_021573245 (Nilsen et al., 2007)  

nkaα1b 
GCTACATCTCAACCAACAACATTACAC 
TGCAGCTGAGTGCACCAT 

XM_021570999 (Nilsen et al., 2007) 

nkcc1a 
GATGATCTGCGGCCATGTTC 
CTGGTCATTGGACAGTTCTTTG 

XM_021601694 (Nilsen et al., 2007) 

pu.1 
GTCTGAGAGACCACATTGC 
TCTTGTTGCCCAATTCTCC 

NM_001124513 Present work 

il1β 
CGTCACTGACTCTGAGAACAAGT 
TGGCGTGCAGCTCCATAG 

AJ223954 (Løvoll et al., 2007) 

il4/13 
ATCCTTCTCCTCTCTGTTGC 
GAGTGTGTGTGTATTGTCCTG 

AB574337 
(Deshmukh et al., 
2013) 

gata3 
GCGCACAAACAGAGATTTGA 
TCCAAGGTCGTATCCAGTCC 

NM_001195792 
(Martin, E. et al., 
2012) 

efα1 
CCCCTCCAGGATGTCTACAAA 
CACACGGCCCACGGGTACT 

AF498320 (Genge et al., 2013) 

 

3.2.7. TR-FIA for plasma IGF-I and IGFBP1b 

Circulating IGF-I and IGFBP1b levels were measured in plasma collected from 32 randomly selected 

tagged fish (n= 8) at the beginning (June) and at the end (September) of the seawater period. 

TR-FIA protocol was used to measure plasma IGF-I concentration (Small and Peterson, 2005). Prior to 

the assay, serum IGF-I was dissociated from the binding protein with acid-ethanol (Shimizu et al., 

2000). Briefly, 96-well DELFIA pre-coated goat anti-rabbit IgG Microtitration plates (Perkin Elmer) were 

washed with 200 μl DELFIA wash buffer before each well received 20 μl anti-barramundi IGF-I rabbit 

antiserum (GroPep; diluted 1:8,000) and 100 μl of standard-recombinant IGF-I (GroPep) or 20 μl 

plasma (Cleveland et al., 2018). Standards and samples were diluted in standard assay buffer. Plates 

were incubated overnight with shaking (600 rpm at 4oC). After centrifugation (1 min at 3,000xg), 

europium labelled (0.05 ng μl−1) IGF-I was added to each well and the plate incubated overnight under 

agitation (600 rpm at 4oC). Plates were washed six times with 200 μl washing buffer before adding 200 

μl DELFIA enhancement solution (PerkinElmer) to each well. After shaking at 600 rpm for 10 min at 
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RT, time-resolved fluorescence was measured by a fluorometer (ARVO X4; PerkinElmer) with 

excitation, and emission and read wavelengths at 340 and 615 nm, respectively. 

Serum IGFBP1b levels were quantified by TR-FIA, which has been validated for rainbow trout, as 

described in Fukuda et al. (2015). Briefly, a competitive method was employed by following a 

procedure for DELFIA immunoassays (PerkinElmer). Serum samples were first incubated overnight at 

4°C with antiserum against purified salmon IGFBP1b (Shimizu et al., 2006), in a 96-well microtiter plate 

coated with goat anti-rabbit IgG (PerkinElmer). Biotinylated salmon IGFBP1b was added to each well 

and incubated overnight at 4°C. After washing with DELFIA Wash Buffer (PerkinElmer), each well 

received Eu-labelled streptavidin (PerkinElmer) followed by DELFIA Enhancement Solution 

(PerkinElmer). Time-resolved fluorescence was measured using a SPARK multimode microplate reader 

(Tecan). 

3.2.8. Growth calculations 

SGR-L was calculated using the formula and results are expressed in % day-1:  

100 × 
𝐿𝑛 (𝐿𝑒𝑛𝑔𝑡ℎ𝐹𝑖𝑛𝑎𝑙) −  𝐿𝑛 (𝐿𝑒𝑛𝑔𝑡ℎ𝐼𝑛𝑖𝑡𝑖𝑎𝑙)

𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑑𝑎𝑦𝑠
 

Similarly for SGR-W: 

100 × 
𝐿𝑛 (𝑊𝑒𝑖𝑔ℎ𝑡𝐹𝑖𝑛𝑎𝑙) −  𝐿𝑛 (𝑊𝑒𝑖𝑔ℎ𝑡𝐼𝑛𝑖𝑡𝑖𝑎𝑙)

𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑑𝑎𝑦𝑠
 

Thermal growth coefficient in length (TGC-L) was calculated using the formula (Iwama and Tautz, 

1981; Jobling, 2003):  

1000 × {
(√𝐿𝑒𝑛𝑔𝑡ℎ𝐹𝑖𝑛𝑎𝑙
3 − √𝐿𝑒𝑛𝑔𝑡ℎ𝐹𝑖𝑛𝑎𝑙

3 )

𝐷𝑒𝑔𝑟𝑒𝑒 𝑑𝑎𝑦𝑠 
}  

Similarly for thermal growth coefficient in weight (TGC-W): 

1000 × {
(√𝑊𝑒𝑖𝑔ℎ𝑡𝐹𝑖𝑛𝑎𝑙
3 − √𝑊𝑒𝑖𝑔ℎ𝑡𝐹𝑖𝑛𝑎𝑙

3 )

𝐷𝑒𝑔𝑟𝑒𝑒 𝑑𝑎𝑦𝑠 
}  

The condition factor was calculated with Fulton’s formula: 

100 × 
𝑊𝑒𝑖𝑔ℎ𝑡

𝐿𝑒𝑛𝑔𝑡ℎ 3
 

3.2.9. Data analysis and representation 

Statistical tests were performed using R statistical software. Data representation was carried out using 

R package ggplot2 (Wickham, 2009). 
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Two-way ANOVA was performed at each time point to find differences among treatments (effect of 

temperature and photoperiod). One-way ANOVA was used for each treatment on the whole time-

series to find differences among time points (effect of time). Similarly, one-way ANOVA was used to 

test differences among treatments for IGF-I and IGFBP1b plasma levels. Data was transformed by 

either natural logarithm or square root to satisfy the normal distribution and homogeneity of variance 

assumptions, tested with the Shapiro and Bartlett tests, respectively. Significant comparisons (p < 

0.05) were followed by Tukey’s posthoc test to identify different treatments. 

 

3.3. Results 

3.3.1. Mortality and Fish growth 

Overall mortality during the 15 weeks in seawater was of 6.74% (25 fish. HT+LL: 7, HT+SNP: 6, NT+LL: 

6, NT+SNP: 6). 

When analysing tagged fish, it is possible to visualize the growth trajectory of each fish and to calculate 

thermal growth coefficient (TGC-L and TGC-W) and specific growth rate (i.e. SGR-L and SGR-W). Fish 

at HT became significantly larger in length by the time the second sampling took place, in May (Figure 

3.2a, temperature effect, p < 0.001, df: 1, F: 74.90), even though similar TGR were observed for all 

groups during the March-May period (Figure 3.2b). The differences in length stayed significant until 

the next sampling in June (temperature effect, p < 0.001, df: 1, F: 41.32, interaction, p < 0.05, df: 1, F: 

4.9). However, after May, an increase in the TGC of the NT groups was observed which progressively 

reduced the length difference between HT and NT groups. This compensatory growth of NT was 

maintained during the three months in seawater (Figure 3.2c), after which the differences in length 

between HT and NT groups had been reduced. Despite the fish kept at HT still being larger, this 

difference in length was only significant between fish kept at NT+SNP and at HT+LL (temperature 

effect, p < 0.001, df: 1, F: 11.50; Tukey test, p < 0.01). 
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Figure 3.2. Fork length (cm, ± 1 s.e.) of juvenile rainbow trout reared in freshwater under four 

different photoperiod and temperature treatments and transferred to seawater on the 2nd of 

June. Mean fork length (points and thick lines) and individual growth trajectory (thin lines) of each 

tagged fish (a), mean TGC-L between measurements in freshwater (b), and mean SGR-L between 

measurements in seawater (c). Measurements took place on 8th March, 5th May, 2nd June and 13th 

of September. Error bars indicate s.e. Dashed line indicates seawater transfer. Dotted line indicates 

TC point. Different letters indicate statistical differences (p < 0.05) in a time point. Lack of letters 

indicates lack of significant differences.  

 

 

 



60 

 

Very similar results were obtained when performing the same tests on fish weights (Figure 3.3).  

 

Figure 3.3. Weight (g, ± 1 s.e.) of juvenile rainbow trout reared in freshwater under four different 

photoperiod and temperature treatments and transferred to seawater on the 2nd of June. Mean 

weight (points and thick lines) and individual growth trajectory (thin lines) of each tagged fish (a), 

mean TGC-W between measurements in freshwater (b), and mean SGR-W between measurements 

in seawater (c). Measurements took place on 8th March, 5th May, 2nd June and 13th of September. 

Error bars indicate s.e. Dashed line indicates seawater transfer. Dotted line indicates TC point. 

Different letters indicate statistical differences (p < 0.05) in a time point. Lack of letters indicates 

lack of significant differences. 
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3.3.2. Osmoregulation 

The measurement of NKA activity was used to assess how the different treatments affected 

osmoregulatory capacity during the experiment (March to June in freshwater and a final assessment 

in seawater in September). No clear increase of NKA activity during the freshwater stage was detected 

for either of the NT treatments, both lacking significant differences between sampling time points 

during the freshwater stage (Figure 3.4; Table 3.2). HT+LL peaked in May before decreasing again but 

this treatment too had no significant differences during the freshwater stage. The treatment with the 

clearest increase in NKA activity was HT+SNP, which was highest in mid-April and was significantly 

different from the values in June (p < 0.001, df: 6, F: 7.48; Tukey test, p < 0.001). NKA activity in 

seawater was consistently lower than in freshwater. However, no significant differences at any specific 

sampling were found among treatments, neither in freshwater (Figure 3.4a) or seawater (HT+LL: 2.79 

± 0.36, HT+SNP: 2.37 ± 0.46, NT+LL: 2.43 ± 0.25, NT+SNP: 2.09 ± 0.22 μmol ADP mg protein−1 

hour−1)(Table 3.2). In seawater, no significant differences related to fish length were found either (50 

fish above the third quartile in length with the highest condition factor and 50 fish below the first 

quartile in length with the lowest condition). 
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Figure 3.4. Gill NKA activity (a) and gill transcription of related genes, nkaα1a (b), nkaα1b (c) and 

nkcc1a (d) of juvenile rainbow trout in freshwater under four photoperiod and temperature 

treatments. Error bars indicate s.e. Different letters indicate statistical differences (p < 0.05). 

Samplings took place on 23rd of March, 6th of April, 20th of April, 4th of May, 18th of May and 31st of 

May. Dotted line indicates temperature convergence point. Different letters indicate statistical 

differences (p < 0.05) in a time point. Lack of letters indicates lack of significant differences. 

 

Table 3.2. Tukey’s test results for the differences among 

sampling points for each treatment. Different letters indicate 

significant differences among time points. 

 Na+,K+–ATPase activity 

HT+LL HT+SNP NT+LL NT+SNP 

Mid-March a abc ab ab 

April ab ab a a 

Mid-April ab a a a 

May a ab a ab 

Mid-May ab ab ab ab 

June ab bc ab ab 

September b c b b 
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While the transcription of the freshwater isoform nkaα1a remained relatively stable until May for NT 

groups, fish kept at HT decreased nkaα1a transcription after mid-March and remained low until May, 

thus originating significant differences between HT and NT groups in April (temperature effect, p < 

0.001, df: 1, F: 47.71), mid-April (temperature effect, p < 0.001, df: 1, F: 31.96 and interaction: p < 

0.05, df: 1, F: 4.34), and in May (temperature effect, p < 0.001, df: 1, F: 23.98). Afterwards, in mid-

May, the transcription for both temperature groups converged at similar levels, coinciding with TC. 

Then, in June, new differences originated, this time driven by photoperiod, with HT+LL (Tukey test, p 

< 0.01) and NT+LL (Tukey test, p < 0.01) being significantly higher than NT+SNP (photoperiod effect, p 

< 0.001, df: 1, F: 15.33) (Figure 3.4b). 

The transcription of the seawater isoform nkaα1b seemed to be mainly driven by photoperiod. LL 

groups experienced an increase in mid-April and then quickly decreased, while in SNP groups nkaα1b 

experienced a slower increase, peaking in mid-May. All groups were at similar transcription levels 

before seawater transfer in June. Significant differences were present during the LL peak in mid-April 

(photoperiod effect, p < 0.001, df: 1, F: 16.35) and during the SNP peak in mid-May (photoperiod 

effect, p < 0.05, df: 1, F: 6.73) (Figure 3.4c). 

The transcription of nkcc1a was overall comparable between groups during the whole freshwater 

period, with the exception of samples taken in April, when groups at NT presented higher levels, this 

difference being significant between NT+LL and both HT+LL (Tukey test, p < 0.05) and HT+SNP (Tukey 

test, p < 0.05)(temperature effect, p < 0.01, df: 1, F: 12.83). As a general trend, the transcription of 

this gene tended to decrease progressively with time (Figure 3.4d). 

3.3.3. Plasma IGF-I and IGFBP1b abundance 

Neither the IGF-I levels measured prior seawater transfer nor after 15 weeks in seawater showed 

significant differences among fish reared in the different freshwater treatments (Figure 3.5a). But 

there was an overall effect of seawater transfer on plasma IGF-I levels, which were lower in fish in 

seawater (p < 0.001, df: 1, F: 23.81). No significant correlation was found between plasma IGF-I level 

in September and SGR during June-September (SGR-L: p: 0.41, r= -0.15, slope= 64.58; SGR-W: p: 0.12, 

r= -0.28, slope= 51.90). 
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Figure 3.5. Circulating plasma IGF-I (a) and IGFBP1b (b) levels of juvenile rainbow trout reared in 

freshwater under four photoperiod and temperature treatments. Error bars indicate s.e. (n = 8). 

Asterisks (*) indicate an overall (i.e. treatment-independent) effect of seawater transfer. Samplings 

took place on May 31st (white bars) and September 13th (black bars). 

 

Similarly for IGFBP1b levels, there were no significant differences among fish reared in the different 

freshwater treatments, either in June or September (Figure 3.5b). However, plasma IGFBP1b levels 

were significantly higher in fish in seawater than in freshwater (p < 0.001, df: 1, F: 51.52). Moreover, 

there was a negative correlation between plasma IGFBP1b level in September and SGR-L during June-

September (SGR-L: p < 0.05, r= -0.45, slope= -12.80; SGR-W: p < 0.05, r= -0.42, slope= -5.20). 

3.3.4. Haematopoiesis  

Overall, temperature strongly affected the transcription of the tested haematopoiesis genes in head 

kidney, especially for pu.1 and il4/13. With few exceptions towards the end of the freshwater phase, 

after the TC point, NT treatments presented invariably the highest transcription levels, often finding 

significant differences between HT and NT treatments. As a general trend, transcription levels 

decreased as the temperature increased and the differences between HT and NT treatments became 

progressively smaller as their temperature drew nearer (Figure 3.6). 
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Figure 3.6. Head kidney transcription of genes of the related to haematopoiesis, pu.1 (a), il1β (b), 

il4/13 (c), and gata3 (d), of juvenile rainbow trout reared in freshwater under four photoperiod 

and temperature treatments. Error bars indicate s.e. Samplings took place on 23rd of March, 6th of 

April, 20th of April, 4th of May, 18th of May and 31st of May. Dotted line indicates temperature 

convergence point. Different letters indicate statistical differences (p < 0.05) in a time point. Lack 

of letters indicates lack of significant differences. No letters indicate lack of significant differences. 

 

The transcription of pu.1 was clearly affected by temperature, being higher at lower temperatures. 

Significant differences due to temperature were present in mid-March (temperature effect, p < 0.001, 

df: 1, F: 70.65), April (temperature effect, p < 0.001, df: 1, F: 38.87), and mid-April (temperature effect, 

p < 0.001, df: 1, F: 20.15; photoperiod effect, p < 0.001, df: 1, F: 4.33), each progressively smaller as 

they approached the TC point. In mid-May, with the temperature treatment effectively removed, 

treatments at LL showed the highest transcription values (photoperiod effect, p < 0.001, df: 1, F: 7.96), 

finding significant differences between HT+LL and HT+SNP (Tukey test, p < 0.05) (Figure 3.6a). 
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The transcription of il1β was for the most part stable in time and with small differences due to 

treatment. Only the April sampling showed significant differences, with treatments at NT having the 

highest values (temperature effect, p < 0.001, df: 1, F: 17.30) (Figure 3.6b). 

The transcription of il4/13 was similar to that of pu.1, showing higher values in NT when the 

temperature treatment was in effect and reducing the differences between HT and NT as TC 

approached. Significant differences due to temperature were present in mid-March (temperature 

effect, p < 0.001, df: 1, F: 46.61) April (temperature effect, p < 0.001, df: 1, F: 59.27), mid-April 

(temperature effect, p < 0.001, df: 1, F: 15.78, photoperiod effect, p < 0.05, df: 1, F: 4.79), and in May 

(temperature effect, p < 0.001, df: 1, F: 19.12). Then, in mid-May after TC, treatments at SNP registered 

the highest transcription values (photoperiod effect, p < 0.05, df: 1, F: 5.26), with NT+SNP being 

significantly higher than HT+LL (Tukey test, p < 0.05) (Figure 3.6c). 

Finally, no significant differences among treatments were found for the transcription of gata3. 

However, a downwards trend was observed in all treatments, with the highest values found in mid-

March and April and the lowest in June (Figure 3.6d). 

 

3.4. Discussion 

In salmon aquaculture, it is common practice to control the photoperiod to match circannual rhythms. 

Even controlling temperature regimes is possible in some farms, though rarely done due to the 

obvious high costs of heating large volumes of water. This is done in order to produce robust smolts 

throughout the year while ensuring optimal growth and welfare (Stead and Laird, 2002; Johnston, 

2008; Handeland et al., 2013). However, for rainbow trout smoltification and seawater growth and 

survival, the effects of temperature and its interaction with photoperiod had not yet been tested. This 

study aimed at evaluating the effect of different temperature and photoperiod combinations on the 

induction of smoltification related traits using both traditional and well-established smolt assessment 

tools, such as NKA activity measurement, and less established molecular tools, like the transcription 

of osmoregulatory genes nkaα1a, nkaα1b and nkcc1a through RT-PCR. Moreover, the transcription of 

haematopoiesis related genes pu.1, il1β, il4/13 and gata3 in head kidney was measured to anticipate 

how, in the event of an infection during the freshwater phase, the fish would be prepared to respond. 

This experiment was performed on the winter to summer period, since the majority of the problems 

encountered by seawater-transferred rainbow trout producers occur when transferring 1+ smolts to 

seawater in summer.  
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Fish size (length and weight) was increased by HT, as was expected (Ege and Krogh, 1914; Pauly, 1979). 

However, when comparing TGC to avoid the effect of temperature on growth, HT seemed less 

advisable, as no differences between groups were found in the March to May period, while the 

temperature treatment was in effect. Then, in early May (8th of May), natural water temperature 

reached 8oC and NT and HT started receiving water at the same temperature. Here, NT experienced a 

strong compensatory growth, growing faster than those fish in HT groups during the May to June 

period and slightly faster during the June to September period in seawater (similar to Solbakken et al., 

1994). As a result, the length and weight differences that the fish at HT had achieved in May were 

reduced 4 months later (1 more month in freshwater, 3 in seawater), although the fish at HT were still 

slightly bigger (3.17% more length, 8.48% more weight) and fish kept at NT+SNP were still significantly 

smaller than those kept at HT+LL. The effects of the phenomenon of compensatory growth in fish, 

mainly following a fasting period but also due to suboptimal temperature, crowding, or other stressful 

conditions like hypoxia, have been well-studied and do not affect fish survival, if carried out within 

reasonable levels (Ribeiro and Tsuzuki, 2010; Won and Borski, 2013; Remen et al., 2014). In fact, its 

effects can even be positive, with fish that underwent compensatory growth reaching a bigger final 

size than the control group (Hayward et al., 1997), thus making it a very interesting phenomenon from 

a production perspective. Nonetheless, the mechanism by which this compensatory growth in 

response to suboptimal temperature occurred remains unknown, as no changes in circulating IGF-I 

levels were found. This is consistent with the IGF-I abundance in plasma, abundance in white muscle 

and liver transcription during refeeding experiments (Montserrat et al., 2007a; Montserrat et al., 

2007b) but also unlike muscle transcription and plasma abundance in other refeeding experiments 

(Chauvigné et al., 2003; Picha et al., 2006), making the role of this hormone in compensatory growth 

unclear. On another note, it is interesting to see that temperature was not the only driver of growth. 

The interaction between temperature and photoperiod also had a slight effect on growth, as seen on 

TGC-L in May-June (HT+SNP higher than HT+LL), and on TGC-W (NT+LL higher than NT+SNP). It is also 

remarkable to see the spread of individual growth trajectories for length did not dramatically increase 

after seawater transfer and that no fish grew less than 0.10 % day-1, unlike what was seen in a previous 

study in Chapter 2, likely because in that case the fish had clearly desmolted. However, while seawater 

mortality was negligible in the previous study, 6.93% of the fish transferred to seawater died in the 

present study which, had they survived, might have become GS. Overall, in terms of growth, it is 

unclear whether LL or SNP would be better on either the scenario of typical winter-spring 

temperatures of a northern region or in the scenario of a warmer year, a warmer region or artificially 

increased temperature.  
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 NKA activity in fish kept at treatments presented peaks in activity at different times, which are 

normally used to pinpoint the smolt window. Fish at NT did not seem to have a clear smolt window, 

while according to this test the most suitable seawater transfer time for HT+SNP would be in mid-April 

and for HT+LL in May. However, the activity levels in the first sampling date were already within 

smoltification levels (Madsen and Naamansen, 1989; Ewing et al., 1994), pointing at the possibility 

that the increase in NKA activity took place previously. It is interesting to note that the NKA activity 

levels in seawater were lower than in freshwater, showing that the levels in freshwater are above 

those needed for efficient hypo-osmoregulatory activity, consistently with what was shown in Chapter 

2. Regardless, the data shows that a timely seawater transfer was possible until mid-May. When it 

actually took place, two weeks later in June, the fish appeared to have just started their 

desmoltification. Nonetheless, their performance in seawater was good (no severely GS fish, mortality 

of 6.93%). As for the effect of the treatments, no differences between them were found for NKA at 

any point, unlike what has been observed for Atlantic salmon (Solbakken et al., 1994; Handeland et 

al., 1998). This is showing again the challenges associated with dysregulating the biological clock of 

this species by altering environmental factors; first for photoperiod in Chapter 2 and now for 

temperature. Hence, since the lack of significant differences in NKA activity does not allow for the 

identification of the most suited treatment, attention needs to be shifted to the transcription of NKA 

related genes. Interestingly, the data shows that they are regulated by different environmental 

factors: while the transcription of nkaα1a is strongly regulated by temperature and nkcc1a is mildly 

responsive to it, nkaα1b seems to be driven by photoperiod. According to this, high temperature 

treatment decreased the osmoregulatory capacity of the fish in both freshwater and seawater, as they 

negatively affected the transcription of both a freshwater and a seawater osmoregulatory gene. In 

any case, the downregulation of nkcc1a was only transient, whereas that of nkaα1a lasted for months, 

hinting that the fish would be more likely to migrate at HT (Sogard et al., 2012). On the other hand, 

looking at nkaα1b, a long day photoperiod in the absence of a winter signal stimulates hypo-

osmoregulatory capacity in mid-April, while an increasing photoperiod after a strong winter signal 

would stimulate it one month later, in a smaller magnitude, and is consistent with the lower hyper-

osmoregulatory capacity of the same groups (HT+SNP ad NT+SNP) in June, after the increased 

temperature treatment was over. Admittedly, this effect of photoperiod on nkaα1b was not seen in 

Chapter 2, which started earlier on in the year. Further experimentation involving seawater transfer 

at different times, when significant differences for the transcription of these genes are present, 

followed by short and long term reassessment of the performance of the fish in seawater are needed 

to validate gene transcription of NKA related genes as seawater-readiness markers. It is hard to 

identify the most suitable treatment to induce hypo-osmoregulatory competence in rainbow trout. 
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However, the elevated transcription of nkaα1b in mid-April and nkcc1a in April seems to suggest that 

the seawater transfer during the first half of April of fish kept at LL would be the best strategy at NT, 

while at HT it would also be LL in mid-April. 

No differences in plasma IGF-I levels were detected among treatments, either before or after seawater 

transfer. Similarly to Chapter 2, an advanced photoperiod increased plasma IGF-I levels but LL and SNP 

had similar levels. Water temperature is known to affect circulating IGF-I levels (Gabillard et al., 2005; 

Beckman, 2011) but its effect might not last for several weeks. Beckman et al. (2004b) reported in 

post-smolt coho salmon that a rapid drop in water temperature affected plasma IGF-I levels for four 

weeks but fish appeared to be acclimatized after six. In the present study, fish were first reared in 

different water temperatures for about six weeks, with temperature differences being progressively 

smaller until TC, followed by nearly four weeks of no temperature differences among treatments. It is 

possible that an effect, if any, of water temperature disappeared during that time. Furthermore, a lack 

of correlation between plasma IGF-I and growth rate was unexpected (Beckman et al., 2004b; 

Kawaguchi et al., 2013; Kaneko et al., 2019). One possible reason for this is the time interval to 

calculate growth rate. Most studies reported positive correlations between plasma IGF-I level and 

growth rate for one to two weeks (Beckman, 2011). In the present study, on the other hand, growth 

rate was calculated during 15 weeks. If growth rate of the experimental fish changed during the last 

weeks, this would explain the overall lack of relationship between plasma IGF-I levels in September 

and growth rate during June-September. To illustrate this, this relationship was significant for a 10-

week seawater period (July-September), as shown in Chapter 2. Moreover, decreased IGF-I levels after 

15 weeks in seawater contrasted with the results in the previous study, where plasma IGF-I levels were 

higher in fish in seawater than in freshwater. However, growth rates of fish during this phase in the 

present study (approximately 0.25 %/day) were comparable or even higher than those in the previous 

study (approximately 0.20%/day). The reason for the opposite response of plasma IGF-I is currently 

unknown but the result suggests that plasma IGF-I levels did not affect overall growth performance. 

In regards to IGFBP1b, the present study reports a negative correlation between plasma levels and 

SGR in rainbow trout during their 15-week seawater period, which is consistent with previous 

literature (Shimizu et al., 2006; Kawaguchi et al., 2013; Kaneko et al., 2019). In juvenile chum salmon 

acclimated in seawater, the correlation coefficient (r) was high at -0.76 (Kaneko et al., 2019), while it 

was relatively low in rainbow trout in the present study (r = -0.42). As discussed earlier for plasma IGF-

I, this may be due to the long time-interval between length measurements to calculate SGR. Although 

more frequent sampling is necessary to validate the utility of plasma IGFBP1b as an index of growth 

retardation, this is the first report on a significant negative relationship between plasma IGFBP1b and 

SGR in rainbow trout.  
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Before TC, the transcription of haematopoiesis related genes was independent of the photoperiod 

treatment and unequivocally affected by temperature, with higher temperatures causing lower 

transcription levels of both adaptive and innate immune related genes. The exception was gata3, 

involved in the regulation of T lymphocytes, stimulation of phagocytosis and antibody production by 

B cells (Tort et al., 2003; Kumari et al., 2009), which did not respond to temperature variations. On the 

other hand, the key regulator of the development of the GMP myeloid cell lineage (i.e. mast cells, 

eosinophils, neutrophils, macrophages and dendritic cells; Orkin and Zon, 2008), pu.1, was strongly 

affected by temperature. Macrophages and dendritic cells play critical roles in antigen presentation 

during inflammatory responses, while eosinophils, basophils, and mast cells are involved in a variety 

of allergic and innate immune responses (Galli, 2000; Iwasaki and Akashi, 2007). However, as the 

temperature of fish kept at NT and at HT drew nearer, the differences decreased and did not seem to 

have further effects beyond the TC point. A pattern that can also be seen for the transcription of il4/13, 

which was the most affected gene by temperature. Through a lower il4/13 transcription, high 

temperatures would result in less proliferation of B lymphocyte and immunoglobulins and lower 

activation of macrophages (Martinez et al., 2009; Takizawa et al., 2011; Sequeida et al., 2017). 

Therefore, this could potentially affect the core components of the adaptive immune system: 

antibodies and memory B cells (Nutt and Kee, 2007), as well as the function associated to 

macrophages. Finally, il1β was slightly higher at NT during the first part of the freshwater experiment, 

being associated with a very mild and transient difference of both B and T lymphocyte abundance and 

activity between temperature groups (Pleguezuelos et al., 2000; Reis et al., 2012). More importantly, 

the general lack of big fluctuations over time in il1β transcription confirms that no infections occurred 

during the freshwater experimentation phase. It is interesting to see how, although the photoperiod 

treatment could have an effect on pu.1 and il4/13, as seen in mid-May, and even on nkaα1a as seen 

in June, the effect of temperature before TC overrides any possible effects of photoperiod. While a 

higher transcription of haematopoiesis related genes is likely to be indicative of more robust fish 

against disease because they would be able to quickly produce large amounts of defence molecules 

(Iwasaki and Akashi, 2007; Baldridge et al., 2010; Martin et al., 2012), thus making NT more desirable 

than HT for rainbow trout production in this sense. Whether this higher resource investment in 

immune cells at NT is good for the fish or whether the temperature differences in these genes make 

any difference to response during an immune challenge is still a matter of debate. 

In conclusion, while a larger length and heavier weight were achieved in freshwater by fish kept at HT, 

soon after TC this size advantage was quickly lost due to the compensatory growth that fish kept at 

NT experienced. While the temperature treatment could continue during more months, requiring 

temperatures above 8oC and potentially maintaining the length and weight differences of fish at HT 



71 

 

for longer, high temperatures can negatively affect NKA activity (Handeland et al., 2000). In fact, it has 

been suggested that smolt development is inhibited for steelhead trout at a temperature between 

10oC and 15oC (Adams et al., 1973). In this sense, data suggests LL photoperiod regimes would be more 

suitable than SNP for both NT and HT scenarios in terms of the development of osmocompetence in 

seawater if the fish were to be transferred in April. In terms of transcription of haematopoiesis genes, 

HT resulted in lower transcription levels, especially for pu.1 and il4/13, thus decreasing the 

proliferation of lymphoid cells and macrophages (Pleguezuelos et al., 2000; Iwasaki and Akashi, 2007; 

Sequeida et al., 2017). This could affect the immune response of fish kept in these conditions, 

especially the adaptive immune response, potentially resulting in a lower abundance of crucial 

immune cells, reducing the value of prophylactic measures, and at the same time providing more 

suitable conditions for the proliferation of pathogens (Austin and Austin, 2012). As shown in other 

studies, temperature (and temperature choice) can be a crucial determinant of fish survival upon 

pathogen infection (Boltana et al., 2013). Overall, the apparent disadvantages of using increased 

temperature treatments to induce smoltification on rainbow trout surpass the unclear advantages of 

it, therefore discouraging the use of water heating strategies and alerting farms found in warmer 

climates of the possible implications that their conditions might have on rainbow trout. 
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Chapter 4: Plasma proteome profiling of freshwater 

and seawater life stages of rainbow trout 

4.1. Introduction 

Migratory animals take advantage of seasonally predictable patterns of resource availability and 

predator abundance and migrate accordingly aiming at maximal survival and to meet their energy 

demands, though there is often a trade-off between the two (Fleming and Reynolds, 2004; Quinn et 

al., 2011). For fish, most of these migrations occur within the same water type, while less than 1% of 

fish species cross the boundary between freshwater and seawater (Quinn et al., 2016). This life 

strategy, known as anadromy, is widespread among several fish families, the most studied of which 

are the salmonids (salmons, trouts and charrs).  

Juvenile anadromous salmonids, called parr, lack the biological traits needed for life in seawater. Upon 

reaching a threshold size (Kendall et al., 2015), environmental cues, such as changes in photoperiod, 

water temperature and salinity, trigger hormonal alterations involving their pituitary, thyroid and 

inter-renal tissues (Prunet et al., 1989). In turn, these tissues orchestrate a series of simultaneous, yet 

often independent, changes that preadapt anadromous salmonids to life in seawater (Hoar, 1988; 

Björnsson et al., 2011). These changes are biochemical in nature, such as the increase of gill NKA 

activity, which is the main enzyme involved in ion absorption and secretion, and seawater tolerance 

(McCormick, 2001; Mancera and McCormick, 2007); morphological, such as the transition from dark, 

rounded parr to a silvery, streamlined phenotype (Winans and Nishioka, 1987); and behavioural, 

including the shift from bottom-dwelling, aggressive and territorial parr to pelagic, schooling and 

downstream migrating (Riley et al., 2014). All of these changes are collectively grouped under the term 

smoltification and the resulting phenotype is known as a smolt. Then, after successfully reaching the 

ocean, they enter the post-smolt stage. 

Extensive literature dating back to the 1950s is available on smoltification, its relationship with 

salmonid migration, ways to induce it in commercially valuable species, and subsequent seawater 

performance (Fontaine and Hatey, 1950; Kobayashi and Yuki, 1954; Hoar, 1988). A vast majority of 

these studies have a clear emphasis on the endocrinology of the process (Prunet et al., 1989; Ebbesson 

et al., 2008; Björnsson et al., 2011) or on treatments to induce an increase in NKA activity levels (Zaugg 

and Wagner, 1973b; McCormick et al., 2009; Handeland et al., 2013). However, in the last two 

decades, and especially after the publication of the Atlantic salmon (Davidson et al., 2010) and 

rainbow trout genomes (Berthelot et al., 2014), an increasing number of DNA and RNA-based studies 
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have been published on smoltification. Findings include gene expression changes after seawater 

transfer (Norman et al., 2013; Norman et al., 2014; Johansson et al., 2016), epigenetic modifications 

(Baerwald et al., 2016), quantitative trait loci (Hecht et al., 2012), and gene expression patterns (Hecht 

et al., 2014; Sutherland et al., 2014; Hale et al., 2016) associated with the likelihood of steelhead trout 

to migrate to seawater. At the protein level, except for targeted, top-down studies of key protein 

hormones such as IGF-I, GH, insulin and their receptors (Beckman et al., 2004a; Mancera and 

McCormick, 2007; Shimomura et al., 2012), very little research has been done on smoltification. In this 

sense, an untargeted, bottom-up protein approach (i.e. proteomics) would have the potential to 

identify proteins previously unknown to be related to the smoltification process, which could be used 

as biomarkers in the future (Björnsson and Bradley, 2007). However, so far to our knowledge no 

proteomic work has been published in relation to the smoltification process. 

Shotgun proteomics has been used for the study of proteins in complex biological samples (Zhu et al., 

2010). To this end, LC-MS/MS is one of the preferred pipelines used due to its high versatility and high 

protein identification potential in complex samples. This is achieved due to the physical separation 

capabilities of liquid chromatography coupled with the ionization capabilities of MS (Geromanos et 

al., 2009). However, LC-MS/MS alone has not sufficient capability to comprehensively analyse 

complex samples with a high dynamic range such as blood plasma (Liumbruno et al., 2010). To increase 

the coverage of the plasma proteome, samples can be fractionated prior to LC-MS/MS, thus dividing 

the original sample in less complex subsamples. Several studies have increased plasma proteome 

coverage by physically separating the proteins present according to their size by 1-D SDS-PAGE, cutting 

the gels at specific intervals, protease digesting each gel fraction independently, and analysing each 

protein digest one by one (Barnea et al., 2005; Fang et al., 2010). This method is known as gel 

electrophoresis LC-MS/MS (GeLC-MS/MS). However, even after this fractionation, low-abundant 

proteins might not be detected. Though low in abundance, these proteins can be highly relevant 

(Corthals et al., 2000). In order to detect this group of molecules, a further high-abundant protein 

depleting step or low-abundant protein enrichment step is needed. Among them, Bio-Rad’s 

ProteoMinerTM enrichment has been shown to significantly improve proteome coverage in blood 

plasma (Bandow, 2010; De Bock et al., 2010; Millioni et al., 2011). 

Blood plasma is a key biofluid for the transport of proteins and peptides to and from tissues, thus 

containing other tissue proteomes as subsets, making it the single, most complex (with proteins that 

differ in over 10 orders of magnitude in abundance; from milligrams to pictograms per millilitre; 

Liumbruno et al., 2010) and informative proteome (Anderson and Anderson, 2002; Jacobs et al., 2005; 

Pernemalm and Lehtiö, 2014). Plasma protein studies have succeeded in discovering biomarkers for 

disease (Hye et al., 2006; Hanash et al., 2008; Geyer et al., 2017), growth (Beckman, Fairgrieve et al., 
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2004; Beckman, 2011), stress (Fast et al., 2008; O'Loughlin et al., 2014), exposure to water 

contaminants (Hiramatsu et al., 2006; Palermo et al., 2008), or doping (Barton et al., 2009), amongst 

many others. Therefore, it is highly likely that more protein biomarkers for the smoltification and 

seawater adaptation processes may be discovered in blood plasma. 

The aim of this study is to characterise proteome changes in blood plasma of rainbow trout, associated 

to the smoltification process. Its objectives are to 1) provide an in-depth characterization of the 

plasma proteome of rainbow trout, 2) make this plasma proteome publicly available, and 3) discover 

new candidate biomarkers to complement current seawater-readiness evaluation tests in rainbow 

trout.  

4.2. Materials and methods 

4.2.1. Ethics 

Experimental work was ethically reviewed, approved and registered by the NARA, by the AWERB (088) 

at the University of Stirling (UK) and by the ethical review body of the University of the Highlands and 

Islands. 

4.2.2. Fish and rearing conditions 

Juvenile rainbow trout (AquaGen) with an initial weight of 78 ± 16.7 g were used in this experiment. 

Fish were fed ad libitum using a standard commercial dry diet (Skretting AS) from automatic feeders 

according to temperature and fish size. Fish were kept indoors in tanks equipped with timer-controlled 

LED lights in a rainbow trout facility from Lerøy Vest AS (Bjørsvik, Hordaland, Norway). The fish were 

kept at natural temperature, water flow at 0.4 L/kg/min and O2 was above 80% saturation in the 

outlet. 

The present experiment was carried out on a subset of samples generated in Chapter 2. 

4.2.3. Sampling 

Lethal samplings were conducted in freshwater on the 3rd of March and 11th of May and in seawater 

on the 14th of September 2016. 

Fish were quickly dip-netted out of the tanks and euthanized by lethal overdose of isoeugenol (AQUI-

S). For each fish, weight and length were recorded. Blood was extracted using heparinised syringes 

and centrifuged at 3,500xg for 10 min to obtain plasma, which was frozen at -80oC. The first gill arch 

was dissected out and preserved at -80oC in SEI buffer (Sucrose 250mM, Na2EDTA 10mM, Imidazole 

50mM (all Sigma-Aldrich)). 
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4.2.4. Gill NKA activity 

NKA activity was measured as described in Chapter 2. 

4.2.5. Sample pools for proteomic analysis 

Three pools of plasma were made using equal amounts of protein per sample: Parr pool, Smolt pool 

and Post-smolt pool (Table 4.1; name of pools is capitalized hereafter while name of developmental 

stage is not). The Parr pool was made using 17 fish sampled in March (3rd March) that presented NKA 

values below 4 μmol ADP mg protein−1 hour−1. The Smolt pool using 18 fish sampled during the smolt 

window (11th May) that presented NKA values above 6 μmol ADP mg protein−1 hour−1, a value that is 

considered indicative of osmocompetence in seawater for rainbow trout and therefore of fish having 

entered their smolt phase (Madsen and Naamansen, 1989; Ewing et al., 1994). Finally, the Post-smolt 

pool was made using 12 fish sampled at the end-point sampling in seawater (14th September), 9 weeks 

after seawater transfer, that presented a condition factor above 1.50 g cm-3, thus avoiding the 

selection of GS fish, which are a phenotype that commonly appears after seawater transfer, 

characterized by high mortalities, stunted growth and a decrease in condition factor. 

 

Table 4.1. Measurements in fish used for plasma pools (values ± s.e.). 

Pool Sampling Length (cm) Weight (g) Fulton index NKA activity 

Parr 3rd March 18.5 ± 0.39c 85.9 ± 5.36c 1.3 ± 0.02b 1.9 ± 0.26b 

Smolt 11th May 22.2 ± 0.35b 147.6 ± 6.37b 1.3 ± 0.02b 9.9 ± 0.60a 

Post-smolt 14th September 30.2 ± 0.40a 434.5 ± 17.08a 1.6 ± 0.02a 3.0 ± 0.71b 

Fulton index is measured in g cm-3. NKA activity is measured in μmol ADP mg protein−1 hour−1. 
Different letters indicate significant differences. 

 

Admittedly, sample pooling is a controversial strategy when used to draw biological conclusions, with 

studies advocating for (Weinkauf et al., 2006; Neubauer et al., 2006; Zhang, Wuyan et al., 2007) and 

against it (Karp, Natasha A. et al., 2005; Horgan, 2007; Karp, Natasha A. and Lilley, 2007). A limitation 

of pooling is that proteins detectable in only a few samples are seldom not detectable in pools due to 

a dilution effect (Zolg, 2006; Diz et al., 2009) but in the present study, a low-abundant protein 

enrichment step addressed this problem. Moreover, there is the concern that sample pooling may 

significantly reduce statistical power (Diz et al., 2009). However, studies dedicated to studying the 

effects of sample pooling in proteomics conclude that pooling designs have statistical power almost 

matching that of separately analysed samples (Karp, Natasha A. et al., 2005; Karp, Natasha A. and 
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Lilley, 2007; Karp, N. A. and Lilley, 2009; Diz et al., 2009). Indeed, they showed that for a majority of 

the proteins, protein expression in a pool matches the mean expression of the individual biological 

replicates in it. It is an experimental design which allows to perform experiments when biological 

material per sample is limited (Shih et al., 2004; Martínez-Fernández et al., 2008), and when sample 

processing and analysis are excessively time-consuming and expensive (Zhang, Wuyan et al., 2007), as 

was the case here. In this circumstances, rather than using a small number of individually analysed 

biological replicates, resulting in low power and preventing the detection of significant differences, a 

pooled design was more appropriate (Karp, Natasha A. et al., 2005; Karp, Natasha A. and Lilley, 2007; 

Karp, N. A. and Lilley, 2009; Diz et al., 2009). Furthermore, sample pooling is an especially appropriate 

strategy when interest lies not on the individual but on characteristics of a population, such as in 

biomarker studies or when performing a broad characterization of a type of sample, since pooling 

makes dominant differences and similarities between groups easily detectable due to an inherent 

reduction in biological variation (Kendziorski et al., 2005; Karp, Natasha A. and Lilley, 2007).  

An overview of the full methodological workflow used in the present experiment from this point 

onwards is provided in Figure 4.1. 
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Figure 4.1. Methodological workflow. Scissors indicate 

fractionation and red divisions indicate gel cuts (done equally for 

each lane). 

 

4.2.6. Low-abundance proteins enrichment 

After measuring protein concentration by BCA using a plate reader (Synergy HT, BioTek), enriched 

plasma (EP) was prepared using ProteoMiner™ Protein Enrichment Small-Capacity Kit (Bio-Rad) in 

triplicates on each of the pools (10 mg of protein) following the manufacturer’s instructions and 

increasing the sample binding time to 3 h.  
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4.2.7. Analysis of proteins by GeLC-MS/MS 

4.2.7.1. 1-D SDS-PAGE analysis 

For each plasma pool, 10 µg of plasma (EP or whole plasma (WP)) were analysed in triplicates in order 

to expand protein identifications and to account for technical noise during data analysis (Diz et al., 

2009; Paulo, 2013). Samples were mixed in reducing buffer (13.1 mM Tris—pH 6.8, 2.63% v/v Glycerol, 

0.42% v/v sodium dodecyl sulfate (SDS), 0.243% v/v bromophenol blue and 163.5 mM dithiothreitol 

(DTT)), heated up to 95˚C for 5 min and centrifuged at 2,000xg for 30 s. Reduced lysates were loaded 

into a 1-D SDS polyacrylamide gel (4–15%, Mini-PROTEAN TGX, BIO-RAD) with a protein ladder 

reference (5μl, BenchMark, 10-220kDa, ThermoFisher Scientific). Gels were run using a Mini PROTEAN 

Tetra Cell System (Bio-Rad) at 200 V (400 mA) for around 50 min. Protein bands were stained with 

SimplyBlue Safestain (Thermo Fisher Scientific) following the manufacturer’s instructions and 

destained overnight in MilliQ water (Millipore, Merck). 1-D SDS-PAGE pictures were taken using an 

inGenius LHR Gel Imaging System (SynGene) and band densitometry data was obtained using 

GeneTools software version 4.3.8 (SynGene). Profile height (i.e. band intensity) to relative mobility 

(Rf) data was imported into R and plotted using ggplot2 package (Wickham, 2009).  

4.2.7.2. In-gel digestion  

On the next day, each gel lane was cut in 24 gel plugs of 3-4 mm in a laminar flow fume cabinet and 

fractions were stored in separate 1.5 ml tubes. Destain solution (100 µl) (50% 100mM ammonium 

bicarbonate (Ambic, Sigma-Aldrich) and 50% acetonitrile (ACN, Fisher Chemical)) was added to each 

plug and incubated at 37oC for 10 min in a thermoblock. The liquid was discarded and replaced with 

another 100 µl of destain solution and incubated again for 10 min. After discarding the liquid, 50 µl of 

10 mM DTT was added to each sample to reduce proteins. After a 30 min incubation at 37oC, the liquid 

was discarded and the plugs were alkylated with 50 µl of 55 mM iodoacetamide (IAA, GE Healthcare) 

for 30 min at 37oC. After discarding the liquid, 50 µl of 100% ACN was added to each tube and 

incubated for 15 min at 37oC. Then, the ACN was removed and the gels plugs were air dried at RT for 

10 min before adding 50 µl of trypsin (Roche, 0.01 mg/ml in 10% acetic acid and 45 mM Ambic) and 

incubating it at 37oC. After 30 min, an extra 20 µl of 50 mM Ambic was added to each tube and left 

overnight. Then, 70 µl of 100% ACN was added to each tube and incubated at RT for 15 min with 

shaking. The liquid was transferred to new tubes, while 50 µl of 97.5% ACN and 2.5% formic acid was 

added to each gel plug and incubated at RT for 15 min with shaking to extract any remaining peptides 

left in them. This liquid was added to the corresponding tube and the gel plugs were discarded. Finally, 

the trypsin digests were dried using a vacuum drier (Savant DNA SpeedVac 110, Thermo Scientific). 
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4.2.7.3. LC-MS/MS analysis 

Tryptic digests were analysed with a LTQ-Orbitrap XL LC−MSn mass spectrometer (Thermo) equipped 

with a nanospray source and coupled to an Ultra High Pressure Liquid Chromatographer system 

(Waters nanoAcquity). Initially, 5 μL of sample resuspended in ultrapure water were loaded, desalted 

and concentrated in a BEH C18 trapping columns (Waters) with the instrument operated in positive 

ion mode. The peptides were then separated on a BEH C18 nanocolumn (1.7 μm, 75 μm × 250 mm, 

Waters) at a flow rate of 300 nL/min using an ACN/water gradient; 1% ACN for 1 min, followed by 

0−62.5% ACN over 21 min, 62.5− 85% ACN for 1.5 min, 85% ACN for 2 min and 100% ACN for 15 min. 

MS spectra were collected using data-dependent acquisition in the m/z range 400−2,000 using a 

precursor ion resolution of 30,000, following which individual precursor ions (top 5) were 

automatically fragmented using collision induced dissociation with a relative collision energy of 35%. 

Dynamic exclusion was enabled with a repeat count of 2, repeat duration of 30 s and exclusion 

duration of 180 s. 

4.2.7.4. LC-MS/MS data analysis and protein identification 

Mass spectrometry data was analysed using Progenesis QIP (Nonlinear Dynamics). WP and EP datasets 

were analysed independently following the ‘fractionation experiment’ analysis. Two pairwise 

comparisons were performed for WP datasets (i.e. Parr (WP) vs. Smolt (WP), Smolt (WP) vs. Post-smolt 

(WP)) and two more for EP datasets (i.e. Parr (EP) vs. Smolt (EP), Smolt (EP) vs. Post-smolt (EP)). The 

initial search parameters allowed for a single trypsin missed cleavage, carbamidomethyl fixed 

modification of cysteine residues, oxidation of methionine (variable), acetylation of N-terminal 

peptides, a precursor mass tolerance of 10 parts per million (ppm), charge of deconvoluted ions of 

over 1, a fragment mass tolerance of ±0.5 Da, and FDR of 0.01.  

After normalization, the Hi3 (Top3) method was used for protein quantification (Li et al., 2009); 

therefore a minimum of 3 peptides was required for quantification. Moreover, only those proteins 

identified based on at least one unique peptide were quantified. Statistical differences were tested by 

ANOVA in Progenesis QIP. To be considered differentially abundant proteins (DAPs), a q-value below 

0.05 (q < 0.05) and a fold change (FC) bigger than 2 was required. However, since the sole purpose of 

EP was to improve the coverage of WP, proteins quantified in WP were not statistically tested in EP. 

Peptide sequences were matched to a database search against the Oncorhynchus mykiss SwissProt 

database, which was downloaded from MASCOT [downloaded in August 2018] and loaded into 

Progenesis QIP. Those identified as ‘uncharacterised’ in the rainbow trout genome were sequentially 

blasted against the Atlantic salmon, zebrafish (Danio rerio), and human (Homo sapiens) SwissProt 
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databases, in this order of preference. Only homologies of E-value lower than 0.01 were accepted as 

valid. 

4.2.8. Gene ontology (GO) analysis 

GO of biological process, cellular component and molecular function were performed to compare the 

dataset of unique WP proteins with the dataset of unique EP proteins in order to identify possible 

differences in protein affinity between the two methods. Analysis was performed using STRAP v. 1.5. 

(Bhatia et al., 2009). 

4.2.9. Further data analysis and representation 

Data representation was carried out using Microsoft Excel 2013 or R statistical software and R 

package ggplot2. 

One-way ANOVA was performed to test for differences in morphometric measures and NKA activity 

among developmental stages. Data was transformed by either natural logarithm or square root to 

satisfy the normal distribution and homogeneity of variance assumptions, tested with the Shapiro 

and Bartlett tests, respectively. Significant comparisons (p < 0.05) were followed by Tukey’s posthoc 

test to identify different developmental stages. 

Linear relationship among variables was determined by linear regression using the QR method. 

Significance values (p < 0.05) were obtained by testing the null hypothesis: the slope of the least 

squares linear fit to the data is equal to 0. 

Principal component analysis (PCA) and data representation were carried out using R and ‘ggbiplot’ 

package (Vu, 2011). Ellipses show 68% of Normal probability for each group. 

Mean abundance per condition was plotted for DAPs in heatmap form scaling abundance by protein 

(i.e. by row). 
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4.3. Results 

4.3.1. Characterisation of rainbow trout plasma according to GeLC-

MS/MS alone or in combination with protein enrichment 

technology  

4.3.1.1. Detected proteins 

A total of 48,196 peptides were detected in WP, which were mapped onto 2,784 rainbow trout 

proteins. Of these, 1,495 met the requirements for reliable identification and quantification (i.e. 

quantified proteins; identified based on at least 3 peptides and at least 1 unique peptide)(Appendix 

4.1). Similarly, for EP, 48,921 peptides were detected, which were mapped onto 1,892 rainbow trout 

proteins and 1,292 were quantified (Appendix 4.2). Interestingly, the number of unique peptides 

found for a particular protein was higher for more abundant proteins (Figure 4.2) and significantly 

correlated with the protein mass and length (Figure 4.3).  

 

Figure 4.2. Detected unique peptides. Proteins for which 1 (a), 2 (b), 3 (c), 4 (d), 5 (e), or more than 5 (f) 

unique peptides were detected. Proteins are arranged according to their dynamic range. Red points 

indicate proteins that meet the criteria of the corresponding panel.  
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Figure 4.3. Number of detected unique peptides and protein mass and length. Correlation between 

the number of unique peptides with protein mass (a) and amino acid length (b) in WP and in EP (c, d). 

 

Comparison of WP and EP datasets revealed that 965 proteins were detected by both strategies, these 

being a majority (52.96%). Another 530 (29.01%) were only found in WP samples and 327 (17.95%) 

were only detected after enrichment - only in EP (Figure 4.4a). These differences between WP and EP 

were already apparent when inspecting the protein profiles by 1-D SDS-PAGE, with EP missing some 

of the very intense bands of WP and having bands that could not be visualized in WP (Figure 4.5). For 

both WP and EP, samples corresponding to the three tested developmental conditions followed a 

similar trend of dynamic ranges, indicating that the quantitative distribution of the quantified proteins 

was comparable in Parr, Smolt and Post-smolt pools. For both WP and EP, the quantified proteins 

presented abundances that covered 9 orders of magnitude (Figure 4.4b and c).  
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Figure 4.4. Quantified proteins in WP and EP. Venn diagram of proteins quantified in WP and EP (a). 

Dynamic range of proteins quantified in WP (b) and in EP (c). Rank indicates order of proteins in each 

condition, from most to least abundant. 
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Figure 4.5. One-dimensional SDS PAGE of Post-smolt and Parr WP and EP. Gel image (a), densitometry 

of Post-smolt pool WP and EP (b) and densitometry of Parr pool WP and EP (c). 

 

To facilitate comparison with other published or future studies: 2,784 proteins would have been 

identified based on a minimum of one peptide, 2,534 on a minimum of two peptides, 1,733 based on 

a minimum of one unique peptide and 885 on a minimum of two unique peptides. 

4.3.1.2. Enrichment correlations 

To test which protein physicochemical properties control the change in protein abundance due to 

enrichment (increase of low-abundant proteins and decrease of high-abundant proteins), correlations 

between the FC in abundance of a specific protein from WP to EP with the protein’s mass, length and 

abundance in WP were tested. 

Results indicate that neither protein mass (Parr: r2 = 1*10-4, p-value = 0.74; Smolt: r2 = 1*10-4, p-value 

= 0.76; Post-smolt: r2 = 3*10-4, p-value = 0.62) nor length (Parr: r2 = 1*10-4, p-value = 0.75; Smolt: r2 = 

1*10-4, p-value = 0.76; Post-smolt: r2 = 3*10-4, p-value = 0.62) were correlated with enrichment. 

However, a pronounced significant correlation was present between the FC of enrichment and the 

original abundance of the protein in WP (Figure 4.6, Parr: r2 = 0.46, p-value < 0.001; Smolt: r2 = 0.42, 

p-value < 0.001; Post-smolt: r2 = 0.43, p-value < 0.001). This demonstrated that the low-abundant 

protein enrichment worked satisfactorily, with the abundance/detectability of low-abundant proteins 
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being increased by up to almost 3 million times and that of high-abundant proteins decreased over 

200,000 times. 

 

Figure 4.6. Effect of enrichment. Correlation between the FC from WP to EP and original abundance 

in WP for each protein. Points indicate individual samples and lines indicate linear regression fit. 

 

4.3.1.3. GO of WP and EP unique proteins 

General GO analysis revealed no differences between proteins quantified exclusively in WP or in EP 

pools regarding biological process, cellular component or molecular function, as there were no 

exclusive categories to either WP or EP (Figure 4.7). 
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Figure 4.7. GO terms associated to proteins quantified in whole plasma and enriched plasma. 

Biological GO (a), cellular component GO (b) and molecular function GO (c). 
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4.3.1.4. PCA 

PCA was used to visualize the relationship between replicates, the dissimilarity among developmental 

conditions, and the effects of the enrichment strategy. The first two components of the PCA explained 

30.2% of the variation between samples. A clear distinction between the three tested developmental 

conditions was possible in WP samples, mainly due to PC2, but not in EP samples (Figure 4.8). The 

distinction between WP and EP was very clear, mainly driven by PC1.  

 

Figure 4.8. PCA of quantified parr, smolt and post-smolt rainbow trout plasma proteins. Points 

indicate individual replicates. Ellipses show 68% Normal probability for each group (colours) or 

enrichment (dashed). 

 

4.3.2. Characterisation of rainbow trout plasma according to 

developmental stage 

4.3.2.1. Most abundant proteins 

Across all life stages, the most abundant proteins were ankyrin-2, DNA primase large subunit, actin, 

serum albumin, apolipoproteins, haemoglobin subunits, hemopexin-like proteins and complement C3. 

However, with the exception of Ankyrin-2, which was invariantly the most abundant protein in all 

three tested conditions, and DNA primase large subunit, which was consistently among the top 20 in 

all three conditions, the list of top 20 most abundant proteins was highly variable among Parr, Smolt 

and Post-smolt pools (Figure 4.9). Nevertheless, only one protein, P04114 (Apolipoprotein B-100), 

presented significant differences between conditions. Since ProteominerTM was used to study low 

abundant proteins, EP was not considered in this section.  
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Figure 4.9. Most abundant proteins in rainbow trout plasma. Top 20 most abundant proteins in 

Parr (a), Smolt (b) and Post-smolt pools (c) of rainbow trout whole plasma. ‘ID’ indicates the 

UniProt accession numbers of the proteins. ‘#’ columns indicate the rank in terms of abundance 

of each protein in each of the three tested developmental stages. ‘*’ indicates significant 

differences. Error bars indicate s.e. 
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4.3.2.2. Differentially abundant proteins 

For WP, statistical analysis revealed 7 differentially abundant proteins (q-value < 0.05, FC > 2) when 

comparing Parr vs. Smolt pools and 8 between the Smolt vs. Post-smolt pools comparison (Figure 

4.10a). Of these, 1 protein, Q502K3 (Serine/threonine-protein phosphatase 6 regulatory ankyrin 

repeat subunit), was significantly higher in the Smolt pool in both comparisons. 

 

Figure 4.10. DAPs in WP (a) and EP (b). Protein abundance heatmaps indicate significant 

differences (p < 0.05, on the left of each cell with different letters) and mean protein abundance 

(in brackets in each cell). “ID” indicates UniProt accession number of the proteins. On the top 

right, colour scale of the heatmaps. 

 

For EP, 10 proteins were found to be differentially abundant between the Parr vs. Smolt pools 

comparison, while 3 were identified for the Smolt vs. Post-smolt pools comparison (Figure 4.10). Of 

them, 1 protein, O94876 (Transmembrane and coiled-coil domains protein 1), was significantly lower 

in Smolt pool in both comparisons. 
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4.4. Discussion 

Anadromous salmonids are subject to a series of adaptations needed to fulfil their unique life cycle, 

collectively known as smoltification (Hoar, 1988; Björnsson et al., 2011). Due to these adaptations, 

after having been freshwater fish during their early life stages (parr and smolt phases), anadromous 

salmonids can fully adapt to life in seawater during their adult stage (post-smolt phase). To gain further 

insight into the smoltification and seawater adaptation processes, pools of plasma from parr, smolt 

and post-smolt rainbow trout were analysed by GeLC-MS/MS alone or in combination with protein 

enrichment technology. Results were then compared seeking to identify proteins related to the 

changes that take place from one developmental condition to another. Due to the integral role of 

blood in the transport of molecules to and from tissues, proteins from a variety of functions and target 

tissues were identified (Anderson and Anderson, 2002; Jacobs et al., 2005; Pernemalm and Lehtiö, 

2014). Therefore, being a highly informative biofluid, blood plasma can be used to obtain an overview 

of the overall physiological state of the fish (Adkins et al., 2005; Simpson et al., 2009).  

In total, 1,822 proteins were reliably identified and quantified (based on a minimum of three peptides 

and one unique peptide) in rainbow trout blood plasma. Similar approaches in rainbow trout and other 

fish species reported a variety of protein identification results in plasma. Nynca et al. (2017) reported 

119 proteins in adult freshwater rainbow trout plasma (identification based on a minimum of two 

unique peptides). Comparison with this list of proteins revealed that 83 of them were also quantified 

in the present study. In zebrafish, 3,024 proteins were reported (identified based a minimum of one 

peptide; Medina-Gali et al., 2019), 939 in three-spined sticklebacks (Gasterosteus aculeatus) 

(identification based on a minimum of one peptide; Kültz et al., 2015), and 717 in Atlantic cod (Gadus 

morhua) (identification based on a minimum of one peptide; Enerstvedt et al., 2018). Interestingly, 

regarding other tissues and biofluids of rainbow trout, 3,241 proteins were reported in head kidney 

(identification based on a minimum of two peptides; Kumar et al., 2018), 2,542 in spleen (identification 

based on a minimum of two peptides; Kumar et al., 2018), 59 in ovarian fluid (identification based on 

a minimum of two unique peptides; Nynca et al., 2015) and 152 in seminal plasma (Nynca et al., 2014). 

Differences in the number of protein identifications can have both biological (fish tissues and fluids 

used) and technical origin (sample processing, fractionation strategy, MS-instrument type, data 

acquisition parameters, data trimming and database identification version and parameters). However, 

it is relevant to note that the present study represents an in-depth characterisation of the plasma 

proteome of rainbow trout across three developmental stages of the fish, having performed an 

enrichment step and extensive fractionation (each 1-D SDS-PAGE lane divided into 24 fractions), thus 

greatly increasing coverage.  
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ProteoMinerTM is a commercially available bead-based technology that relies on combinatorial 

peptide ligand libraries. Each bead is designed to specifically capture a protein up to saturation. 

Therefore, very abundant proteins will quickly saturate their beads and all remaining unbound protein 

is washed away, thus decreasing their relative abundance while increasing the concentration of low-

abundant proteins (Murphy and Dowling, 2018). Due to this, peptides that would normally be below 

the limit of detection of the MS or peptides that would be masked by the peptides derived from highly-

abundant proteins become detectable. In the present study, WP and EP datasets were similar, with 

965 proteins (52.96% of the total) being quantified by both methods and presenting very similar 

dynamic ranges. Nonetheless, the treatment with ProteoMinerTM allowed an increase in the number 

of quantified proteins (317, 17.95%). Enrichment was independent of the sample type (very similar 

linear regression fits between the three plasma pools), protein mass, protein length, biological 

function GO, molecular function GO and cellular component GO. The only tested variable significantly 

correlated with the magnitude of enrichment was the protein abundance in the original WP sample, 

the abundance/detectability of low-abundant proteins being greatly increased and that of high-

abundant proteins decreased. This demonstrated that ProteoMinerTM is a valid strategy to increase 

proteome coverage in rainbow trout plasma. It is relevant to note that the method was more efficient 

at increasing the detection of low-abundant proteins than at lowering it for high-abundant ones. This 

was expected, as not only the relative abundance of low-abundant proteins was increased but the 

abundance of high-abundant proteins was reduced, which was taking up a significant portion of the 

available analytical space. Therefore allowing a higher proportion of the proteins present to be 

detected. Another effect of the enrichment was that the three developmental conditions became 

indistinguishable by PCA, whereas in WP they were clearly classified into three separate groups (i.e. 

Parr, Smolt and Post-smolt pools). Therefore, both high- and low-abundant proteins were important 

for the distinction of the three developmental conditions in the PCA space. 

In terms of the most abundant proteins there was large variability depending on the developmental 

stage. However, two proteins detected to be present in the top 20 of the three developmental stages 

were ankyrin-2 and DNA primase large subunit. In fact, ankyrin-2 was the most abundant protein in 

all three conditions and is a structural protein playing an essential role in the localization and retention 

of ion transporters and ion channels in several cell types (Cunha and Mohler, 2009). Ankyrin-2 

deficiency has been associated with blood, cardiac and neurological disorders due to its implication in 

the correct functioning of calcium channels and transporters. Furthermore, it is a relatively highly 

abundant protein in human serum (Tanaka et al., 2006) and its high occurrence in rainbow trout 

plasma is likely originating from erythrocytes, where Ankyrin-2 is crucial for correct functioning and 

mechanical stability (Mohandas and Evans, 1994; Yasunaga et al., 2012). The second most abundant 
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common protein was DNA primase large subunit, which is a ubiquitous protein that can be found in 

any tissue that undergoes DNA replication. DNA primase is a polymerase that synthesizes small RNA 

primers for the formation of Okazaki fragments during discontinuous DNA replication (Kuchta and 

Stengel, 2010). Other commonly found highly abundant proteins identified in rainbow trout plasma in 

this study were actin, serum albumin, apolipoproteins, haemoglobin subunits, hemopexin-like 

proteins and complement C3, which have been reported to be high in fish plasma (Li et al., 2016). 

Although differences in the top 20 most abundant proteins were observed, only one of the proteins 

was significantly different among conditions. Thus the top abundant proteins are useful characterisers 

of rainbow trout plasma but are not critical toward understanding differences at distinct 

developmental stages. 

As expected from their extremely different phenotypes and life strategies, significant differences were 

present in the plasma proteome of Parr, Smolt and Post-smolt pools. In total, taking into consideration 

both WP and EP datasets, 26 DAPs were present. While some of these proteins are poorly 

characterised (i.e. Protein FAM76B), have associated functions that are unlikely to be found in adult 

fish (proteins related to embryogenesis like forkhead box protein N4; Chi et al., 2008) or functions that 

are too general (i.e. forkhead box C1-A; Li et al., 2015), others have well-understood and specific roles.  

Seventeen DAPs were identified when comparing the Parr and Smolt pools. Their functions indicate 

preadaptations of smolts to seawater life, such as countermeasures against hyper-osmotic stress, 

shown by serine/threonine-protein phosphatase 6 regulatory ankyrin repeat subunit C, a protein 

related the preservation of cell shape under hyper-osmotic stress (Watanabe et al., 2018). Retinal 

changes, shown by S-arrestin, a major retinal protein specific to rod photoreceptors (Renninger et al., 

2011; Murthy et al., 2014; Sullivan et al., 2017), are likely to be linked to a signal transduction pathway 

related to previously documented changes in the retina of salmonids during smoltification, leading to 

the dominance of rhodopsin over porphyropsin as a visual pigment and to the loss of ultraviolet-

sensitive cones as an adaptation to oceanic life (Dann et al., 2003; Ebbesson et al., 2007). Moreover, 

several proteins that are lower in smolts are related to a series of previously described changes related 

to a lower resource investment towards some nonessential processes during smoltification. One of 

them is sexual maturation (kinesin-like protein KIF20B; Wang, Xueying et al., 2018), which is delayed 

in migrators (Foote et al., 1994; Thorpe and Metcalfe, 1998; Nichols et al., 2008). Another is the 

repression of some immune pathways (Johansson et al., 2016), exemplified here by a decrease in mast 

cell proliferation (ras-GEF domain-containing family member 1B-A; Tam et al., 2004; Epting et al., 

2007). A third one is indicated by AMP deaminase (Fischer et al., 2007) and is related to a 

reorganization of red muscle, resulting in a decrease in myosin heavy chain abundance and in lower 

performing muscles for smolts (Martinez, I. et al., 1993; Coughlin et al., 2001), as parr have faster 
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twitching muscles used to maintain a faster frequency tailbeat, whereas smolts tend to swim with the 

current towards the river mouth. Finally, changes in energy reserve metabolism result in depletion of 

lipids, proteins and carbohydrates in the smolt whole body (Rousseau et al., 2012), which is shown 

here by a higher mobilization of lipids (apolipoprotein B-100; Innerarity et al., 1990; Millar et al., 2005). 

Presumably these adaptations would take place in order to meet the energy demands needed for 

smoltification and for reorganizing tissues in preparation to life in seawater, which could be related to 

the higher abundance in smolts of serine-rich coiled-coil domain-containing protein 2, stathmin and 

fibronectin, all related to cell and microtubule organization (Pankov and Yamada, 2002; Rubin and 

Atweh, 2004; Wang et al., 2013). Curiously, serine-rich coiled-coil domain-containing protein 2 has 

been proposed as a reliable housekeeping gene in humans but this is unlikely to be the case in rainbow 

trout given the present results (Tilli et al., 2016). 

For the Smolt vs Post-smolt pools comparison, 11 DAPs were identified. They were related to 

countermeasures against hyper-osmotic stress, shown once again by the high abundance of 

serine/threonine-protein phosphatase 6 regulatory ankyrin repeat subunit C, and by ATP-sensitive 

inward rectifier potassium channel 12, a channel with the tendency to let potassium into cells 

(D'Avanzo et al., 2010), being likely related to the seawater NKA pumps of rainbow trout (NKAα1b and 

NKCC1a). Finally, IGFBP2a was absent in the Post-smolt pool. The absence of this growth-repressing 

protein indicates that growth during the post-smolt phase (also called on-growing phase) would be 

enhanced with respect to the smolt phase (Duan et al., 1999; Zhou et al., 2008), which is in accordance 

with the repression of nonessential processes during smoltification. 

Overall, the present study provides an in-depth characterisation of the rainbow trout blood plasma 

proteome, with 1,822 reliably identified and quantified proteins, analysed across three different 

developmental stages of the fish. Performing either fractionation alone or in combination with an 

enrichment step effectively maximized proteome coverage, supporting previous findings in human 

proteomics (Selvaraju and El Rassi, 2011). The effects of ProteoMinerTM were explored in-depth, 

showing that this can increase the number of detected proteins due to the capability to decrease the 

masking effect on high-abundant proteins. In general terms, ankyrin-2 was invariably the most 

abundant protein in rainbow trout plasma, while other proteins such as DNA primase large subunit, 

actin, serum albumin, apolipoproteins, haemoglobin subunits, hemopexin-like proteins and 

complement C3 were generally among the most abundant proteins. DAPs between Parr and Smolt 

pools suggest preadaptations of smolts to seawater life, including prevention measures against hyper-

osmotic stress and retinal changes, as well as downregulation in respect to the Parr pool of 

nonessential pathways. DAPs between Smolt and Post-smolt pools were related to coping with hyper-

osmotic stress, retinal changes, and increased growth and copper excretion in Post-smolt pool. As 
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potential biomarkers, apolipoprotein B-100 would be the clearest candidate, being a highly abundant 

protein (second most abundant in Smolt pool) and significantly higher in Smolt pool than in Parr or 

Post-smolt pools. Therefore, it might be a robust smolt marker, increasing during the smoltification 

process and decreasing after the smolt window. However, being and important lipoprotein 

component, it is implicated in the transport of lipids in response to a wide variety of signals (Segrest 

et al., 2001; Kreuter et al., 2007; Klingenberg et al., 2010) and its abundance might vary in response 

to processes not related to smoltification. Therefore, its suitability as smolt marker, as for the rest of 

potential biomarkers, needs further testing. For post-smolts, the lack of IGFBP2a might also be an 

interesting biomarker for growth potential. Other biomarker candidates would preferably be DAPs 

found in WP, due to the simplicity of detection respect to EP. However, each of these candidate 

biomarkers needs to be validated by seawater survival tests. 
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Chapter 5: A Peptidomic Approach to Biomarker 

Discovery for Smoltification using MALDI-TOF MS on 

Blood Plasma  

5.1. Introduction 

Currently, the most widely used smoltification marker, aside from the assessment of fish size and 

coloration (Hoar, 1988; Kendall et al., 2015), is the measurement of NKA activity in fish gill 

(McCormick, 1993). A second, less often used method is the measurement of the transcription of NKA 

related genes in gill tissue, mainly nkaα1a, nkaα1b, and nkcc1a (Nilsen et al., 2007). However, both of 

these tests rely on time-consuming methodologies with high running costs (respectively, kinetic assay 

measured by spectrophotometry and RT-PCR). Moreover, these tests are performed on gill tissue 

obtained using very invasive, and normally lethal, gill dissections. Finally, the accuracy of these tests 

in Atlantic salmon, which is likely to be similar in rainbow trout, has been reported to be very low: 60% 

for NKA activity and 57% for nkaα1a and nkaα1b transcription (McGowan, 2018). 

Often, new diagnostic approaches are developed for biomedical clinical use, only reaching animal 

research several years afterwards. This might be the case for MALDI-TOF MS, which is currently one 

of the preferred platforms for identifying novel human disease biomarkers (Karpova et al., 2010; Ng 

et al., 2014; Hajduk et al., 2016), but has not yet been used for biomarker discovery in a fish species. 

While all MS platforms have high-throughput capabilities, MALDI-TOF excels in its relative simplicity 

of use, inexpensive running costs, and the short amount of time it takes to produce results (Volmer et 

al., 2007), often being able to run a sample without previous processing (Hsieh et al., 2008; Preianò et 

al., 2012; Montoya-Rodríguez et al., 2015).  

Biomarker studies have been performed on a variety of biofluids, such as urine (Albalat et al., 2013), 

seminal plasma (Davalieva et al., 2012), and blood plasma (Hortin, 2006). Of these, blood plasma 

would be the most easily accessible on a fish, which moreover contains the most complex and 

informative proteome of an organism (Anderson and Anderson, 2002; Jacobs et al., 2005; Pernemalm 

and Lehtiö, 2014). However, although blood is information rich which is preferable for biomarker 

discovery because it increases the pool of potential biomarkers, studying proteins in blood is 

challenging and time consuming due to the need for depletion of high-abundant proteins and 

overnight protease digestion. Both of these steps can be avoided if only the peptide fraction (<20 kDa) 

is analysed, since high-abundant proteins are bigger in size and a protease digestion step is not 
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needed, thus significantly decreasing the time dedicated to sample preparation and analysis. Although 

the peptidome is a relatively small part of the proteome, several studies have shown that it is highly 

informative (Albalat et al., 2013; Mansor et al., 2013; Stalmach et al., 2015), and that the naturally 

occurring peptides can be very accurate biomarkers (Carrette et al., 2003; Petricoin et al., 2006; 

Roscioni et al., 2013).  

Therefore, the aim of this study is to develop a method for the discovery of smoltification biomarkers 

in the plasma peptidome of rainbow trout. 

 

5.2. Materials and methods 

5.2.1. Fish and rearing conditions 

As described in Chapter 2. 

Parr and smolt plasma samples (n = 8) were used in the present experiment (Table 5.1). These samples 

were part of the plasma pools used in Chapter 4. 

 

Table 5.1. Measurements in fish used for blood plasma analysis (values ± s.e.) 

Pool Sampling Length (cm) Weight (g) Fulton index NKA activity 

Parr 3rd March 18.4 ± 0.71b 84.1 ± 8.73b 1.3 ± 0.02b 1.14 ± 0.12b 

Smolt 11th May 22.5 ± 0.40b 158.2 ± 9.60a 1.4 ± 0.03a 11.0 ± 1.00a 

Fulton index is measured in g cm-3. NKA activity is measured in μmol ADP mg protein−1 hour−1.  

Different letters indicate significant differences. 

 

5.2.2. Sampling 

As described in Chapter 2 and 4. 

5.2.3. Gill NKA activity 

As described in Chapter 2. 
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5.2.4. Blood plasma cut-off filtering 

Individual plasma samples were processed following Albalat et. al (2013)(Figure 5.1). Briefly, 150 µl of 

plasma and 150 µl of urea buffer (2 M urea (Sigma-Aldrich), 100 mM NaCl (Sigma-Aldrich), 0.0125 % 

NH4OH (Merck), and 0.01 % SDS) were added to a 20 kDa Centrisart® I centrifugal ultrafiltration unit 

(Stedim-Sartorius) and centrifuged at 3,400xg for 1 hour (Eppendorf Centrifuge 5418R). Then, 200 µl 

of filtrate was added to a, previously equilibrated with 25 ml of 25 % ammonia solution (Merck 

Millipore), Illustra NAP-5 column (GE Healthcare Life Sciences). Once the filtrate completely entered 

the column, 300 µl of 25% ammonia solution was added to the column and the flow through was 

discarded. Then, 700 µl of 25% ammonia solution was added to the column and the eluted sample 

was collected. Finally, eluted samples were freeze-dried (Christ Alpha 1-4 LSC). 

5.2.5. MALDI-TOF MS analysis 

Following results by Albalat et al. (2013), several dilutions of each analysed sample were tested (i.e. 

1:1, 1:2, 1:4 and 1:8) to increase peptidome coverage. The eluted samples were resuspended in 0.1% 

trifluoroacetic acid (TFA, Sigma-Aldrich) and spotted onto an MTP AnchorChip target plate (Bruker 

Daltonics) in quadruplicates. MALDI TOF MS analysis was performed using an Ultraflex III MALDI-

TOF/TOF instrument (Bruker Daltonics). The matrix solution was 0.7 mg/ml α-Cyano-4-

hydroxycinnamic acid (LaserBio Labs) in 90% ACN, 0.1% TFA, and 1 mM NH4H2PO4 (Sigma-Aldrich). 

One microliter of prepared plasma samples was spotted onto the target plate, dried, and then 0.8 µL 

of matrix solution was added. External mass calibration was performed every four spots using 0.6 µL 

PeptideCalibration Standard II (Bruker Daltonics). 

 Measurements were carried out in reflectron positive ion mode covering a mass range from 800 to 

4000 kDa. Data acquisition parameters were as follows: ion source 1: 25 kilovolts (kV), ion source 2: 

21.35 kV, lens: 10.50 kV, reflector 1: 26.30 kV, reflector 2: 13.80 kV, and laser power: 33%. For the 

calibrants, data was acquired from 1,000 satisfactory laser shots in 200 shot steps allowing 200 shots 

per raster spot, whereas for samples it was 3,000, 300 and 300, respectively. Samples (both original 

eluates and diluted samples) were analysed in tetraplicates. 

5.2.6. MALDI-TOF MS Data processing 

Each spectrum was visually inspected for quality control. Spectra with only noise, extremely low 

intensity, or presence of plastic contamination, were removed. MALDI-TOF MS output ASCII files were 

processed using R software (v. 3.4.2) and the R package ‘MALDIquant’, following the package’s 

recommended settings (Gibb and Strimmer, 2012). Briefly, spectra were smoothed with the 21 point 
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Savitzky-Golay-Filter, baseline-corrected using TopHat method, and intensity was normalized by total 

ion current. Spectra were aligned at a signal-to-noise ratio of 4 and mass tolerance of 0.002 Da using 

the “lowess” method. Technical replicates (4 per each sample) were combined by averaging their 

intensity, and non-monoisotopic peaks were removed at a signal-to-noise ratio of 1.5 using the “MAD” 

method. Peak alignment into discrete bins (binning) was performed using the “strict” option at a 

tolerance of 0.005 Da and peaks that were found in less than 37.5% of the technical replicates were 

removed. Finally, a matrix of peak intensities to mass-to-charge (m/z) values was generated.  

5.2.7. LC-MS/MS analysis of inclusion list 

In order to identify peptides of interest (significantly different peptides in intensity between parr and 

smolt samples), LC-MS/MS analysis of three randomly selected samples (undiluted) was performed. 

In this case, the instrument used small detection ranges near the m/z of interest, rather than a 

completely untargeted approach. In all other aspects, LC-MS/MS analysis, data processing and protein 

annotation were as described in Chapter 4. Knowing the m/z of peptides detected by MALDI-TOF MS 

and by LC-MS/MS, peptide identifications were accepted if the difference in m/z of a peptide of 

interest by both methods was below 200 ppm. 

5.2.8. Support Vector Machine (SVM) analysis 

A supervised machine learning algorithm, SVM, was used to test whether MALDI-TOF MS data could 

be used to classify treated plasma samples as either parr or smolt. The R package ‘e1071’ was used 

(Dimitriadou et al., 2009). SVM models are algorithms that find the D-1 hyperplane that linearly 

separates two or more classes of samples in a D dimensional space. They use the samples at the 

margins of each group, known as support vectors, to define the margins of the separating hyperplane. 

A C-classification algorithm of radial kernel was used. Gamma value and constraint violation cost were 

determined by the model itself by tuning. The ‘training’ process used intensities to m/z values of 80% 

of the samples (randomly selected), labelled as either parr or smolt samples, while the remaining 20% 

of the samples were used to test whether the model could correctly classify them, as visually explained 

in Figure 5.1. Starting at the random sample selection step, this analysis was run 100 times on the 8 

biological replicates per developmental stage (n = 8) to measure the performance of the model.  
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Figure 5.1. SVM pipeline. 

 

5.2.9. Further data analysis and representation 

Data representation was carried out in R. PCA and heatmaps were plotted as described in Chapter 4. 

Raw spectra were visualized in FlexAnalysis 3.4 (Bruker Daltonics).  

Venn diagram was plotted using the online tool Venny 2.0.2 

(http://bioinfogp.cnb.csic.es/tools/venny/index2.0.2.html). 

Pair-wise t-tests for each m/z value followed by 5% FDR post hoc test were performed in order to 

identify differentially abundant peptides. T-test was also performed to identify significant differences 

between the two developmental conditions in respect to their morphometric and NKA activity 

measures (Table 5.1). 

 

5.3. Results 

5.3.1. MALDI-TOF MS data 

MALDI-TOF MS profiles were obtained for 8 parr and 8 smolt <20kDa plasma samples analysed at 

dilutions 1:1, 1:2, 1:4, and 1:8 (Figure 5.2). For undiluted samples (1:1 dilution), monoisotopic peak 

filtering, and peak binning, resulted in 2,219, and 327 remaining peaks, respectively. After removal of 

peaks that appeared in less than 37.5% of the samples, 159 peaks were detected and accepted as 

reliably identified and quantified naturally occurring peptides in the <20kDa fraction of rainbow trout 
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plasma (Figure 5.3 and 5.4). Similarly, processing of 1:2, 1:4 and 1:8 diluted samples resulted in the 

quantification of 147, 114, and 89 peptides, respectively. When comparing the results for different 

dilutions, only 50 peptides were detected in all four, with big variation in the detected peptide 

populations among dilutions. 

 

Figure 5.2. Representative MALDI-TOF profiles of a parr (a,c,e,g) and a smolt (b,d,f,h) <20kDa 

plasma peptides analysed at dilutions 1:1 (undiluted)(a,b), 1:2 (c,d), 1:4 (e,f), and 1:8 (g,h). 

 

 

Figure 5.3. Venn diagram of peptides detected in samples analysed at different dilutions. 
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Figure 5.4. Detected naturally occurring peptides in parr and smolt rainbow trout.  
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5.3.2. PCA 

PCA was used to visualize the relationship between replicates and the dissimilarity among 

developmental conditions. For undiluted samples, PC1 explained 28.2% of the variation and PC2 14.8% 

(Figure 5.5a). Two clusters corresponding to parr and smolt samples were clearly separated, mainly 

due to PC1. Contrarily, PCA of none of the diluted samples showed grouping according to parr and 

smolt (Figure 5.5b-d). 

 

Figure 5.5. PCA of naturally occurring peptides in parr and smolt rainbow trout 

plasma samples. Samples were tested undiluted (a), and at dilutions 1:2 (b), 1:4 

(c), and 1:8 (d). Points indicate individual replicates. Ellipses show 68% normal 

probability for each group. 

 

Regarding the PCA of undiluted sample, the factor loadings of the main variables (i.e. peptides) 

explaining the variance of PC1 and PC2 are shown in Table 5.2. 
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Table 5.2. Top 10 peptides (m/z) explaining 

variance of PC1 and PC2 for PCA of undiluted 

samples. ‘Loadings’ indicate the correlation 

coefficient between peptides and PCs. 

PC1 PC2 

m/z Loadings m/z Loadings 

2523.32 0.134 1271.09 0.174 

3115.71 0.132 1256.73 0.172 

1656.93 0.131 2498.38 0.160 

3526.04 0.130 985.612 0.151 

650.069 0.125 1173.68 0.150 

2844.57 0.121 1842.01 0.141 

2354.79 0.119 1007.6 0.141 

2538.29 0.116 1405.83 0.131 

1578.9 0.107 1233.96 0.128 

2426.33 0.105 1321.06 0.126 

 

5.3.3. Differentially abundant peptides 

Statistical testing of undiluted samples revealed that 32 of the detected peptides presented 

significantly different intensities (q < 0.05) when comparing them in the two tested developmental 

conditions (Table 5.3). Ten of them were higher in smolts, while the other 22 were higher in parr. On 

the other hand, statistical analysis of data from 1:2, 1:4 and 1:8 samples reported no significantly 

different peptides. 

Most of the major peptide contributors to PC1 (Table 5.2), with the exception of three, were among 

the list of differentially abundant peptides. Regarding PC2 contributors, only m/z 1405.83 was 

differentially abundant. 
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Table 5.3. Statistical parameters of differentially abundant peptides (m/z) in undiluted 

samples. Mean normalized peptide intensities are shown as x1000 times their actual values. 

‘Protein ID’ indicates, for those that was possible, the accession number of the protein that the 

sequence of the detected peptide was matched to. ‘Freq.’: frequency. 

MALDI-TOF MS LC-MS/MS 

m/z 
Mean 
Parr 

Mean 
Smolt 

Freq. 
Parr 

Freq. 
Smolt 

Protein ID Sequence 

861.20 2.17 3.72 0.75 1.00   

862.24 1.18 2.01 0.13 0.63   

1046.01 2.03 0.33 0.88 0.13   

1083.60 1.34 1.00 1.00 0.88   

1194.16 1.40 0.87 1.00 0.88   

1259.78 1.68 0.65 1.00 0.13   

1305.56 1.14 0.93 1.00 1.00   

1363.05 2.00 0.71 1.00 0.50   

1401.96 1.37 1.01 1.00 1.00   

1405.83 5.05 2.17 1.00 1.00   

1416.94 5.06 2.06 1.00 1.00   

1427.91 1.42 0.83 1.00 0.88 ENOB GNPTVEVDLYTAK 

1504.35 5.79 1.21 1.00 1.00   

1519.87 1.80 0.91 0.88 0.75   

1527.03 1.79 0.76 1.00 0.75   

1530.00 1.25 0.76 0.88 0.38   

1542.90 1.26 0.97 1.00 1.00   

1558.42 1.19 0.68 1.00 0.75 H1 AEVAPAPAAAAPAKAPK 

1578.90 0.77 1.07 0.13 1.00   

1749.03 1.05 0.68 0.75 0.13   

1760.52 1.26 0.28 0.88 0.25   

1897.09 1.64 1.02 1.00 0.88   

1976.79 0.99 1.61 0.88 1.00   

2354.79 0.10 0.58 - 0.75   

2426.33 0.80 1.15 0.50 1.00   

2523.32 0.50 0.74 - 0.88 CO3 EALGLMQGKTYMIMGKSEDLHR 

2538.29 0.86 1.28 0.50 1.00   

2640.50 1.39 0.68 1.00 0.88   

2662.50 0.94 0.61 0.75 0.13   

2796.65 2.66 1.01 1.00 1.00 NBEL2 EVFKERIGYSQLFDVLKSQGQPTK 

3115.71 0.25 0.53 - 0.75   

3526.04 0.28 0.53 - 0.75   
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5.3.4. LC-MS/MS analysis 

LC-MS/MS analysis of the plasma samples detected 153 peptides. These were composed of between 

6 and 74 aminoacids (although if over 50 aminoacids long they are technically considered proteins) 

and they were mapped onto 27 different proteins (Table 5.4). However, only 4 of these were of a 

similar m/z (200 ppm) as the peptides of interest (Table 5.3). Therefore, the using LC-MS/MS we were 

able to identify 12.5% of the significantly different peptides detected by MALDI-TOF MS (100*4/32). 

 

Table 5.4. Peptides identified by LC-MS/MS. ‘Peptide count’ indicates the number of 

different peptides (i.e. different sequence) that were mapped onto a particular protein. 

Accession Protein name Peptide count 

ACTB Actin, cytoplasmic 1 1 

ACTB2 Actin, cytoplasmic 2 4 

APA12 Apolipoprotein A-I-2 4 

ATPB ATP synthase subunit beta, mitochondrial 4 

CO3 Complement C3 20 

ENOA Alpha-enolase 5 

ENOB Beta-enolase 6 

FA150 Protein FAM150-like 2 

H1 Histone H1 11 

H2AX Histone H2AX 7 

H2B Histone H2B 8 

H32 Histone H3.2 3 

H4 Histone H4 3 

ION3 Intermediate filament protein ON3 4 

ION3 Tubulin beta chain 5 

M10B2 Putative helicase mov-10-B.2 7 

N4BP1 NEDD4-binding protein 1 4 

NBEL2 Neurobeachin-like protein 2 7 

NLRC5 Protein NLRC5 6 

PLSL Plastin-2 9 

PTPRF Receptor-type tyrosine-protein phosphatase F 9 

TBA Tubulin alpha chain 7 

TP8L3 Tumor necrosis factor alpha-induced protein 8-like protein 3 1 

UBP12 Ubiquitin carboxyl-terminal hydrolase 12A 1 

VIMB Vimentin beta 2 

VIME Vimentin 10 

ZN704 Zinc finger protein 704 3 
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5.3.5. SVM analysis 

Accuracy of the SVM (i.e. proportion of correct choices) was 1 on 69% of the cases, 0.75 on 25%, 0.5 

on 4%, 0.25 on 1% and 0 on 1% (Figure 5.6), and therefore, overall accuracy was of 0.90 ((69 + 25*0.75 

+ 4*0.5 + 0.25 + 0)/100). Understanding parr as ‘0’ and smolt as ‘1’, in terms of overall sensitivity (true 

smolts classified as smolts) and specificity (true parr classified as parr), the results were respectively 

84.31% and 95.14%. 

 

Figure 5.6. Receiver operating characteristic curve showing 

the diagnostic ability of the SVM model to correctly classify 

parr and smolt rainbow trout plasma peptidome samples. 

 

5.4. Discussion 

Current smolt marker tests are time-consuming, expensive, inaccurate, and rely on invasive or lethal 

dissections of gill (McCormick, 1993; McGowan, 2018). Therefore, there is an industry need for 

improved smolt markers. The present study represents a first approach towards the development of 

a new smolt marker test based on blood plasma, which can be sampled nonlethally (Anderson and 

Anderson, 2002; Jacobs et al., 2005; Pernemalm and Lehtiö, 2014). Moreover, while the initial capital 

investment cost to buy a MALDI-TOF MS is high, the running costs are cheap and it allows for high 

throughput analysis of samples, making it one of the preferred methods for biomarker discovery in 

the biomedical field (Karpova et al., 2010; Ng et al., 2014; Hajduk et al., 2016). The efficacy of the 

method is further increased when data is processed by machine learning algorithms such as SVMs 

(Timm et al., 2008), which not only take into consideration the presence and abundance of the 

molecules of interest but also the differential ratios between them. 
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The analysis of <20kDa plasma by MALDI-TOF MS of diluted samples did not add peptides of interest 

(significantly different intensities among treatments) to those found in undiluted samples, unlike what 

was seen in a previous study (Albalat et al., 2013). However, similar to the results of that study, the 

analysis of the samples at different dilutions resulted in very different peptide profiles. If the objective 

of the study had been to characterise the plasma peptidome, thus aiming at maximal peptide 

coverage, the dilution approach would have been key, adding 62 peptides to the total. Aimed at 

biomarker development, the most interesting results were found in undiluted samples, where 159 

peptides were detected, which is similar to the number of peptides found in human plasma peptidome 

studies (Taneja et al., 2011; Conraux et al., 2013). PCA showed a clear separation between the two 

developmental stages, indicating the possibility of finding peptide smoltification biomarkers in the 

plasma peptidome. Indeed, 32 peptides were present in significantly different intensities in parr and 

smolt samples. However, individual molecules can be weak biomarkers when compared with those 

resulting from a multivariate analysis (Schwamborn et al., 2007; Timm et al., 2008; Alexandrov et al., 

2009). Therefore, SVM was implemented. Despite using a very limited amount of samples (n = 8), with 

other studies normally using n > 50 (Honda et al., 2005; Pyatnitskiy et al., 2011; Lawton et al., 2014), 

the model achieved a high overall accuracy of 90%, with a higher specificity (95.14%) than sensitivity 

(84.31%), thus indicating that it was more accurate at identifying parr than smolts. Results from this 

study show good potential for the application of this approach as a seawater-readiness test, as it 

achieved much higher accuracy than those reported for NKA activity (60%) or nkaα1a and nkaα1b 

transcription (57%) (McGowan, 2018).  

Very few of the differentially abundant peptides were identified by LC-MS/MS, despite having run the 

LC-MS/MS with an inclusion list (targeted approach). However, the proportion of identified peptides 

was similar to other studies (Mansor et al., 2013). In fact, assumptions about the biological role of the 

peptide, if any, based on the protein of origin are likely to be wrong (J Kastin and Pan, 2010). This is 

due to the nature of peptides, which are rarely synthesized as such, often being fragments of degraded 

proteins (Rock et al., 2002). LC-MS/MS identified 153 peptides, which were peptides from 27 parent 

proteins. Many of them were peptides derived from highly abundant proteins in plasma (i.e. actin, 

apolipoprotein, complements, histones, tubulin, etc.) (Li et al., 2016) and, with the exception of 

protein NLRC5 and neurobeachin-like protein 2, all of them were present or had closely related 

variants found in the dataset of Chapter 4. Moreover, these results were very similar to those of 

Greening et al. (2010) in human blood plasma, who followed a similar workflow (20 kDa filtering and 

LC-MS/MS), and identified 44 proteins, with apolipoproteins and complements among them, from 266 

peptides. 
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In conclusion, the described method has the potential to significantly improve current seawater-

readiness assessment tools for rainbow trout, and likely also for other salmonids, using samples that 

can be obtained non-lethally. However, further work should focus on addressing a series of limitations. 

Firstly, while the classification showed promising results, its capabilities could still be improved if the 

number of samples in the ‘training’ dataset is increased. Secondly, while a validation of the model was 

performed on the ‘test’ dataset, further validation is needed using rainbow trout samples from 

different locations and sampled at different times. Furthermore, classification of the samples used in 

the present study into either parr or smolt based was done based on their NKA activity. However, in 

upcoming studies this should be done based on seawater performance after transfer. Admittedly, the 

method was relatively expensive and time-consuming due to cut-off filter and washing column steps. 

However, this could be easily avoided, after further investment in equipment, by using size-exclusion 

columns in an automatized LC-MALDI setup (Zucht et al., 2005; Hölttä et al., 2012).  
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Chapter 6. Characterization of the growth-stunted 

phenotype 

6.1. Introduction 

Fast growth is one of the most desirable attributes in farmed animals from an economical point of 

view, while stunted growth has a negative impact on production efficiency, profitability, sustainability, 

and often on animal welfare (Devlin et al., 2000; Sartelet et al., 2012). In this sense, while the 

production of seawater-transferred rainbow trout has increased steadily in recent years (Food and 

Agriculture Organization of the United Nations, 2019), a persistent problem has affected this sector: 

shortly after seawater transfer, a fraction of the animals die (around 10%) and another portion 

experience reduced growth (between 10-60%). Stunted animals (GS) are characterised not only by 

reduced growth but also by a marked decrease in condition factor and often show external lesions 

such as fin damage. GS seawater-transferred rainbow trout represent a problem that seems to be 

more pronounced during the summer months, with some companies choosing to stop their 

production during this season, thus abandoning one third of their potential production. 

While there is still no literature tackling the specific issue of GS seawater-transferred rainbow trout, 

previous studies have identified a freshwater rainbow trout phenotype, as also seen in other salmonid 

species, that also occurs in aquaculture or laboratory conditions and presents stunted growth and 

reduced condition factor (Sloman et al., 2000a; Sloman et al., 2000b; Vindas et al., 2016). Studies show 

that while reduced food intake is an important driver for the development of this freshwater 

phenotype, it is not enough to completely explain the reduced growth exhibited by the phenotype 

(Abbott and Dill, 1989; DiBattista et al., 2006). A number of studies have linked GS to subordinate 

behaviour (Gilmour et al., 2005), with characteristics of the phenotype including a higher standard 

metabolic rate (Sloman et al., 2000a). Subordinate fish have also been shown to exhibit higher post-

stress plasma cortisol levels, lower stressor avoidance (Sloman et al., 2001; Damsgård et al., 2019) and 

increased brain serotonin levels (Vindas et al., 2016). From a metabolic perspective, as observed in 

rainbow trout and in a variety of other salmonid species, subordinate fish are characterised by 

increased hepatic protein catabolism (Mommsen et al., 1999; DiBattista et al., 2006) and lipid 

metabolism, with subordinate fish relying more on free fatty acids than on triglycerdies for energy 

obtention (Kostyniuk et al., 2018). Moreover, differences in carbohydrate metabolism include a lower 

hepatic glycogen content, higher mobilization of stored glycogen, higher gluconeogenic potential 

(Ejike and Schreck, 1980; Sloman et al., 2001; Gilmour et al., 2012), and higher plasma glucose levels 

(Peters et al., 1988; Elofsson et al., 2000) in subordinate fish. Finally, in Atlantic salmon delayed 
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smoltification has been reported in the subordinate phenotype, also known as pace-of-life syndrome 

in this species (Damsgård et al., 2019).  

However, while some or all of the above-mentioned factors are likely to be relevant to the GS 

phenotype in rainbow trout, GS occurs after an artificial and forceful seawater transfer of the fish, 

which adds another layer of complication to the already complex issue. Furthermore, rainbow trout 

have a unique life-history, with their wild population being naturally divided into freshwater residents 

and sea-run animals, which is in turn related to smoltification rates (Christie et al., 2011; Kendall et 

al., 2015). Efforts to produce a strain with a single phenotype, either selecting the sea-run (Sharpe et 

al., 2007; Christie et al., 2011; Sloat and Reeves, 2014) or the freshwater-resident (Thrower and Joyce, 

2005; Hayes et al., 2012), have proved unsuccessful so far. From here arises the hypothesis that the 

fish that performed well in seawater could be natural migrants to seawater, while the ones that die 

or become GS could be natural freshwater-residents but were forcefully transferred to seawater.  

In cases like this, with many possible explanations for a physiological alteration but still very little 

known, a first characterisation of the GS seawater-transferred rainbow trout could provide a holistic 

view of the underlying mechanisms that characterise this condition (Beale et al., 2016; Raposo de 

Magalhães et al., 2018; Karczewski and Snyder, 2018). This is where -omics technologies exceed, 

measuring the abundance of large numbers of posteriorly annotated biomolecules (i.e. transcripts, 

proteins, metabolites, lipids, etc.) of a sample in an untargeted manner. With this information it is 

possible to pinpoint the involved pathways before moving onto a targeted approach to study them in 

detail. In similar cases for humans and other animal species, -omic approaches have been successfully 

used (Liumbruno et al., 2010; Jové et al., 2014; Skorve et al., 2015). As a target tissue, the liver, due to 

its central role in energy storage and mobilization, is the sample type that is more likely to reflect 

differences in physiology and metabolism (Burra, 2013). Both proteomic and lipidomic studies have 

been used to assess the effects on liver of differential feeding (Martin et al., 2001; Jové et al., 2014; 

Skorve et al., 2015), stress (Wu et al., 2016), and disease conditions (Martel et al., 2012; Lee et al., 

2017), among others 

The aim of the study is to characterise the GS phenotype by identifying differences among GS and FG 

seawater-transferred rainbow trout that can be used to explain the occurrence of GS. In order to 

accomplish this aim, the transcription, abundance or activity of proteins and hormones such as gill 

NKA, IGF-I, IGFBP1b, GHr1, CTSL, and cortisol was evaluated using targeted approaches. Moreover, 

the liver proteome and lipidome were compared in GS and FG groups to pinpoint molecules and 

processes that might be involved in GS occurrence.  
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6.2. Materials and methods 

6.2.1. Ethics 

Experimental work was ethically reviewed, approved and registered by the NARA and by the AWERB 

(088, University of Stirling, UK). 

6.2.2. Fish and rearing conditions 
Post-smolt rainbow trout with a weight of 247.9 ± 2.21 g (mean ± s.e.) at seawater transfer (N = 306) 

were used in this experiment. Fish were fed ad libitum using a standard commercial dry diet (Skretting 

AS) from automatic feeders according to temperature and fish size. Fish were kept indoors in tanks 

equipped with LED lights in a rainbow trout facility from Lerøy Vest AS (Bjørsvik, Hordaland, Norway). 

The fish were kept at continuous light, natural temperature, water flow at 0.4 L/kg/min and O2 was 

above 80% saturation in the outlet. 

The present experiment was carried out on a subset of samples from 60 (n= 30) tagged (Carlin) fish 

generated in Chapter 2. Out of the 306 fish that were transferred to seawater, the 30 fish with the 

highest Fulton index and SGR-W were used to represent FG, while the 30 fish with the lowest values 

for these variables were used for GS (Table 6.1). 

 

Table 6.1. Measurements in fish used for each condition (n= 30) (values ± s.e.). 

Samples  Length (cm) Weight (g) Fulton index SGR-W 

Fast-growing  30.8 ± 0.29a 447.2 ± 12.30a 1.5 ± 0.01a 0.9 ± 0.03a 

Growth-stunted  29.3 ± 0.39b 308.6 ± 11.95b 1.2 ± 0.01b 0.4 ± 0.05b 

Length, weight and Fulton index correspond to end-point sampling measurements. Fulton index is 
measured in g cm-3. Specific growth rate is measured in % day-1. Different superscript letters indicate 
significant differences. 

 

6.2.3. Sampling 
Non-lethal sampling for morphometrics and blood took place on the 5th of July, in freshwater. Fish 

were transferred to seawater on the same day and lethal sampling took place 9 weeks after on the 

14th of September 2016.  

For lethal sampling, fish were quickly dip-netted out of the tanks and euthanized by a lethal overdose 

of isoeugenol (AQUI-S). For each fish, weight and length were recorded. Blood was extracted using 

heparinised syringes and centrifuged at 3,500 xg for 10 min to obtain plasma, which was frozen at -

80oC. The first gill arch of the fish was dissected out and preserved at -80oC in SEI buffer (Sucrose 

250mM, Na2EDTA 10mM, Imidazole 50mM (all Sigma-Aldrich)). Liver samples were either preserved 
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frozen at -80oC (for proteomic and lipidomic analysis) or preserved in RNAlater (for transcription 

analysis) according to manufacturer guidelines (overnight at 4oC and frozen at -80oC). 

6.2.4. Gill NKA activity 
NKA activity was measured in gill tissue collected from 17 randomly selected fish from each group (FG 

and GS) at the end-point sampling in seawater (n= 17).  

NKA activity was measured as described in Chapter 2. 

6.2.5. TR-FIA for plasma IGF-I  
Circulating IGF-I levels were measured in plasma collected from 8 randomly selected fish from each 

group (n= 8). Measurements took place on the same fish before seawater transfer and at the end-

point sampling in seawater. 

TR-FIA protocol for plasma IGF-I was as described in Chapter 2. 

6.2.6. Plasma cortisol 
Plasma cortisol levels were measured in plasma collected from 15 randomly selected fish from each 

condition (n= 15) in freshwater. These 15 plus another 15 per group were measured in seawater (n= 

30).  

Plasma cortisol was measured using a custom ELISA in a 96-well plate. All wells except the ‘non-

specifics’ received 100 μl cortisol antibody (East Coast Biologics); 1:3,000 in 50 mM NaHCO3, 50 mM 

NaH2CO3, pH 9.6) and were incubated overnight at 4°C. The following day, the plates were washed 

three times with 200 μl/well wash buffer + Tween (100 mM Tris, 0.9% NaCl, 0.1% Tween20). 

Subsequently, non-specific sites were blocked by the addition of 200 μl blocking buffer (100 mM Tris, 

0.9% NaCl, 0.1% Tween20, 2% Normal Calf Serum) to each well. Plates were covered and incubated 

for 1 h at RT on a plate shaker (300 rpm). Wells were emptied by decanting, after which 10 μl of 

standard (4–2,048 pg cortisol/10 μl assay buffer containing 100 mM Tris, 0.9% NaCl, 0.1% 8-anilino-1-

naphthalene-sulfonic acid, 0.1% Tween20) in triplicate, or 10 μl of undiluted plasma in duplicate was 

added to designated wells. Non-specifics and B0 received 10 μl assay buffer (both in triplicate). After 

the addition of standards and samples, 90 μl cortisol-HRP conjugate (1:3,000; East Coast Biologics) 

solution was added to all wells. Plates were incubated overnight at 4°C or 4 h at RT. The plates were 

then washed once with wash buffer + Tween, and twice with wash buffer without Tween. 100 μl 

3,3’,5,5’-Tetramethylbenzidine substrate at room temperature (Sigma-Aldrich) was added to each 

well. After 30 to 60 min (depending on the time required to develop a blue color) incubation in the 

dark on a plate shaker (300 rpm), 100 μl of stop solution (1M sulfuric acid) was added to all wells. 

Absorbance was measured within half an hour at 450 nm. 
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6.2.7. RT-PCR 
RT-PCR analysis was performed on liver tissue collected from 8 randomly selected fish from each group 

at the end-point sampling in seawater (n= 8).  

FG and GS individuals were analysed for liver of igf-I, igfbp1b, ghr1 and ctsl mRNA abundance as 

previously described in Chapter 2 and using the primers presented in Table 6.2. 

 

Table 6.2. Primers used for RT-PCR analysis and accession 

numbers of the gene sequences (GenBank). 

Gene name Primer sequence (5’>3’) Accession number 

igf-I 
TGCGGAGAGAGAGGCTTTTA 

AGCACTCGTCCACAATACCA 
M81904 

igfbp1b 
AGTTCACCAACTTCTACCTACC 

GACGACTCACACTGCTTGGC 
AF403539 

ghr1 
CGTCCTCATCCTTCCAGTTTTA 

GTTCTGTGAGGTTCTGGAAAAC 
AF403539 

ctsl 
CAACTACCTGCAGGCACCTA 

ACATGATCCCTGGTCCTTGAC 
AF358668 

efα1 
CCCCTCCAGGATGTCTACAAA 

CACACGGCCCACGGGTACT 
AF498320 

 

6.2.8. Liver proteome 

6.2.8.1. Samples 
TMT is a multiplex relative quantitation method by MS. Each of up to 10 trypsin-digested protein 

samples is labelled with a unique mass-tag, combined, and analysed in the same MS run. Upon MS 

fragmentation, mass-tags are released and used to measure relative protein abundance levels for 

each sample. In the present study, livers of 5 FG individuals and 5 GS individuals were selected to 

compare the liver proteome of the FG and GS phenotypes (Table 6.3). 
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Table 6.3. Measurements in fish used for proteomics and lipidomics. 

Sample Length (cm) Weight (g) Fulton index SGR-W 

FG.1 32.10 502.58 1.52 0.79 

FG.2 32.30 505.79 1.50 0.94 

FG.3 31.20 466.8 1.54 0.89 

FG.4 30.80 475.89 1.63 1.22 

FG.5 31.90 520.62 1.60 1.11 

GS.1 27.70 257.14 1.21 -0.13 

GS.2 26.00 204.16 1.16 0.06 

GS.3 24.60 180.7 1.21 0.30 

GS.4 26.80 223.95 1.16 -0.22 

GS.5 28.70 284.94 1.21 0.52 

FG 31.7 ± 0.28a  494.3 ± 9.97a 1.6 ± 0.03a 1.0 ± 0.08a 
GS 26.8 ± 0.70b 230.2 ± 18.56b 1.2 ± 0.01b 0.1 ± 0.14b 

Length, weight and Fulton index correspond to end-point sampling measurements. Fulton index is 
measured in g cm-3. SGR-W is measured in % day-1.  
 

6.2.8.2. Liver lysis 
Homogenization of 50 mg of liver (wet weight) was done in 1 ml of 0.1 M Tris-HCl pH 7.6 supplemented 

with 1% protease inhibitor cocktail (Roche) using a pestle motor mixer. SDS and DTT were added to 

the homogenates to a final concentration of 4% and 0.1M respectively. Samples were then incubated 

at 95oC for 5 min and cleared by centrifugation at 16,000xg for 10 min at RT. 

6.2.8.3. TMT labelling 
After measuring protein concentration by BCA, 100 µg of protein were processed for protein digestion. 

The following steps, protein reduction, alkylation, precipitation, trypsin digestion and TMT labelling of 

peptides were performed following manufacturer instructions (TMT10plex™ Isobaric Label Reagent 

Set, ThermoFisher Scientific), followed by a clean-up of the multiplexed sample using Hypersep 

SpinTip (ThermoFisher Scientific), according to manufacturer instructions. Finally, samples were dried 

using a vacuum drier (Savant DNA SpeedVac 110, Thermo Scientific). 

6.2.8.4. LC MS/MS analysis of TMT 
The multiplexed sample was analysed in a LTQ-Orbitrap XL LC−MSn mass spectrometer (Thermo Fisher 

Scientific) equipped with a nanospray source and coupled to an Ultra High Pressure Liquid 

Chromatographer system (Waters nanoAcquity). Initially, 5 μL of sample resuspended in ultrapure 

water was loaded, desalted and concentrated in a BEH C18 trapping columns (Waters) with the 

instrument operated in positive ion mode. The peptides were then separated on a BEH C18 

nanocolumn (1.7 μm, 75 μm × 250 mm, Waters) at a flow rate of 300 nL/min using an ACN/water 
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gradient; 1% ACN for 1 min, followed by 0−62.5% ACN over 21 min, 62.5− 85% ACN for 1.5 min, 85% 

ACN for 2 min and 1% ACN for 15 min.  

MS spectra were collected using data-dependent acquisition in the m/z range 400−2,000 using a 

precursor ion resolution of 30,000, following which individual precursor ions (top 5) were 

automatically fragmented using collision induced dissociation with a relative collision energy of 35%. 

Dynamic exclusion was enabled with a repeat count of 2, repeat duration of 30 s and exclusion 

duration of 180 s. TMT tags on lysine residues and N termini (+229.1629 Da) an carbamidomethylation 

of cysteine (+57.021 Da) residues were set as fixed modifications, and oxidation of the methionine 

(+15.9949 Da) as variable modification.  

6.2.8.5. LC MS/MS data analysis and sequence annotation for TMT 
MS data was analysed using Proteome Discoverer (ThermoFisher Scientific). Peak integration allowed 

for a window tolerance of 20 ppm using the ‘most confident centroid’ method. Only high-confidence 

peptides were used for quantification (q < 0.01). Peptide relative quantification among samples was 

based on TMT label abundance. Protein identifications were based on at least one unique peptide. 

Only unique peptides were used for protein quantification. Data across samples was normalized based 

on protein median. Protein abundance was further normalized by dividing it in each sample by the 

total (sum of all 10 samples) of the abundance for that protein. A multiple t-test followed by FDR 5% 

was used to compare the abundance of each detected protein in both conditions.  

Peptide sequences were annotated by database search against the rainbow trout SwissProt database, 

which was downloaded from MASCOT [downloaded in August 2018] and loaded into Proteome 

Discoverer. The initial search parameters allowed for a single trypsin missed cleavage, 

carbamidomethyl modification of cysteine residues, oxidation of methionine, acetylation of N-

terminal peptides, a precursor mass tolerance of 10 ppm, a fragment mass tolerance of ±0.5 Da, and 

a FDR of 0.01. Those proteins identified as ‘uncharacterised’ in the rainbow trout genome were further 

searched by sequence homology against the Atlantic salmon, zebrafish, and human SwissProt 

databases, in this order of preference. Only homologies of E-value lower than 0.01 were accepted as 

valid. 

Data was transformed by natural logarithm to satisfy the normal distribution and homogeneity of 

variance assumptions, tested with the Shapiro and Bartlett tests, respectively. Next, multiple t-test 

analysis and 5% FDR correction were used. 

6.2.8.6. GO analysis 
GO analysis was performed as explained in Chapter 2. 
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6.2.9. Liver lipidome 

6.2.9.1. Individual samples 
The same liver samples from FG and GS (n =5) described in the liver proteome section were used 

(Table 6.2). 

6.2.9.2. Lipid extraction 
Lipid extraction was carried out following the Folch method (Folch et al., 1957; Christie, W. W. and 

Han, 2010). Briefly, 25 mg of liver (wet weight) sample were homogenized in 10 ml of 

chloroform/methanol (2:1), incubated on ice for 1 h, added 2.5 ml of 0.88% KCl, vortexed, incubated 

on ice for 5 min and centrifuged at 400xg for 5 min. Afterwards, the top layer was removed by 

aspiration and the lower layer was filtered through paper filters (No.1, Whatman). Solvent was 

evaporated under a stream of oxygen-free nitrogen and desiccated in vacuo overnight. Samples were 

stored under argon at -20oC.  

6.2.9.3. LC MS/MS analysis of lipids 
Lipids were analysed by LC-MS using a Thermo Orbitrap Exactive MS (Thermo Scientific), equipped 

with a heated electrospray ionization probe and coupled to a Thermo Accela1250U HPLC system. All 

samples were analysed in both positive and negative ionization modes over the m/z range 200–2,000. 

Samples were injected into a Thermo Hypersil Gold C18 column (2.1 mm x 100 mm, 1.9 mm). Mobile 

phase A consisted of water containing 10 mM ammonium formate and 0.1% (v/v) formic acid. Mobile 

phase B consisted of 9:1 isopropanol/ACN containing 10 mM ammonium formate and 0.1% (v/v) 

formic acid. All solvents were LC-MS grade (Fisher Scientific). The initial conditions for analysis were 

65%A/35%B. The percentage of mobile phase B was increased to 100% over 10 min and held for 7 min 

before re-equilibration with the starting conditions for 4 min.  

6.2.9.4. LC MS/MS data analysis and lipid identification 
The raw LC-MS profiles were processed and the protein abundance quantified with Progenesis CoMet 

v2.0 software (Non-linear Dynamics). Data analysis was done using the in-built ANOVA and FDR 5% 

tests. This was performed for data acquired in both positive and negative ionization modes.  

After PCA, correlation of each lipid ion with PC1 (pCorr) was calculated. Lipid ions of pCorr > 0.90 

(higher in GS) or pCorr < -0.90 (higher in GS) were searched against Lipid Maps (www.lipidmaps.org) 

for identification. Of these, lipids of q-value < 0.05 and fold change > 2 between FG and GS were used 

for further analysis. 

6.2.9.5. General data analysis and representation 
Data representation was carried out using R statistical software and R package ggplot2 (Wickham, 

2009). 

PCA and data representation were carried out using R and ‘ggbiplot’ package (Vu, 2011). Ellipses 

show 68% of Normal probability for each group. 
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DAPs were plotted in heatmap form showing individual sample abundance scaled by protein (i.e. by 

row) for liver proteins. 

Unpaired t-test was used to test for differences in morphometric data, liver protein and lipid 

percentage, NKA activity, IGF-I abundance, cortisol abundance, and gene transcription among FG and 

GS groups. Data was transformed by either natural logarithm or square root to satisfy the normal 

distribution and homogeneity of variance assumptions, tested with the Shapiro and Bartlett tests, 

respectively. Similarly, paired t-test was used to test for differences between freshwater and seawater 

IGF-I abundance.  

 

6.3. Results 

6.3.1. NKA activity 
NKA activity values after 9 weeks in seawater were not related to GS development as they showed 

no significant differences among FG and GS groups (p: 0.60, df: 32, t: 0.53). NKA activity values were 

2.6 ± 0.30 μmol ADP mg protein−1 hour−1 on average (Figure 6.1). 

 

Figure 6.1. Gill NKA activity in FG and GS fish after 9 

weeks in seawater. Error bars indicate s.d. 

 

6.3.2. Plasma cortisol 
Plasma cortisol levels showed no significant differences between FG and GS in either freshwater (p: 

0.47, df: 28, t: 0.73) or after 9 weeks in seawater (p: 0.44, df: 58, t: 0.78) (Figure 6.2). However, cortisol 

levels were significantly higher in freshwater (average of 76.0 ± 10.67 ng ml−1) than in seawater 

(average of 20.8 ± 4.19 ng ml−1) (p < 0.001, df: 88, t: 5.76). 
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Figure 6.2. Circulating plasma cortisol levels in FG and 

GS fish prior (a) and 9 weeks after (b) seawater 

transfer. Error bars indicate s.d. 

 

6.3.3. Plasma IGF-I  
Circulating plasma IGF-I levels showed no significant differences between FG and GS in freshwater (p: 

018, df: 14, t: 1.46) but did after 9 weeks in seawater (p < 0.01, df: 13, t: 3.09) (Figure 6.3). This 

significant difference was due to a significant increase for FG (p < 0.01, df: 7, t: 3.76), while plasma 

IGF-I levels did not vary significantly from freshwater to seawater for GS (p: 0.63, df: 7, t: 0.50).  
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Figure 6.3. Circulating plasma IGF-I abundance in FG 

and GS fish prior (a) and 9 weeks after (b) seawater 

transfer. Error bars indicate s.d. 

 

6.3.4. Liver transcription of igf-I, igfbp1b, ghr1 and ctsl 
Concordantly with plasma IGF-I abundance, liver igf-I transcription was higher in FG than in GS (p < 

0.01, df: 14, t: 3.99). On the other hand, while not significant for igfbp1b, there was weak evidence (p-

value < 0.1) indicating that its transcription might be higher in GS (p: 0.07, df: 14, t: 1.94). For ghr1 (p: 

0.10, df: 14, t: 1.73) and ctsl transcription (p: 0.39, df: 14, t: 0.90), no differences were found (Figure 

6.4). 
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Figure 6.4. Liver transcription of growth-related genes igf-I (a), igfbp1b (b), ghr1 (c), and 

ctsl (d) in FG and GS fish after 9 weeks in seawater. Error bars indicate s.d. 

 

6.3.5. Liver proteome 

6.3.5.1. Protein abundance 
In terms of protein concentration, the liver composition of GS was shown to contain a significantly 

higher protein percentage than FG (FG: 30.7 ± 0.72, GS: 26.1 ± 0.58) (p < 0.01, df: 8, t: 4.94). 

Nevertheless, equal amounts of liver protein per sample were used in the proteomic analysis.  

6.3.5.2. Detected proteins 
After MS analysis of TMT labelled liver samples, a total of 308 different peptides that successfully 

incorporated a TMT label were detected. These peptides were mapped onto 99 quantified proteins 

(Appendix 6.1). 

GO analysis revealed cellular process and regulation as the main biological process GO, cytoplasm, 

nucleus, extracellular components and ribosome for cellular component GO, and binding and catalytic 

as the main molecular function GO (Figure 6.5).  
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Figure 6.5. GO terms associated to proteins quantified using TMT. 
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PCA was used to visualize the relationship between replicates, and the dissimilarity among FG and GS. 

PC1 explained 38.9% of the variation between FG and GS while PC2 explained 14.4%, for a combined 

53.3%. A distinction between the two tested conditions was possible, being driven by PC1 (Figure 6.6). 

  

 

Figure 6.6. PCA of quantified proteins. Points indicate 

individual replicates. Ellipses show 68% Normal probability 

for each group. 

 

6.3.5.3. Differential proteins 
In total, 19 DAPs (q-value < 0.05) were detected when comparing the liver proteome of GS and FG 

(Figure 6.7). These proteins presented roles related to translation (e.g. 40S ribosomal protein S13, 

glycine N-methyltransferase), redox homeostasis (e.g. Protein disulfide-isomerase (PDI), catalase), 

oxygen transport (e.g. Alpha-globin IV), stress response (e.g. Heat shock protein (HSP) 90-alpha 1), 

and transport and metabolism of carbohydrates (e.g. Malate dehydrogenase, GDH/6PGL endoplasmic 

bifunctional protein) and lipids (e.g. Non-specific lipid-transfer protein). 
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Figure 6.7. Heatmap of protein abundance for 19 DAPs between FG and GS liver samples. 

Accession and protein name are retrieved from Uniprot (uniprot.org). 

 

6.3.6. Liver lipidome 

6.3.6.1. Lipid abundance 
In terms of total lipid, the liver composition of FG and GS (FG: 15.4% ± 2.87, GS: 13.8% ± 0.97) were 

not significantly different (p: 060, df: 8, t: 0.54).  

6.3.6.2. Detected lipids 
After MS analysis of lipid extracted from liver samples, 6,456 lipid ions were detected in positive ion 

mode and 2,756 in negative ion mode.  

After an initial PCA analysis, in positive mode PC1 explained 38.3% of the variation, while PC2 

explained 13.4%. For negative mode data, PC1 and PC2 explained 34.4% and 18.9%, respectively. A 

clear distinction between the two tested conditions was possible in both cases (Figure 6.8).  
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Figure 6.8. PCA of quantified lipid ions detected in positive (a) and negative ionization modes (b). 

Points indicate individual replicates. Ellipses show 68% Normal probability for each group.  

 

6.3.6.3. Differential lipids 
For positive ionization mode, 56 lipid ions presented pCorr > 0.90 (higher in GS) or pCorr < -0.90 

(higher in GS), q-value < 0.05, and fold change > 2. Similarly for negative ionization mode, 59 lipid 

ions were differential in abundance (Figure 6.9). This lipid data in shown in Appendix 6.2. 

 

Figure 6.9. S plots of covariance of PC1 (x axis) vs correlation (y axis) for both 
positive (a) and negative (b) ionization modes. 
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Differential lipids corresponded to twelve major classes of lipid: cholesterol esters (CE), ceramides, 

cardiolipins (CL), diglycerides (DG), TG, phosphatidylcholines (PC), phosphatidylethanolamines (PE), 

lysoPC, lysoPE, phosphatidylinositol (PI), phosphatidylserines (PS), and sphingomyelin (SM). 

Main differences were found in the phospholipid fraction (sphingolipids and glycerophospholipids). 

For instance, in FG liver, most of the glycerophospholipids that were significantly higher corresponded 

to the lipid classes PC and PS (48 out of 55). For GS, glycerophospholipids that were found to be 

significantly higher corresponded to the lipid classes CL, PC and PE (33 out of 43) (Table 6.4). Notable 

changes in sphingolipids were also found with FG showing 5 ceramides being significantly higher in FG 

compared to GS. 

 

Table 6.4. Main lipid classes represented by differential lipids 

between FG and GS. Number of different lipid species detected in 

significantly higher abundance in each condition. 

 Fast-growing Growth-stunted 

Glycerolipids   
    Triglycerides 1 0 

    Diglycerides 1 3 

Total 2 3 

Glycerophospholipids   
    Phosphatidylethanolamines (PE) 4 13 

    LysoPE 0 1 

    Phosphatidylcholines (PC) 18 10 

    LysoPC 0 2 

    Phosphatidylinositol (PI) 3 0 

    Phosphatidylserines (PS) 30 6 

    Cardiolipins (CL) 0 11 

Total 55 43 

Sphingolipids   
    Sphingomyelin (SM) 1 2 

    Ceramides 5 0 

Total 6 2 

Sterol lipids   
    Cholesterol esters (CE) 1 0 

Total 1 0 

 
 

6.4. Discussion 

Seawater-transferred rainbow trout farming is a developing industry, having experienced a strong 

increase in production during the last three decades (Food and Agriculture Organization of the United 

Nations, 2019). However, the high incidence of GS fish has hindered its growth. Currently, the cause 
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of the development of this unwanted phenotype is still unknown. Understanding the underlying 

mechanisms that drive it could potentially result in optimized rearing strategies, feeding protocols and 

to the identification of molecular markers for the early detection of GS fish, which would greatly 

improve the sustainability, profitability and welfare of seawater-transferred rainbow trout farming. In 

the present study, an in-depth characterization of the GS was performed. Targeted approaches were 

employed to measure NKA activity, plasma IGF-I abundance, plasma cortisol levels and liver igf-I, 

igfbp1b, ghr, and ctsl transcription, while untargeted –omics approaches were used to study the liver 

proteome and lipidome of GS fish compared to FG fish.  

Since growth is the attribute that most clearly distinguishes GS and FG fish, it would be expected that 

growth regulators are different between the two phenotypes. In this sense, IGF-I is a peptide hormone 

that promotes growth of fish (Wood et al., 2005; Picha et al., 2008; Beckman, 2011), along with GH 

and its receptor GHr, among others. On the other hand, IGFBP1b, which modifies the affinity of IGF-I 

for its receptor and represses growth (Shimizu et al., 2006; Kawaguchi et al., 2013; Kaneko et al., 

2019), and CTSL, an endopeptidase, are both induced under catabolic conditions (Salem et al., 2006; 

Salem et al., 2007). As expected, in this study, differences among some of these growth-regulatory 

molecules were found between FG and GS rainbow trout. Weak evidence that high ifgbp1b 

transcription might play a role in the development of GS was found, however, differences were not 

significant and further testing would be needed. However, the involvement of the growth-enhancing 

peptide hormone IGF-I was demonstrated, being significantly lower for GS at both plasma abundance 

and liver transcription levels. These results show the importance of the somatotropic axis in the 

regulation of growth and in the development of GS, consistently with nutritional restriction scenarios 

(Wilkinson et al., 2006). While IGF-I abundance increased in FG during their time in seawater, levels in 

GS did not change. This confirms that GS development only occurs after seawater transfer. 

The liver is a key organ for the accumulation and mobilization of energy reserves (Burra, 2013), with 

hepatosomatic index being significantly reduced in rainbow trout during starvation (Albalat et al., 

2006). Moreover, the liver is a key regulatory organ. In the present study, total protein concentration 

in GS livers was higher than in FG. Liver protein synthesis can vary in response to several processes, 

one of them being nutritional status (McMillan and Houlihan, 1992). The effects of a short-term 

starvation period would be a decrease in hepatic protein synthesis. However, in response to long-term 

starvation, protein production in liver can increase in rainbow trout, likely due to energy reserve 

depletion affecting other tissues (McMillan and Houlihan, 1992). A labelled proteomic approach (TMT) 

was used for the relative quantification of liver proteins present in both FG and GS rainbow trout. TMT 

can analyse up to 10 samples in one run, thus improving analytical power by reducing the technical 

bias caused by comparing samples analysed in different runs. However, it had not been used in 
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rainbow trout. To verify that detected proteins by this method were comparable to other methods, 

GO analysis was performed. GO analysis of identified proteins revealed that the majority of the 

proteins identified had regulatory functions, acted on a wide variety of cellular components (especially 

in cytoplasm, nucleus, extracellular domain and ribosome) and their main molecular activities were 

binding and catalytic. Indeed, the liver proteome detected using MS and TMT was similar to the liver 

proteome of other teleosts and vertebrates (Kiss et al., 2011; Wang et al., 2015; Qiu et al., 2016).  

As seen from the 19 identified DAPs, a variety of processes were significantly affected as a result of 

GS development. As a general trend, the liver proteome indicated differences in metabolism of energy 

reserves, mainly GDH/6PGL endoplasmic bifunctional protein, which oxidizes glucose-6-phosphate 

and therefore is implicated in glucose metabolism, being higher in GS (Clarke and Mason, 2003; White 

et al., 2007), and malate dehydrogenase, which is related to carbohydrate metabolism, being higher 

in FG (Minarik et al., 2002). These proteins reflect previously documented changes in hepatic glucose 

which were linked to hyperglycaemia (Sloman et al., 2001; Gilmour et al., 2012) and carbohydrate 

(Ejike and Schreck, 1980; Sloman et al., 2001; Gilmour et al., 2012) metabolism of GS freshwater 

rainbow trout and other salmonids. Changes in carbohydrate metabolism and hyperglycaemia can 

occur due to both starvation and other sources of stress (Moon, 2001; McCowen et al., 2001). 

HSP90 was higher in GS. This molecular chaperone promotes the maturation, structural maintenance 

and regulation of specific target proteins involved for instance in cell cycle control and signal 

transduction. Moreover, it also plays a role in the regulation of transcription factors, certain epigenetic 

modifiers, such as DNA methyl transferases, and participates in the release of histones from the 

promoter region of certain genes, thus promoting their gene transcription (Khurana and 

Bhattacharyya, 2015; Verma et al., 2016; Pearl, 2016). In turn, HSP90 expression is activated in 

response to stress (Jarosz and Lindquist, 2010; Kaplan and Li, 2012). In this sense, Currie et al. (2009) 

showed that HSP90 transcription in liver increases due to fasting in rainbow trout. However, none of 

the DAPs shown in the present study were consistent with the list of DAPs presented in a rainbow 

trout starvation trial (Martin et al., 2001), including Cathepsin D. Moreover, the low mortality 

registered during the seawater phase (less than 1%) suggests that, while GS may have been eating 

less, likely due to the influence of dominant fish (Abbott and Dill, 1989; DiBattista et al., 2006), these 

fish were not starved. While DAPs were also not consistent with what is expected to change in the 

liver proteome of calorie restricted zebrafish, the main finding of Jury et al. (2008) was a 

downregulation of oxygen-binding activity, which is consistent with lower alpha-globin IV, an oxygen 

transport protein, in GS. However, this could also indicate higher exercise levels in FG, which is 

consistent with the lower activity in the GS fish described by Vindas et al. (2016) in Atlantic salmon. 

Finally, liver lipidome results are not consistent with starvation scenario for GS. While initially, given 
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the poor growth observed in GS and their low condition factor, the biggest differences between FG 

and GS livers were expected to be mostly related to the depletion of energy reserve species (e.g. TG, 

DG) in GS (Groener et al., 1979; Kjær et al., 2009; Jensen-Urstad and Semenkovich, 2012) results from 

this study did not support this hypothesis. Moreover, no differences in total liver lipid were found 

between FG and GS, with levels around 13-15%, in agreement with fed rainbow trout in other studies 

(Jezierska et al., 1982; Albalat et al., 2006; Furné et al., 2012). 

On the other hand, HSP90 can also be upregulated due to other stressors. Currie et al. (2009) indicated 

that an upregulation of the transcription of HSP90 in liver occurs during the first days of social 

interaction in freshwater rainbow trout. After 6 days, hepatic HSP90 transcription remained elevated 

in subordinate fish but not in dominant. Indeed, rainbow trout are aggressive towards conspecifics 

and GS fish often display fin damage, which is a sign of bullying by dominant fish (Moutou et al., 1998; 

North et al., 2006; Hoyle et al., 2007). In this sense, the expression patterns of DAPs like alpha-2-

macroglobulin (related to blood coagulation; Cvirn et al., 2002; Ignjatovic et al., 2007), granzyme M (a 

regulatory protease related to injury, inflammation and repair (Mahrus et al., 2004; Ewen et al., 2012; 

Hiebert and Granville, 2012), and annexin (an inflammation inhibitor protein related to injury and 

repair (Babbin et al., 2008; Martin, G. R. et al., 2008), might be related to injury and healing. However, 

unlike previously reported, cortisol levels were not higher in GS (Sloman et al., 2001; Gilmour et al., 

2005; Jeffrey et al., 2014). Regardless, previous studies only tested the short-term effects of this social 

stressor. In the situation of the present study, fish interacted for months. If cohabiting with dominant 

fish was indeed a stressor for GS, this stress might have become chronic, in which case no differences 

in plasma cortisol would be found, as cortisol levels decrease under chronic stress (Barcellos et al., 

2006; Fast et al., 2008).  

The liver lipidome showed important differences between the two phenotypes, mainly found in the 

phospholipid fraction (sphingolipids and glycerophospholipids). Phospholipids are key structural 

constituents of cellular membranes and of lipoproteins involved in the transport of dietary lipid from 

the intestine and liver to the rest of the body (Tocher, 2003; Thiam et al., 2013). Changes in 

phospholipid composition can occur due to diet (Tocher et al., 2008; Carmona-Antoñanzas et al., 2015; 

Almaida-Pagán et al., 2015), age (Almaida-Pagán et al., 2014; Almaida-Pagán et al., 2015), 

temperature (Hazel, 1990), or disease (Pettegrew et al., 2001; Kuliszkiewicz-Janus et al., 2005), among 

others. These phospholipid composition differences were mainly related to bigger numbers of 

differentially higher PE, lyso species (lysoPE and lysoPC) and CL in GS and bigger numbers of 

differentially higher PI, PS, PC and ceramides in FG. Moreover, higher rates of phospholipid transport 

between membranes in FG was indicated by the DAP non-specific lipid-transfer protein (Seedorf et 

al., 1994; Stanley et al., 2006). Sphingolipids contain a backbone of sphingoid bases and a set of 
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aliphatic amino alcohols that includes sphingosine. SM is a crucial sphingolipid component of cell 

membranes for their structural organization. In turn, cleavage of SM results in the liberation of 

ceramide, which regulates the intracellular activities of an array of kinases, phosphatases and 

transcription factors (Hannun and Luberto, 2000; Cutler and Mattson, 2001). Among other signals, SM 

cleavage occurs in response to growth factors, hormones and oxidative stress (Rao et al., 2007). On 

the other hand, glycerophospholipids are a large family of glycerol-based lipids that are mainly 

involved in the formation of cellular membranes (Triebl, 2016). Biologically, the bigger number of 

differentially higher PC in FG is consistent with higher growth (Kanazawa, 1993; Kasper and Brown, 

2003; Azarm et al., 2013), while more PI can increase survival and reduce the occurrence of 

deformities (Geurden et al., 1998; Carmona-Antoñanzas et al., 2015). However, dietary administration 

of PE or PS has been shown to have little effect on fish performance (Kanazawa, 1985; Kanazawa, 

1993; Geurden et al., 1998). Furthermore, administration of lysoPC and lysoPE, several of which were 

significantly higher in GS, can be processed more easily but form less stable membranes (due to their 

simpler structure missing one of the two fatty acids found in PC or PE) and their effects on fish 

performance have been shown to be slightly negative (Geurden et al., 1998; Tocher et al., 2008; Triebl, 

2016).  

Being components of membranes, glycerophospholipids are affected by oxidative stress. This is 

especially the case for CL, due to their almost exclusive location in mitochondrial membranes where 

the electron-transport chain occurs, and where there is intense reactive oxygen species production 

(Hoch, 1992). CL are involved in the biogenesis, dynamics and organization of mitochondrial 

membranes, controlling their permeability and contributing to the assembly of mitochondrial protein 

complexes involved in respiration and energy production (Paradies et al., 2011; Horvath and Daum, 

2013). These lipids can be used as biomarkers for mitochondrial dysfunction (Paradies et al., 2002; 

Paradies et al., 2011). Therefore, CL are implicated in energetic balance (Paradies et al., 2011; Horvath 

and Daum, 2013) and ceramides regulate a wide variety of molecular processes (Hannun and Luberto, 

2000; Cutler and Mattson, 2001). While they are very different in composition and nature, both of 

these lipid classes are prone to peroxidation, which can lead to dysfunctional mitochondria for CL 

(Hoch, 1992) and to the induction of apoptosis for ceramides (Andrieu-Abadie et al., 2001; Cutler and 

Mattson, 2001). In this sense, detected DAPS catalase (I and II) and protein disulphide-isomerase (I, II, 

and III) are both involved in cell redox homeostasis. Catalase catalyses the decomposition of hydrogen 

peroxide to water and oxygen and its activity is used a biomarker of oxidative stress. Therefore, it is 

crucial enzyme in protecting the cell from oxidative damage by reactive oxygen species and it has been 

proposed as a marker and potential tool for the treatment of liver diseases like hepatitis and 

hepatocarcinoma (Salvi et al., 2007). Moreover, this enzyme may also control bioenergetic 
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metabolism by regulating the activity of the Krebs cycle, respiratory chain, and ATP synthesis (Salvi et 

al., 2007). On the other hand, PDI acts as a converging hub for hydrogen peroxide generation 

pathways, including oxidases and peroxidases (Laurindo et al., 2012). Moreover, it is tightly connected 

to oxidoreductases, mitochondria, and NADPH oxidases, the three main mechanisms of oxidant 

generation (Laurindo et al., 2012; Ali Khan and Mutus, 2014; Zeeshan et al., 2016). Therefore, although 

PDI deficiency results in health conditions (Gromova et al., 1999; Yi et al., 2009), it represents a 

mechanism of positive oxidative stress regulation. Therefore, these two seemingly opposite DAPs, in 

combination with the dramatic differences in CL and ceramide lipid composition, seem to indicate that 

GS might be under higher levels of oxidative stress. In turn, this could be associated to dysfunctional 

hepatic cellular membranes and mitochondrial membranes and might explain their physiological 

problems. Indeed, hepatic oxidative stress induced by diet (Han et al., 2011; Azaza et al., 2015) or 

chemical exposure (Zhu et al., 2008; Sun et al., 2014) has been linked to decreased growth and feed 

efficiency in fish. Therefore, since dietary phospholipids are incorporated into organs, including the 

liver (Jordal et al., 2007), it is possible that supplementation of lacking phospholipids into the diet of 

GS might mitigate their stunted growth (Kanazawa, 1993; Kasper and Brown, 2003; Azarm et al., 2013). 

However, while this mitigation strategy might reduce the incidence of GS, it would not solve the initial 

cause of the occurrence of the phenotype. 

Overall, results point at low IGF-I abundance and transcription as an important cause or consequence 

of the reduced growth experienced by GS. Moreover, HSP90 indicates that GS are under higher stress. 

Due to the inconsistency of the DAPs in the present study with those found in a starvation trial of 

rainbow trout (Martin et al., 2001) and the lack of differences in overall lipid and in DG and TG in liver, 

starvation seems unlikely to be the cause of this stress. On the other hand, the high incidence of fin 

damage in GS fish seems to support social stress as an underlying cause, consistently with what leads 

to GS development in freshwater rainbow trout (Gilmour et al., 2005; Currie et al., 2009). Moreover, 

other GS freshwater rainbow trout characteristics were also identified, which were related to higher 

hepatic glucose (Gilmour et al., 2012) and carbohydrate metabolism in subordinate animals (Gilmour 

et al., 2012), and to changes in lipid metabolism suggesting that dominant fish rely more on TG for 

maintenance while subordinate fish rely on free fatty acids (Kostyniuk et al., 2018). Regarding this last 

point, differences between groups in hepatic lipid composition affected phospholipids, indicating 

differences in membrane structure and dietary lipid transport (Tocher, 2003; Thiam et al., 2013). 

Finally, both the liver proteome, though DAPs catalase and PDI, and the liver lipidome, through 

differential abundance of CL and ceramides, indicated that GS might suffer more hepatic oxidative 

stress than FG, which has been linked to growth performance and feed efficiency previously (Zhu et 

al., 2008; Han et al., 2011; Sun et al., 2014; Azaza et al., 2015). However, there is still potential in the 
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generated lipidome dataset. Further analysis would allow for the understanding of the biological 

relevance of the detected lipids, improving our comprehension of the lipid regulation in GS. Moreover, 

due to the lack of behavioural tests, the relationship between GS and the naturally freshwater-

resident phenotype could not be tested. Finally, if social subordination is indeed a cause of GS 

development, fish should be regularly graded by size, thus impairing the establishment of hierarchies, 

reducing the stress of GS fish and increasing their welfare conditions (Ellis et al., 2002; Martins et al., 

2006; Sneddon, 2006). Regarding their nutritional needs, supplementation of lacking phospholipids 

into their diet might mitigate their stunted growth (Kanazawa, 1993; Kasper and Brown, 2003; Azarm 

et al., 2013). 
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Chapter 7: General discussion 

Seawater-transferred rainbow trout aquaculture has become an attractive source of revenue in 

leading countries for Atlantic salmon production, like Norway, Chile or Scotland, as shown by the rapid 

increase in their production of this phenotype of rainbow trout in recent years (Food and Agriculture 

Organization of the United Nations, 2019). Moreover, being the salmonid that inhabits the broadest 

latitudinal range of environments due to artificial introductions around the world, interest in the 

aquaculture of this species has great potential to expand to more countries (Behnke, 2010). Industrial 

interest in this species is due to the need to diversify available aquaculture products, its resistance to 

infectious pancreatic necrosis (Okamoto et al., 1993; Ozaki et al., 2001), and their preference for 

brackish water compared to Atlantic salmon (Altinok and Grizzle, 2001). Due to this brackish water 

preference during the on-growing stage, seawater-transferred rainbow trout producers can make use 

of otherwise unexploited areas (e.g. fjords) which are less prone to sea lice infestations. However, 

most seawater-transferred rainbow trout aquaculture practices, including protocols to induce 

smoltification, have been imported from Atlantic salmon without evidence data supporting that these 

are indeed suitable for the species. As a result, the progress of this sector has been hindered by issues 

related to the transfer of these fish to seawater: especially during the summer months, large numbers 

of fish die (around 10%) or become GS (10-60%), resulting in significant economic losses. Current 

issues encountered by seawater-transferred rainbow trout farmers are likely related to a lack of 

understanding of the extrinsic (rearing conditions) and intrinsic (e.g. threshold size for smoltification, 

genetically determined phenotypic plasticity) factors governing rainbow trout smoltification and 

seawater adaptation, as well as a lack of reliable biomarkers to assess seawater-readiness in the 

species. Moreover, more information on the mechanisms driving GS fish development is needed in 

order to reduce their occurrence. 

 

7.1. Smoltification in rainbow trout 

In this study, smoltification in rainbow trout was consistent with previous literature on other 

salmonids. Firstly, fish experienced classical morphological changes, progressively becoming silvery in 

coloration and decreasing in Fulton index during the smolt window (Hoar, 1988). The onset of 

smoltification took place between March and April and the smolt window was reached at around mid-

March or April and arguably lasted for 2 months until May, mid-May or even June, as determined by 

NKA activity and transcription of related genes. This is a shorter duration than the 3-4 month smolt 

window that 2+ steelhead trout experience (Wagner, 1974a; Dickhoff et al., 1978; Negus, 2003). In 
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terms of osmoregulation in gill tissue, generally NKA activity during the parr stage was below 3 μmol 

ADP mg protein−1 hour−1, while during the smolt window NKA activity was above 5 ADP mg protein−1 

hour−1 on average. In this sense, there was big variability among experiments, with the measurements 

during the smolt window in 2016 (chapter 2) being above 7.5 μmol ADP mg protein−1 hour−1 on 

average. Nonetheless, fish from both experiments were likely to be osmocompetent in seawater 

during that period, as previous studies have reported smolt window values of between 3 and 4 μmol 

ADP mg protein−1 hour−1 (Madsen and Naamansen, 1989; Ewing et al., 1994). In contrast, NKA activity 

values during the smolt for Atlantic salmon tend to be higher than 7 ADP mg protein−1 hour−1 (Berrill 

et al., 2006; Handeland et al., 2013). As expected, during the smolt window the transcription of the 

freshwater pump nkaα1a decreased to minimum levels, while nkaα1b transcription increased in a 

similar fashion to NKA activity (Nilsen et al., 2007). Transcription of nkcc1a was also stable at high 

levels during the smolt window, however, in this case the transcription of this gene did not increase, 

as it was already high during the parr stage.  

Liver transcription of genes related to growth and smoltification were also mostly in accordance to 

previous literature, with igf-I and ghr1 transcription increasing during the smolt window (Mori et al., 

2001; Kiilerich et al., 2007; Shimomura et al., 2012). However, in this study ghr1 transcription only 

increased sharply and transiently at the end of the smolt window. Transcription of the growth inhibitor 

and modifier of the activity of IGF-I, igfbp1b, did not show seasonal variation related to smoltification 

unlike what has been shown for other IGFBPs (Breves et al., 2017). On the other hand, ctsl 

transcription followed a similar trend as igf-I or as the seawater pumps, indicating high rates of tissue 

reorganization during this period, which is consistent with major changes experienced by the liver 

(Sheridan et al., 1985; Sheridan, Woo et al., 1985; Sheridan, 1986). 

Also for the DAPs identified in plasma between Parr and Smolt pools, most of the proteins that were 

identified were related to known processes that occur during smoltification or seawater adaptation. 

These DAPs were related to processes like the development of seawater tolerance (serine/threonine-

protein phosphatase 6 regulatory ankyrin repeat subunit C; Watanabe et al., 2018), changes in the 

retina (S-arrestin; Renninger et al., 2011; Murthy et al., 2014; Sullivan et al., 2017), and increased 

metabolism of lipids (apolipoprotein B-100; Innerarity et al., 1990; Millar et al., 2005). Moreover, some 

changes were related to a lower resource investment towards some nonessential processes during 

smoltification, such as inhibition of sexual maturation (kinesin-like protein KIF20B; Wang, Xueying et 

al., 2018), repression of some immune pathways (ras-GEF domain-containing family member 1B-A; 

Tam et al., 2004; Epting et al., 2007), and lower muscle performance (AMP deaminase; Fischer et al., 

2007) at the smolt stage. 
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On the other hand, due the overall lack of changes during smoltification of pu.1, il1β, il4/13, and gata3 

transcription in head kidney, haematopoiesis did not seem to be influenced by the smolt status of the 

fish. However, only a small set of genes were tested and others that are also related to haematopoiesis 

but were not tested might indeed change. 

 

7.2. Desmoltification in rainbow trout 

The desmoltification of rainbow trout started between May and June and was characterised by a 

marked decrease in seawater tolerance (decrease in NKA activity, and nkaα1b and nkcc1a 

transcription) and a recovery of freshwater tolerance (increase in nkaα1a transcription), as described 

in Atlantic salmon (McCormick et al., 1997). Remarkably, nkcc1a transcription levels were lower in 

desmolted fish than in parr, suggesting that the osmotic stress of a seawater transfer would be more 

detrimental for fish after the smolt window than before. This was indeed shown by lower mortalities 

upon seawater transfer of parr steelhead trout in December than desmolts in June (Wagner, 1974b). 

Transcription of igf-I and ghr1 also decreased (Ágústsson et al., 2001), which is likely related to a loss 

of hypo-osmoregulatory ability and, unlike previously described (Duston et al., 1991; Høgåsen, 1998), 

of growth potential, as the SGR of desmolted fish was markedly reduced. Moreover, as utilization of 

energy reserves in liver decreases and their levels return to normal parr levels (Lundqvist and Eriksson, 

1985; Li and Yamada, 1992), so did tissue reorganization, and this was reflected by a decrease in ctsl.  

Finally, though this was affected by a seasonal increase in temperature, haematopoiesis, and 

especially il4/13 transcription, decreased during desmoltification. Therefore, the immune capacity of 

desmolted fish, and specifically the production of B lymphocytes and activation of macrophages, 

would be compromised (Martinez et al., 2009; Takizawa et al., 2011; Sequeida et al., 2017).  

 

7.3. Seawater adaptation in rainbow trout 

Seawater adaptation in rainbow trout was characterised by intermediate growth rate (more than parr 

yet less than smolt). The smolt status of the fish prior seawater transfer seemed to greatly affect 

variables like SGR or circulating IGF-I in seawater, being lower in fish that had gone through 

desmoltification. Transcription of tested growth-related genes did not vary after seawater transfer, as 

seen from igf-I, ghr1, igfbp1b, and ctsl, but this too might be dependent on the smolt status of the fish 

when transferred to seawater. However, circulating levels of IGFBP1b increased after seawater 
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transfer, seemingly contrary to chum salmon (Kaneko et al., 2019), indicating negative endocrine 

control over growth during at least the first months at sea. 

Interestingly, NKA activity levels during smoltification were higher (above 5 μmol ADP mg protein−1 

hour−1 on average) than after more than 2 months in seawater (approximately 2.6 μmol ADP mg 

protein−1 hour−1 on average). This indicates that the hypo-osmoregulatory capacity achieved by the 

fish during smoltification was higher than what was is actually needed in seawater. However, it is 

relevant to point out that in this case fish were transferred to fjord water of 32‰ salinity. At full 

seawater (35‰ salinity), NKA activity might have been higher. Moreover, this decrease in NKA activity 

after seawater transfer is not consistent with previous literature in steelhead trout and other 

salmonids (Madsen and Naamansen, 1989; Uchida et al., 1996; McCormick et al., 2009). However, 

these studies only tested the short- to medium-term effects of seawater transfer (up to two weeks in 

seawater). 

Regarding their plasma proteome, 11 DAPs were identified when comparing Smolt and Post-smolt 

pools. Proteins that were higher in Post-smolt were related to countermeasures against hyper--

osmotic stress (serine/threonine-protein phosphatase 6 regulatory ankyrin repeat subunit C, ATP-

sensitive inward rectifier potassium channel 12; D'Avanzo et al., 2010). On the other hand, IGFBP2a, 

a growth-inhibiting protein (Duan et al., 1999; Zhou et al., 2008), was not expressed in Post-smolt. 

This would indicate that, regarding the effect of this protein, growth would be enhanced with respect 

to the smolt phase. Interestingly, neither the higher hypo-osmoregulatory capacity nor the higher 

growth capacity are backed by the NKA activity or growth, IGF-I abundance, or IGFBP1b abundance in 

post-smolts. These seemingly inconsistent measurements are likely indicative of a change in 

importance of the proteins regulating these processes in seawater.  

 

7.4. Smolt markers 

Although NKA activity has been shown to have relatively poor accuracy as a seawater-readiness 

biomarker (McGowan, 2018), no seawater survival tests were performed. Therefore, in this study the 

suitability of other biomarkers to assess seawater readiness had to be compared to NKA activity. 

Although given the limitations of NKA activity this approach might not be ideal, NKA activity is still the 

preferred seawater tolerance marker by both industry and scientific studies (Handeland et al., 2013; 

Elsner and Shrimpton, 2018; McGowan, 2018). While NKA activity is able to provide a gross estimation 

of seawater tolerance, the transcription of related genes indicates the amount of energy allocated in 

seawater and freshwater tolerance, thus providing an estimation of the likeliness for fish to naturally 



136 

 

migrate (Healy et al., 2018). Moreover, the transcription of NKA-related genes is more sensitive to 

transient changes in osmoregulation. However, the biological relevance of such changes is still unclear. 

Finally, NKA activity seems to be mainly driven by nkaα1b, while it does not reflect some of the 

changes in nkcc1a transcription (Nilsen et al., 2007; Houde et al., 2018). Therefore, NKA activity can 

be complemented by analysing nkaα1a, nkaα1b and nkcc1a transcription. 

As suggested by Beckman (1999), genes and proteins from the somatotropic axis have potential as 

robust smolt biomarkers. Although the increase of the transcription of igf-I in liver took place 

approximately two weeks before the start of the smolt window, it followed a similar trend to that of 

nkaα1b or NKA activity. Therefore, this biomarker could be used to predict an NKA activity increase 

two weeks in advance. Moreover, ghr1 peaks in transcription seemed to coincide with high seawater 

tolerance and low freshwater tolerance periods. Although it needs further testing, due to its clear and 

transitory increase, this could be a good biomarker to pinpoint the best seawater transfer window 

within the smolt window. However, further experimentation should corroborate if this information 

from gene transcription can also be obtained from the circulating IGF-I. Moreover, in order to measure 

transcription of genes in liver, animals need to be sacrificed, while blood plasma can be sampled non-

lethally. 

Plasma was shown to be an easily-accessible, highly informative biofluid (Anderson and Anderson, 

2002; Jacobs et al., 2005; Pernemalm and Lehtiö, 2014) that reflects changes that occur during 

smoltification through the study of its proteome. In this sense, a total of 965 proteins were identified 

and quantified in plasma across the parr, smolt and post-smolt life stages of rainbow trout. Ankyrin-2 

was invariably the most abundant protein in all three life stages, while other proteins such as DNA 

primase large subunit, actin, serum albumin, apolipoproteins, haemoglobin subunits, hemopexin-like 

proteins and complement C3 were generally among the most abundant proteins. Importantly, 327 

were only detected in EP thanks to the effects of a low-abundant protein enrichment strategy, thus 

greatly increasing proteome coverage. Moreover, a list of 17 proteins in plasma that significantly 

change during the smoltification process was obtained. Of these DAPs, the 7 that were detectable in 

WP are the most interesting as biomarkers, as they are present in higher abundance and therefore 

can be a measured more easily. In this sense, apolipoprotein B-100 might be the candidate with the 

most potential, as it was the second most abundant protein in the Smolt pool. However, being and 

important lipoprotein component, it is implicated in the transport of lipids in response to a wide 

variety of signals (Segrest et al., 2001; Kreuter et al., 2007; Klingenberg et al., 2010) and its abundance 

might vary in response to processes not related to smoltification. Therefore, its suitability as smolt 

marker, as for the rest of potential biomarkers, needs further testing. Moreover, each of these 

candidate biomarkers needs to be validated by seawater survival tests. 
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Similarly, the plasma peptidome contains vast amounts of information that can be accessed with the 

right tools (Albalat et al., 2013; Mansor et al., 2013; Stalmach et al., 2015). In the present study, 159 

different peptides were detected in undiluted blood plasma from rainbow trout parr and smolts. The 

implementation of this information into a machine learning classification model, despite the small 

number of biological replicates (n = 8), was shown to be capable of classifying fish according to their 

smolt status with very high accuracy (90%). Therefore, MALDI-TOF MS analysis coupled with SVM data 

analysis has great potential as a biomarker test for smoltification. However, first the number of 

samples used for ‘training’ the model should be increased, and the samples used for ‘testing’ should 

come from different locations and sampled at different times. Furthermore, comparing fish that have 

successfully gone through the smoltification process and fish that did not from the same cohort would 

likely produce more accurate results, reducing the noise caused by comparing fish of different size and 

age. Moreover, as for the plasma proteome DAPS, the model needs to be further validated by 

seawater survival tests.  

 

7.5. Spring smolt production 

The two main environmental factors driving smoltification in salmonids are photoperiod and 

temperature (McCormick and Moriyama, 2000; McCormick et al., 2002). To study their effects on the 

development of smoltification related traits (i.e. NKA activity, transcription of NKA-related genes) in 

rainbow trout, a trial testing several photoperiod regimes (i.e. APP, DPP, LL, SNP), and a second trial 

testing several photoperiod and temperature combinations (NT+LL, NT+SNP, HT+LL, HT+SNP), were 

performed on subsequent years (2016 and 2017 , respectively), at the same location, on 1+ fish of the 

same genetic background (AquaGen), and similar temporal spans.  

In terms of photoperiod, the effects of its manipulation on rainbow trout proved relatively small when 

compared with the effects of photoperiod on other salmonids (Handeland and Stefansson, 2001). In 

this study only minor differences were observed due to treatment, or lack thereof, on NKA activity, 

transcription of osmoregulatory genes nkaα1a, nkaα1b and nkcc1a, growth, and transcription of 

growth-related genes igf-I, igfbp1b, ghr, and ctsl. In this sense, summer signals (APP, LL and SNP) 

produced very similar results, with APP inducing a longer smolt window and causing fish to have higher 

values of plasma IGF-I, which however was not backed up by differences in growth. Nonetheless, these 

differences were not sufficient to disregard the photoperiod that is currently being used in production 

systems, LL, as a suitable photoperiod choice. However, the effects of a winter signal (DPP) seemed to 

be detrimental when compared to summer signals in terms of growth, length of the smolt window, 

NKA activity, transcription of igf-I, and abundance of plasma IGF-I and growth. 
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For the next experiment, two summer signals, the one currently used in production setups, LL, and 

the one that has the most gradual increase in light hours, SNP, were combined with either NT or HT 

treatments to test the modulation effects that temperature has on photoperiod in terms of 

osmoregulation, growth and immune capacity (measured through transcription of pu.1, il1β, il4/13a, 

and gata3). Indeed, an intense modulation of the photoperiodic control of seasonal changes by 

temperature was shown, which was even able to negate the effects of photoperiod in cases like the 

transcription of nkaα1a, pu.1 and il4/13. This modulation was proportional to temperature, 

decreasing as NT and HT drew progressively closer. On the other hand, nkaα1b was mainly driven by 

photoperiod. However, temperature did not affect the onset of smoltification, as also suggested for 

Atlantic salmon (McCormick et al., 2002).  

HT produced no clear advantages in terms of osmoregulation. However, it was able to significantly 

reduce nkaα1a which could make fish more likely to migrate to seawater (Sogard et al., 2012). As per 

photoperiod, data suggests LL would be more suitable than SNP for both NT and HT scenarios in terms 

of the development of osmocompetence in seawater, with an optimal seawater transfer window in 

April, as seen from peaks in both nkaα1b and nkcc1a transcription during that month. Although a 

larger length and heavier weight were achieved and maintained during the whole freshwater phase 

by fish kept at HT, soon after TC this size advantage was progressively lost due to the compensatory 

growth that fish kept at NT experienced. In terms of transcription of haematopoiesis genes, HT 

resulted in lower transcription levels, especially for pu.1 and il4/13, thus decreasing the proliferation 

of lymphoid cells and macrophages and potentially compromising the immune capacity of the fish 

(Pleguezuelos et al., 2000; Iwasaki, H. and Akashi, 2007; Sequeida et al., 2017). Since especially the 

adaptive immune response would be affected (pu.1 and il4/13), the value of prophylactic measures 

would be reduced at HT while, at the same time, providing more suitable conditions for the 

proliferation of pathogens (Austin and Austin, 2012). 

Overall, LL proved to be a suitable photoperiod regime for the induction of smoltification and having  

been shown to result in higher growth if maintained during long periods of time (Taylor et al., 2005). 

Therefore, there are no grounds on which to disadvise current aquaculture practices in terms of 

photoperiod chosen. However, while there was variability among years, likely due to differences in 

natural temperature, the smolt window of fish kept at LL was reached before April in both cases, 

followed by a period of relatively high hypo-osmoregulatory competence until mid-May. Afterwards, 

the desmoltification process started. Therefore, the optimal seawater transfer window would be 

between April and May. Currently, after having been kept at LL, rainbow trout are transferred to 

seawater after reaching a desired minimum size, which normally occurs between April and June. 
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Results indicate that, by then, fish may have already desmolted, which is likely to have implications 

for GS occurrence. 

 

7.6. Summer post-smolt production 

Post-smolts were kept at LL to maximize growth during this phase. Growth rate seemed to be highly 

dependent on a timely seawater transfer. This was illustrated by the lower SGR-L of fish transferred 

after desmoltification in 2016 (below 0.2% day-1 on average), as opposed to a more timely seawater 

transfer in 2017 (above 0.25% day-1 on average). This difference in growth might have been related to 

IGF-I levels, which were higher in 2017 in both freshwater and seawater. Likely, high IGF-I levels prior 

seawater transfer are crucial towards growth (below 100 mg ml-1 in 2016 and above 175 mg ml-1 in 

2017, on average), and they decrease during desmoltification, as seen for igf-I transcription. This also 

affected survival and occurrence of GS fish. While in 2016 the mortality rate was negligible (below 

1%), 14% of fish were GS. On the other hand, in 2017 there were no GS fish. However, 6.74% of fish 

died. This indicates that occurrence of GS is reduced by a timely seawater transfer but those that 

become GS are more likely to die. This might be related to bigger differences between GS and FG and 

stronger competence (Gilmour et al., 2005).  

In terms of treatments, photoperiod in freshwater did not have strong effects on subsequent seawater 

performance, as suggested previously (Wagner, 1974a). However, lack of significant differences in 

growth between photoperiod treatments might be due to the seawater period not being long enough. 

In terms of temperature, while fish kept at HT were slightly bigger, these differences were likely to 

disappear had the seawater phase been prolonged. Overall, also in seawater, no grounds on which to 

disadvise current aquaculture practices were found, as LL seemed suitable for both NT and HT in both 

freshwater and seawater.  

 

7.7. Growth-stunted phenotype characterization 

As mentioned above, GS fish development appeared to be related to the smolt status of the fish on 

seawater transfer, with desmoltification increasing their occurrence. In this sense, their reduced 

growth was related to lower circulating IGF-I abundance and transcription in liver, which have been 

linked to fish growth in several species (Taylor et al., 2005; Wood et al., 2005; Beckman, 2011). On top 

of being less abundant, the action of this hormone is likely further inhibited by a higher abundance of 

circulating IGFBP1b (Kaneko et al., 2019), which was significantly and inversely correlated with growth. 
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While the causes of GS development remain unconfirmed, a combination of proteomic and lipidomic 

approaches successfully provided a characterization of the phenotype and identified factors that are 

associated to GS fish. First of all, characteristics of socially subordinate GS freshwater rainbow trout 

were identified, which were related to higher carbohydrate (Gilmour et al., 2012) and hepatic glucose 

metabolism (Gilmour et al., 2012), and to changes in lipid metabolism suggesting that dominant fish 

rely more on TG for maintenance while subordinate fish rely on free fatty acids (Kostyniuk et al., 2018). 

Rainbow trout are aggressive towards their conspecifics and subordination of GS would be consistent 

with their higher incidence of fin damage (Moutou et al., 1998; North et al., 2006; Hoyle et al., 2007) 

and their elevated HSP90 levels (Currie et al., 2009). The causes of this subordination might be related 

to GS fish being weaker due to a suboptimal seawater adaptation but this hypothesis needs further 

testing. 

A general lack of differences between GS and FG on liver total lipid content and on energy reserve 

lipid species abundance (e.g. DG, TG), coupled with the low mortality during the seawater stage (less 

than 1%) and the dissimilarity of the liver proteome with that of starved rainbow trout (Martin et al., 

2001), suggested that starvation was not an important factor for GS development. Instead, results 

suggested processes related to the correct functionality of the liver. In this sense, hepatic lipid 

composition differences were mainly on phospholipids, indicating differences in membrane structure 

and dietary lipid transport (Tocher, 2003; Thiam et al., 2013). More PC in FG is consistent with their 

higher growth (Kanazawa, 1993; Kasper and Brown, 2003; Azarm et al., 2013), while differences in CL 

(higher in GS) could indicate higher mitochondrial activity in the livers of GS (Paradies et al., 2011; 

Horvath and Daum, 2013). Moreover, hepatocyte cellular membranes of GS fish might be 

compromised by oxidative stress. This was suggested by higher PDI and lower catalase abundance in 

GS. While PDI is involved in hydrogen peroxide generation (Laurindo et al., 2012), catalase is a crucial 

protein for protection against oxidative stress (Salvi et al., 2007). Furthermore, differences in CL and 

ceramide composition are consistent with this hypothesis (Hoch, 1992; Andrieu-Abadie et al., 2001; 

Cutler and Mattson, 2001).  

Therefore, two possible lines of action can be adopted to try to reduce GS incidence. To impair the 

establishment of hierarchies and social dominance, fish should be regularly graded by size, thus 

reducing the stress of GS fish and increasing their welfare conditions (Ellis et al., 2002; Martins et al., 

2006; Sneddon, 2006). Secondly, supplementation of lacking phospholipids into their diet might 

mitigate their stunted growth (Kanazawa, 1993; Kasper and Brown, 2003; Azarm et al., 2013). 
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7.8. Future perspectives 

Several future lines of research are suggested by the present work. First and foremost, potential 

biomarkers need validation. In order to do this, blood samples should be taken from tagged fish during 

their parr and smolt stages. The performance of these fish in seawater would then be used to validate 

potential biomarkers in blood (e.g. apolipoprotein B-100, MALDI-TOF SVM model, circulating IGF-I). 

Moreover, experimentation involving seawater transfer at different times, when different treatments 

present significant differences for the transcription of nkaα1a, nkaα1b and nkcc1a, followed by short 

and long term reassessment of the performance of the fish in seawater are needed to validate the 

relevance of each of this these NKA related genes as seawater-readiness markers. Moreover, this 

would also allow us to test the effects of salinity on rainbow trout smoltification. Secondly, a very clear 

effect of temperature on some genes that regulate haematopoiesis (especially pu.1 and il4/13) was 

shown. Follow-up studies should focus on the demonstration of these effects using actual cell counts, 

performed by flow cytometry, coupled with immune challenge of fish held at different temperatures. 

This would have direct implications for aquaculture, likely for more fish species than just rainbow 

trout, and especially in warm climates. Regarding the plasma proteome, while a list of proteins related 

to the smoltification and seawater adaptation processes was provided in Chapter 4 and their possible 

biological implication was discussed, further work targeting each of these proteins specifically should 

be carried out to fully understand their role in such processes. Regarding GS fish, liver histology and 

oxidative stress assays should be carried out to confirm results in this thesis. Finally, formulation and 

elaboration of feeds that incorporate phospholipids needed by GS fish is required. Once this is 

accomplished, the next step will be to confirm whether grading fish by size and feeding them this new 

diet is an effective strategy to reduce GS occurrence. 

 

 

 

 

 

 

 

 



142 

 

References 

Abbott JC, Dill LM (1989). The relative growth of dominant and subordinate juvenile steelhead 
trout (Salmo gairdneri) fed equal rations. Behaviour:104-113 

Adams B, Zaugg WS, McLain LR (1973). Temperature effect on parr-smolt transformation in 
steelhead trout (Salmo gairdneri) as measured by gill sodium-potassium stimulated adenosine 
triphosphatase. Comp Biochem Physiol A Mol Integr Physiol 44(4):1333-1339 

Adkins JN, Monroe ME, Auberry KJ, Shen Y, Jacobs JM, Camp II DG, Vitzthum F, Rodland KD, 
Zangar RC, Smith RD, Pounds JG (2005). A proteomic study of the HUPO Plasma Proteome Project's 
pilot samples using an accurate mass and time tag strategy. Proteomics 5(13):3454-3466 

Ágústsson T, Sundell K, Sakamoto T, Johansson V, Ando M, Björnsson BT (2001). Growth 
hormone endocrinology of Atlantic salmon (Salmo salar): Pituitary gene expression, hormone 
storage, secretion and plasma levels during parr-smolt transformation. J Endocrinol 170(1):227-234 

Albalat A, Johnson L, Coates CJ, Dykes GC, Hitte F, Morro B, Dick JR, Todd K, Neil DM (2019). The 
effect of temperature on the physiological condition and immune-capacity of European lobsters 
(Homarus gammarus) during long-term starvation. Front Mar Sci 6:281 

Albalat A, Sánchez-Gurmaches J, Gutiérrez J, Navarro I (2006). Regulation of lipoprotein lipase 
activity in rainbow trout (Oncorhynchus mykiss) tissues. Gen Comp Endocrinol 146(3):226-235 

Albalat A, Stalmach A, Bitsika V, Siwy J, Schanstra JP, Petropoulos AD, Vlahou A, Jankowski J, 
Persson F, Rossing P (2013). Improving peptide relative quantification in MALDI‐TOF MS for 
biomarker assessment. Proteomics 13(20):2967-2975 

Albalat A, Bitsika V., Zurbig P., Siwy J., Mullen W. (2013). High-resolution proteome/peptidome 
analysis of body fluids by capillary electrophoresis coupled with MS. Methods Mol Biol 984:153-
16510.1007/978-1-62703-296-4_12 

Alexandrov T, Decker J, Mertens B, Deelder AM, Tollenaar RA, Maass P, Thiele H (2009). 
Biomarker discovery in MALDI-TOF serum protein profiles using discrete wavelet transformation. 
Bioinformatics 25(5):643-649 

Ali Khan H, Mutus B (2014). Protein disulfide isomerase a multifunctional protein with multiple 
physiological roles. Front Chem 2:70 

Allain V, Lorance P (2000). Age estimation and growth of some deep-sea fish from the northeast 
Atlantic Ocean. Cybium 24(3):7-16 

Allan G, Burnell G (2013). Part III. Closing the life-cycle and overcoming challenges in hatchery 
production for selected fish species. Advances in Aquaculture Hatchery Technology. Elsevier 

Allison WT, Dann SG, Helvik JV, Bradley C, Moyer HD, Hawryshyn CW (2003). Ontogeny of 
ultraviolet-sensitive cones in the retina of rainbow trout (Oncorhynchus mykiss). J Comp Neurol 
461(3):294-306 

Allison WT, Dann SG, Veldhoen KM, Hawryshyn CW (2006). Degeneration and regeneration of 
ultraviolet cone photoreceptors during development in rainbow trout. J Comp Neurol 499(5):702-
715 

Allison WT, Veldhoen KM, Hawryshyn CW (2006). Proteomic analysis of opsins and thyroid 
hormone-induced retinal development using isotope-coded affinity tags (ICAT) and mass 
spectrometry. Mol Vision 12:655-672 



143 

 

Almaida-Pagán PF, Lucas-Sanchez A, Tocher DR (2014). Changes in mitochondrial membrane 
composition and oxidative status during rapid growth, maturation and aging in zebrafish, Danio 
rerio. BBA-Mol Cell Biol L 1841(7):1003-1011 

Almaida-Pagán P, De Santis C, Rubio-Mejia OL, Tocher DR (2015). Dietary fatty acids affect 
mitochondrial phospholipid compositions and mitochondrial gene expression of rainbow trout 
liver at different ages. J Comp Physiol B 185(1):73-86 

Altinok I, Grizzle JM (2001). Effects of brackish water on growth, feed conversion and energy 
absorption efficiency by juvenile euryhaline and freshwater stenohaline fishes. J Fish Biol 
59(5):1142-1152 

Anderson NL, Anderson NG (2002). The human plasma proteome: history, character, and 
diagnostic prospects. Mol Cell Proteomics 1(11):845-867 

Andrieu-Abadie N, Gouazé V, Salvayre R, Levade T (2001). Ceramide in apoptosis signaling: 
relationship with oxidative stress. Free Radical Bio Med 31(6):717-728 

Antonsson T, Gudjonsson S (2002). Variability in timing and characteristics of Atlantic salmon 
smolt in icelandic rivers. Trans Am Fish Soc 131(4):643-655 

Ariyomo TO, Carter M, Watt PJ (2013). Heritability of boldness and aggressiveness in the 
zebrafish. Behav Genet 43(2):161-167 

Arnesen AM, Toften H, Agustsson T, Stefansson SO, Handeland SO, Björnsson BT (2003). 
Osmoregulation, feed intake, growth and growth hormone levels in 0+ Atlantic salmon (Salmo 
salar L.) transferred to seawater at different stages of smolt development. Aquaculture 222(1-
4):167-187 

Asche F, Hansen H, Tveteras R, Tveteras S (2009). The Salmon Disease Crisis in Chile. Mar 
Resour Econ 24(4):405-411 

Attaf M, Legut M, Cole DK, Sewell AK (2015). The T cell antigen receptor: the Swiss army 
knife of the immune system. Clin. Exp. Immunol. 181(1):1-18 

Auer SK, Anderson GJ, McKelvey S, Bassar RD, McLennan D, Armstrong JD, Nislow KH, 
Downie HK, McKelvey L, Morgan TA (2018). Nutrients from salmon parents alter selection 
pressures on their offspring. Ecol Lett 21(2):287-295 

Austin B, Austin DA (2012). Bacterial fish pathogens. Springer 

Ávila-Mendoza J, Carranza M, Villalobos P, Olvera A, Orozco A, Luna M, Arámburo C (2016). 
Differential responses of the somatotropic and thyroid axes to environmental temperature 
changes in the green iguana. Gen Comp Endocrinol 230:76-86 

Azarm HM, Kenari AA, Hedayati M (2013). Effect of dietary phospholipid sources and levels 
on growth performance, enzymes activity, cholecystokinin and lipoprotein fractions of rainbow 
trout (Oncorhynchus mykiss) fry. Aquacult Res 44(4):634-644 

Azaza MS, Khiari N, Dhraief MN, Aloui N, Kraϊem MM, Elfeki A (2015). Growth performance, 
oxidative stress indices and hepatic carbohydrate metabolic enzymes activities of juvenile Nile 
tilapia, Oreochromis niloticus L., in response to dietary starch to protein ratios. Aquacult Res 
46(1):14-27 

Babbin BA, Laukoetter MG, Nava P, Koch S, Lee WY, Capaldo CT, Peatman E, Severson EA, 
Flower RJ, Perretti M (2008). Annexin A1 regulates intestinal mucosal injury, inflammation, and 
repair 181(7):5035-5044 

Babin PJ (1992). Binding of thyroxine and 3,5,3'-triiodothyronine to trout plasma 
lipoproteins. Am J Physiol 262(5 Pt 1):E712-20 



144 

 

Baerwald MR, Meek MH, Stephens MR, Nagarajan RP, Goodbla AM, Tomalty KMH, Thorgaard 
GH, May B, Nichols KM (2016). Migration-related phenotypic divergence is associated with 
epigenetic modifications in rainbow trout. Mol Ecol 25(8):1785-1800 

Baldridge MT, King KY, Boles NC, Weksberg DC, Goodell MA (2010). Quiescent haematopoietic 
stem cells are activated by IFN-γ in response to chronic infection. Nature 465(7299).:793 

Bandow JE (2010). Comparison of protein enrichment strategies for proteome analysis of 
plasma. Proteomics 10(7):1416-1425 

Barcellos LJG, Kreutz LC, Quevedo RM (2006). Previous chronic stress does not alter the cortisol 
response to an additional acute stressor in jundiá (Rhamdia quelen, Quoy and Gaimard) fingerlings. 
Aquaculture 253(1-4):317-321 

Barnea E, Sorkin R, Ziv T, Beer I, Admon A (2005). Evaluation of prefractionation methods as a 
preparatory step for multidimensional based chromatography of serum proteins. Proteomics 
5(13):3367-3375 

Barron MG (1986). Endocrine Control of Smoltification in Anadromous Salmonids. J Endocrinol 
108(2):313-319 

Barton C, Beck P, Kay R, Teale P, Roberts J (2009). Multiplexed LC‐MS/MS analysis of horse 
plasma proteins to study doping in sport. Proteomics 9(11):3058-3065 

Beale DJ, Karpe AV, Ahmed W (2016). Beyond metabolomics: a review of multi-omics-based 
approaches. Microbial metabolomics. Springer 

Beckman BR (2011). Perspectives on concordant and discordant relations between insulin-like 
growth factor 1 (IGF1) and growth in fishes. Gen Comp Endocrinol 170(2):233-252 

Beckman BR, Dickhoff WW, Zaugg WS, Sharpe C, Hirtzel S, Schrock R, Larsen DA, Ewing RD, 
Palmisano A, Schreck CB, Mahnken CVW (1999). Growth, Smoltification, and Smolt-to-Adult Return 
of Spring Chinook Salmon from Hatcheries on the Deschutes River, Oregon. Trans Am Fish Soc 
128(6):1125-1150 

Beckman BR, Fairgrieve W, Cooper KA, Mahnken CVW, Beamish RJ (2004). Evaluation of 
endocrine indices of growth in individual postsmolt coho salmon. Trans Am Fish Soc 133(5):1057-
1067 

Beckman BR, Shearer KD, Cooper KA, Dickhoff WW (2001). Relationship of insulin-like growth 
factor-I and insulin to size and adiposity of under-yearling chinook salmon. Comp Biochem Physiol A 
Mol Integr Physiol 129(2-3):585-593 

Beckman BR, Shimizu M, Gadberry BA, Cooper KA (2004a). Response of the somatotropic axis of 
juvenile coho salmon to alterations in plane of nutrition with an analysis of the relationships among 
growth rate and circulating IGF-I and 41 kDa IGFBP. Gen Comp Endocrinol 135(3):334-344 

Beckman BR, Shimizu M, Gadberry BA, Parkins PJ, Cooper KA (2004b). The effect of temperature 
change on the relations among plasma IGF-I, 41-kDa IGFBP, and growth rate in postsmolt coho 
salmon. Aquaculture 241(1-4):601-619 

Behnke R (2010). Trout and salmon of North America. Simon and Schuster  

Berejikian BA, Hard JJ, Tatara CP, Van Doornik DM, Swanson P, Larsen DA (2016). Rearing 
strategies alter patterns of size-selective mortality and heritable size variation in steelhead trout 
(Oncorhynchus mykiss). Can J Fish Aquat Sci 74(2):273-283 

Berglund I, Lundqvist H, Fängstam H (1994). Downstream migration of immature salmon (Salmo 
salar) smolts blocked by implantation of the androgen 11-ketoandrostenedione. Aquaculture 121(1-
3):269-276 



145 

 

Berrill IK, Porter MJ, Bromage NR (2006). The effects of daily ration on growth and 
smoltification in 0 and 1 Atlantic salmon (Salmo salar) parr. Aquaculture 257(1-4):470-481 

Berrill IK, Porter MJ, Smart A, Mitchell D, Bromage NR (2003). Photoperiodic effects on 
precocious maturation, growth and smoltification in Atlantic salmon, Salmo salar. Aquaculture 
222(1-4):239-252 

Berthelot C, Brunet F, Chalopin D, Juanchich A, Bernard M, Noel B, Bento P, Da Silva C, 
Labadie K, Alberti A, Aury JM, Louis A, Dehais P, Bardou P, Montfort J, Klopp C, Cabau C, Gaspin 
C, Thorgaard GH, Boussaha M, Quillet E, Guyomard R, Galiana D, Bobe J, Volff JN, Genet C, 
Wincker P, Jaillon O, Roest Crollius H, Guiguen Y (2014). The rainbow trout genome provides 
novel insights into evolution after whole-genome duplication in vertebrates. Nat Commun 
5:3657 

Bhatia VN, Perlman DH, Costello CE, McComb ME (2009). Software tool for researching 
annotations of proteins: open-source protein annotation software with data visualization. Anal 
Chem 81(23):9819-9823 

Björnsson BT, Bradley TM (2007). Epilogue: Past successes, present misconceptions and 
future milestones in salmon smoltification research. Aquaculture 273(2-3):384-391 

Björnsson BT, Einarsdottir IE, Power D (2012). Is salmon smoltification an example of 
vertebrate metamorphosis? Lessons learnt from work on flatfish larval development. 
Aquaculture 362-363:264-272 

Björnsson BT, Stefansson SO, McCormick SD (2011). Environmental endocrinology of salmon 
smoltification. Gen Comp Endocrinol 170(2):290-298 

Boeuf G (1993). Salmonid smolting: A pre-adaptation to the oceanic environment. Fish 
ecophysiology 105-135 

Boeuf G, Le Bail PY, Prunet P (1989). Growth hormone and thyroid hormones during Atlantic 
salmon, Salmo salar L., smolting, and after transfer to seawater. Aquaculture 82(1-4):257-268 

Boeuf G, Marc AM, Prunet P, Le Bail PY, Smal J (1994). Stimulation of parr-smolt 
transformation by hormonal treatment in Atlantic salmon (Salmo salar L.). Aquaculture 121(1-
3):195-208 

Boeuf G, Prunet P (1985). Measurements of gill (Na+K+)-ATPase activity and plasma thyroid 
hormones during smoltification in Atlantic salmon (Salmo salar L.). Aquaculture 45(1-4):111-119 

Bole-Feysot C, Goffin V, Edery M, Binart N, Kelly PA (1998). Prolactin (PRL) and its receptor: 
actions, signal transduction pathways and phenotypes observed in PRL receptor knockout mice. 
Endocr Rev 19(3):225-268 

Boltana S, Rey S, Roher N, Vargas R, Huerta M, Huntingford FA, Goetz FW, Moore J, Garcia-
Valtanen P, Estepa A (2013). Behavioural fever is a synergic signal amplifying the innate immune 
response. P Roy Soc B-Biol Sci 280(1766).:20131381 

Boulet M, Normandeau É, Bougas B, Audet C, Bernatchez L (2012). Comparative 
transcriptomics of anadromous and resident brook charr Salvelinus fontinalis before their first 
salt water transition. Current Zoology 58(1):158-170 

Brauer EP (1982). The photoperiod control of coho salmon smoltification. Aquaculture 28(1-
2):105-111 

Breves JP, Fujimoto CK, Phipps-Costin SK, Einarsdottir IE, Björnsson BT, McCormick SD (2017). 
Variation in branchial expression among insulin-like growth-factor binding proteins (igfbps) 
during Atlantic salmon smoltification and seawater exposure. BMC physiology 17(1):2 



146 

 

Bridges CDB, Delisle CE (1974). Evolution of visual pigments. Exp Eye Res 18(3):323-332 

Browman HI, Hawryshyn CW (1994). The developmental trajectory of ultraviolet photosensitivity 
in rainbow trout is altered by thyroxine. Vis Res 34(11):1397-1406 

Burra P (2013). Liver abnormalities and endocrine diseases. Best Pract Res Cl Ga 27(4):553-563 

Carmona-Antoñanzas G, Taylor J, Martinez-Rubio L, Tocher DR (2015). Molecular mechanism of 
dietary phospholipid requirement of Atlantic salmon, Salmo salar, fry. BBA-Mol Cell Biol L 
1851(11):1428-1441 

Carrette O, Demalte I, Scherl A, Yalkinoglu O, Corthals G, Burkhard P, Hochstrasser DF, Sanchez J 
(2003). A panel of cerebrospinal fluid potential biomarkers for the diagnosis of Alzheimer's disease. 
Proteomics: Int. Ed. 3(8):1486-1494 

Chauvigné F, Gabillard J, Weil C, Rescan P (2003). Effect of refeeding on IGFI, IGFII, IGF receptors, 
FGF2, FGF6, and myostatin mRNA expression in rainbow trout myotomal muscle. Gen Comp 
Endocrinol 132(2):209-215 

Chi NC, Shaw RM, De Val S, Kang G, Jan LY, Black BL, Stainier DY (2008). Foxn4 directly regulates 
tbx2b expression and atrioventricular canal formation. Genes Dev 22(6):734-739 

Chongsatja P-, Bourchookarn A, Chu FL, Thongboonkerd V, Krittanai C (2007). Proteomic analysis 
of differentially expressed proteins in Penaeus vannamei hemocytes upon Taura syndrome virus 
infection. Proteomics 7(19):3592-3601 

Christie MR, Marine ML, Blouin MS (2011). Who are the missing parents? Grandparentage 
analysis identifies multiple sources of gene flow into a wild population. Mol Ecol 20(6):1263-1276 

Christie WW, Han X (2010). Lipid Analysis: Isolation, Separation, Identification and Lipidomic 
Analysis: Fourth Edition. Lipid Analysis: Isolation, Separation, Identification and Lipidomic Analysis: 
Fourth Edition 

Clarke JL, Mason PJ (2003). Murine hexose-6-phosphate dehydrogenase: a bifunctional enzyme 
with broad substrate specificity and 6-phosphogluconolactonase activity. Arch Biochem Biophys 
415(2):229-234 

Cleveland BM, Yamaguchi G, Radler LM, Shimizu M (2018). Editing the duplicated insulin-like 
growth factor binding protein-2b gene in rainbow trout (Oncorhynchus mykiss). Sci. Rep. 8(1):16054 

Collie NL, Bern HA (1982). Changes in intestinal fluid transport associated with smoltification and 
seawater adaptation in coho salmon, Oncorhynchus kisutch (Walbaum). J Fish Biol 21(3):337-348 

Conraux L, Pech C, Guerraoui H, Loyaux D, Ferrara P, Guillemot J, Meininger V, Pradat P, Salachas 
F, Bruneteau G (2013). Plasma Peptide Biomarker Discovery for Amyotrophic Lateral Sclerosis by 
MALDI–TOF Mass Spectrometry Profiling. PloS one 8(11):e79733 

Corthals GL, Wasinger VC, Hochstrasser DF, Sanchez J (2000). The dynamic range of protein 
expression: a challenge for proteomic research. Electrophoresis 21(6):1104-1115 

Coughlin DJ, Forry JA, McGlinchey SM, Mitchell J, Saporetti KA, Stauffer KA (2001). Thyroxine 
induces transitions in red muscle kinetics and steady swimming kinematics in rainbow trout 
(Oncorhynchus mykiss). J Exp Zool 290(2):115-124 

Cunha SR, Mohler PJ (2009). Ankyrin protein networks in membrane formation and stabilization. 
J Cell Mol Med 13(11‐12):4364-4376 

Currie S, LeBlanc S, Watters MA, Gilmour KM (2009). Agonistic encounters and cellular angst: 
social interactions induce heat shock proteins in juvenile salmonid fish. P Roy Soc B-Biol Sci 
277(1683):905-913 



147 

 

Cutler RG, Mattson MP (2001). Sphingomyelin and ceramide as regulators of development 
and lifespan. Mech Ageing Dev 122(9):895-908 

Cvirn G, Gallistl S, Koestenberger M, Kutschera J, Leschnik B, Muntean W (2002). Alpha 2-
macroglobulin enhances prothrombin activation and thrombin potential by inhibiting the 
anticoagulant protein C/protein S system in cord and adult plasma. Thromb Res 105(5):433-439 

Dadda M, Domenichini A, Piffer L, Argenton F, Bisazza A (2010). Early differences in 
epithalamic left–right asymmetry influence lateralization and personality of adult zebrafish. 
Behav Brain Res 206(2):208-215 

Dale OB, Orpetveit I, Lyngstad TM, Kahns S, Skall HF, Olesen NJ, Dannevig BH (2009). 
Outbreak of viral haemorrhagic septicaemia (VHS) in seawater-farmed rainbow trout in Norway 
caused by VHS virus Genotype III. Dis Aquat Org 85(2):93-103 

Damsgård B, Evensen TH, Øverli Ø, Gorissen M, Ebbesson LO, Rey S, Höglund E (2019). 
Proactive avoidance behaviour and pace-of-life syndrome in Atlantic salmon. Roy Soc open 
science 6(3):181859 

Dann SG, Allison WT, Levin DB, Hawryshyn CW (2003). Identification of a unique transcript 
down-regulated in the retina of rainbow trout (Oncorhynchus mykiss) at smoltification. Comp 
Biochem Physiol B Biochem Mol Biol 136(4):849-860 

Davalieva K, Kiprijanovska S, Noveski P, Plaseski T, Kocevska B, Broussard C, Plaseska‐
Karanfilska D (2012). Proteomic analysis of seminal plasma in men with different spermatogenic 
impairment. Andrologia 44(4):256-264 

D'Avanzo N, Cheng WW, Doyle DA, Nichols CG (2010). Direct and specific activation of human 
inward rectifier K+ channels by membrane phosphatidylinositol 4,5-bisphosphate. J Biol Chem 
285(48):37129-37132 

Davidson WS, Koop BF, Jones SJM, Iturra P, Vidal R, Maass A, Jonassen I, Lien S, Omholt SW 
(2010). Sequencing the genome of the Atlantic salmon (Salmo salar). Genome Biol 11(9) 

Davies B, Bromage N (2002). The effects of fluctuating seasonal and constant water 
temperatures on the photoperiodic advancement of reproduction in female rainbow trout, 
Oncorhynchus mykiss. Aquaculture 205(1-2):183-200 

De Bock M, De Seny D, Meuwis M, Servais A, Minh TQ, Closset J, Chapelle J, Louis E, Malaise 
M, Merville M (2010). Comparison of three methods for fractionation and enrichment of low 
molecular weight proteins for SELDI-TOF-MS differential analysis. Talanta 82(1):245-254 

Deacon N, Hecht T (1996). The effect of temperature and photoperiod on the growth of 
juvenile spotted grunter Pomadasys commersonnii (Pisces: Haemulidae). S Afr J Mar Sci (17):55-
60 

DeKoter RP, Singh H (2000). Regulation of B lymphocyte and macrophage development by 
graded expression of PU.1. Science 288(5470):1439-1441 

Deshmukh S, Kania PW, Chettri JK, Skov J, Bojesen AM, Dalsgaard I, Buchmann K (2013). 
Insight from molecular, pathological, and immunohistochemical studies on cellular and humoral 
mechanisms responsible for vaccine-induced protection of rainbow trout against Yersinia ruckeri. 
Clin Vaccine Immunol 20(10):1623-1641 

Devlin R, Swanson P, Clarke W, Plisetskaya E, Dickhoff W, Moriyama S, Yesaki T, Hew C 
(2000). Seawater adaptability and hormone levels in growth-enhanced transgenic coho salmon, 
Oncorhynchus kisutch. Aquaculture 191(4):367-385 



148 

 

DiBattista JD, Levesque HM, Moon TW, Gilmour KM (2006). Growth depression in socially 
subordinate rainbow trout Oncorhynchus mykiss: More than a fasting effect. Physiol Biochem 
Zool 79(4):675-687 

Dickhoff WW, Folmar LC, Gorbman A (1978). Changes in plasma thyroxine during smoltification 
of coho salmon, Oncorhynchus kisutch. Gen Comp Endocrinol 36(2):229-232 

Dimitriadou E, Hornik K, Leisch F, Meyer D, Weingessel A, Leisch MF (2009). Package ‘e1071’ 

Diz AP, Truebano M, Skibinski DO (2009). The consequences of sample pooling in proteomics: an 
empirical study. Electrophoresis 30(17):2967-2975 

Doctor K, Berejikian B, Hard JJ, VanDoornik D (2014). Growth-Mediated Life History Traits of 
Steelhead Reveal Phenotypic Divergence and Plastic Response to Temperature. Trans Am Fish Soc 
143(2):317-333 

Duan C, Ding J, Li Q, Tsai W, Pozios K (1999). Insulin-like growth factor binding protein 2 is a 
growth inhibitory protein conserved in zebrafish. Proc Natl Acad Sci U S A 96(26):15274-15279 

Duston J, Saunders RL (1990). The entrainment role of photoperiod on hypoosmoregulatory and 
growth- related aspects of smolting in Atlantic (Salmo salar). Can J Zool 68(4):707-715 

Duston J, Saunders RL, Knox DE (1991). Effects of increases in freshwater temperature on loss of 
smolt characteristics in Atlantic salmon (Salmo salar). Can J Fish Aquat Sci 48:164-169 

Eales J, Brown S (1993). Measurement and regulation of thyroidal status in teleost fish. Rev Fish 
Biol Fish 3(4):299-347 

Ebbesson LO, Ebbesson SO, Nilsen TO, Stefansson SO, Holmqvist B (2007). Exposure to 
continuous light disrupts retinal innervation of the preoptic nucleus during parr–smolt 
transformation in Atlantic salmon. Aquaculture 273(2-3):345-349 

Ebbesson LO, Ekström P, Ebbesson SO, Stefansson SO, Holmqvist B (2003). Neural circuits and 
their structural and chemical reorganization in the light–brain–pituitary axis during parr–smolt 
transformation in salmon. Aquaculture 222(1-4):59-70 

Ebbesson LOE, Björnsson BT, Ekström P, Stefansson SO (2008). Daily endocrine profiles in parr 
and smolt Atlantic salmon. Comp Biochem Physiol A Mol Integr Physiol 151(4):698-704 

Ege R, Krogh A (1914). On the Relation between the Temperature and the Respiratory Exchange 
in Fishes. Int Rev Gesamten Hydrobiol 7(1):48-55 

Ejike C, Schreck CB (1980). Stress and social hierarchy rank in coho salmon. Trans Am Fish Soc 
109(4):423-426 

Ellis T, North B, Scott A, Bromage N, Porter M, Gadd D (2002). The relationships between 
stocking density and welfare in farmed rainbow trout. J Fish Biol 61(3):493-531 

Ellis T, Oidtmann B, St-Hilaire S, Turnbull J, North BP, MacIntyre C, Nikolaidis J, Hoyle I, Kestin S, 
Knowles T (2008). Fin erosion in farmed fish. Fish Welfare:121-149 

Ellis T, Yildiz HY, López-Olmeda J, Spedicato MT, Tort L, Øverli O, Martins CIM (2012). Cortisol and 
finfish welfare. Fish Physiol Biochem 38(1):163-188 

Elofsson UO, Mayer I, Damsgård B, Winberg S (2000). Intermale competition in sexually mature 
arctic charr: effects on brain monoamines, endocrine stress responses, sex hormone levels, and 
behavior. Gen Comp Endocrinol 118(3):450-460 

Elsdon TS, Wells BK, Campana SE, Gillanders BM, Jones CM, Limburg KE, Secor DH, Thorrold SR, 
Walther BD (2008). Otolith chemistry to describe movements and life-history parameters of fishes: 
hypotheses, assumptions, limitations and inferences. Oceanogr Mar Biol Annu Rev 46(1):297-330 



149 

 

Elsner RA, Shrimpton JM (2018). Is the duration of the smolt window related to migration 
distance in coho salmon Oncorhynchus kisutch? J Fish Biol 93(3):501-509 

Encheva V, Gharbia SE, Wait R, Begum S, Shah HN (2006). Comparison of extraction 
procedures for proteome analysis of Streptococcus pneumoniae and a basic reference map. 
Proteomics. 6(11):3306-17. 

Enerstvedt KS, Sydnes MO, Pampanin DM (2018). Study of the plasma proteome of Atlantic 
cod (Gadus morhua): Changes due to crude oil exposure. Mar Environ Res 138:46-54 

Epting D, Vorwerk S, Hageman A, Meyer D (2007). Expression of rasgef1b in zebrafish. Gene 
Expression Patterns 7(4):389-395 

Ewen C, Kane K, Bleackley R (2012). A quarter century of granzymes. Cell Death Differ 
19(1):28 

Ewing R, Barratt D, Garlock D (1994). Physiological changes related to migration tendency in 
rainbow trout (Oncorhynchus mykiss). Aquaculture 121(1-3):277-287 

Ewing RD, Johnson SL, Pribble HJ, Lichatowich JA (1979). Temperature and photoperiod 
effects on gill (Na+K)-ATPase activity in chinook salmon (Oncorhynchus tshawytscha). Journal of 
the Fisheries Research Board of Canada 36:1347-1353 

Fablet R, Le Josse N (2005). Automated fish age estimation from otolith images using 
statistical learning. Fisheries Research 72(2-3):279-290 

Fang Y, Gao X, Zha J, Ning B, Li X, Gao Z, Chao F (2010). Identification of differential hepatic 
proteins in rare minnow (Gobiocypris rarus) exposed to pentachlorophenol (PCP) by proteomic 
analysis. Toxicol Lett 199(1):69-79 

Fängstam H (1994). Individual swimming speed and time allocation during smolt migration in 
salmon. Drottningholm 69:99 

Farbridge KJ, Leatherland JF (1988). Interaction between ovine growth hormone and triiodo-
L-thyronine on metabolic reserves of rainbow trout, Salmo gairdneri. Fish Physiol Biochem 
5(3):141-151 

Farmer GJ (1994). Some factors which influence the survival of hatchery Atlantic salmon 
(Salmo salar) smolts utilized for enhancement purposes. Aquaculture 121(1-3):223-233 

Fast MD, Hosoya S, Johnson SC, Afonso LO (2008). Cortisol response and immune-related 
effects of Atlantic salmon (Salmo salar Linnaeus) subjected to short-and long-term stress. Fish 
Shellfish Immunol 24(2):194-204 

Feldhaus JW (2006). The physiological ecology of redband rainbow trout (Oncorhynchus 
mykiss gairdneri) in the South Fork John Day River, Oregon. Masters of Science Thesis. 

Fessler J, Wagner H (1969). Some morphological and biochemical changes in steelhead trout 
during the parr-smolt transformation. Journal of the Fisheries Research Board of Canada 
26:2823-2841 

Fischer H, Esbjörnsson M, Sabina RL, Strömberg A, Peyrard-Janvid M, Norman B (2007). AMP 
deaminase deficiency is associated with lower sprint cycling performance in healthy subjects. J 
Appl Physiol 

Fleming IA, Reynolds JD (2004). Salmonid breeding systems. Evolution Illuminated: Salmon 
and their Relatives 264-294 

Flores AM, Shrimpton JM (2012). Differential physiological and endocrine responses of 
rainbow trout, Oncorhynchus mykiss, transferred from fresh water to ion-poor or salt water. Gen 
Comp Endocrinol 175(2):244-250 



150 

 

Folch J, Lees M, Sloane Stanley G (1957). A simple method for the isolation and purification of 
total lipides from animal tissues. J Biol Chem 226(1):497-509 

Folmar LC, Dickhoff WW, Mahnken CVW, Waknitz FW (1982). Stunting and parr-reversion during 
smoltification of coho salmon (Oncorhynchus kisutch). Aquaculture 28(1-2):91-104 

Fontaine M, Hatey J (1950). Variations of the liver glycogen in the young (Salmo salar L.) during 
smoltification. C R Seances Soc Biol Fil 144(13-14):953-955 

Food and Agriculture Organization of the United Nations (2019). FishStatJ - software for fishery 
statistical time series 

Foote CJ, Mayer I, Wood CC, Clarke WC, Blackburn J (1994). On the developmental pathway to 
nonanadromy in sockeye salmon, Oncorhynchus nerka. Can J Zool 72(3):397-405 

Ford P (1958). Studies on the development of the kidney of the Pacific Pink Salmon 
(Onchorynchus gorbuscha (Walbaum)). II Variation in glomerular count of the kidney of the Pacific 
Pink Salmon. Can J Zool 36:45-47 

Frank R, Hargreaves R (2003). Clinical biomarkers in drug discovery and development. Nature 
Reviews Drug Discovery 2(7):566 

Freeman ME, Kanyicska B, Lerant A, Nagy G (2000). Prolactin: structure, function, and regulation 
of secretion. Physiol Rev 80(4):1523-1631 

Fries E, Dettenborn L, Kirschbaum C (2009). The cortisol awakening response (CAR): facts and 
future directions. International journal of Psychophysiology 72(1):67-73 

Fukuda M, Kaneko N, Kawaguchi K, Hevrøy EM, Hara A, Shimizu M (2015). Development of a 
time-resolved fluoroimmunoassay for salmon insulin-like growth factor binding protein-1b. 
Comparative Biochemistry and Physiology Part A: Molecular & Integrative Physiology 187:66-73 

Furné M, Morales AE, Trenzado CE, García-Gallego M, Hidalgo MC, Domezain A, Rus AS (2012). 
The metabolic effects of prolonged starvation and refeeding in sturgeon and rainbow trout. Journal 
of Comparative Physiology B 182(1):63-76 

Fyhn UEH, Clarke WC, Withler RE (1991). Hemoglobins in smoltifying chinook salmon, 
Oncorhynchus tshawytscha, subjected to photoperiod control. Aquaculture 95(3-4):359-372 

Gabillard J, Weil C, Rescan P, Navarro I, Gutierrez J, Le Bail P- (2005). Does the GH/IGF system 
mediate the effect of water temperature on fish growth? A review. Cybium 29(2):107-117 

Gabillard JC, Kamangar BB, Montserrat N. Coordinated regulation of the GH/IGF system genes 
during refeeding in rainbow trout (Oncorhynchus mykiss) (2006). Journal of Endocrinology. 
191(1):15-24 

Galli SJ (2000). Mast cells and basophils. Curr Opin Hematol 7(1):32-39 

Gende SM, Edwards RT, Willson MF, Wipfli MS (2002). Pacific salmon in aquatic and terrestrial 
ecosystems: Pacific salmon subsidize freshwater and terrestrial ecosystems through several 
pathways, which generates unique management and conservation issues but also provides valuable 
research opportunities. Bioscience 52(10):917-928 

Genge CE, Davidson WS, Tibbits GF (2013). The adult teleost heart expresses two distinct 
troponin C paralogs: cardiac TnC and a novel teleost-specific ssTnC in a chamber and temperature 
dependent manner. American Journal of Physiology-Heart and Circulatory Physiology. 45 (18): 866-
875 

Geromanos SJ, Vissers JP, Silva JC, Dorschel CA, Li G, Gorenstein MV, Bateman RH, Langridge JI 
(2009). The detection, correlation, and comparison of peptide precursor and product ions from data 
independent LC‐MS with data dependant LC‐MS/MS. Proteomics 9(6):1683-1695 



151 

 

Geurden I, Marion D, Charlon N, Coutteau P, Bergot P (1998). Comparison of different 
soybean phospholipidic fractions as dietary supplements for common carp, Cyprinus carpio, 
larvae. Aquaculture 161(1-4):225-235 

Geyer PE, Holdt LM, Teupser D, Mann M (2017). Revisiting biomarker discovery by plasma 
proteomics. Mol Syst Biol 13(9):942 

Gibb S, Strimmer K (2012). Maldiquant: A versatile R package for the analysis of mass 
spectrometry data. Bioinformatics 28(17):2270-2271 

Gilmour KM, DiBattista JD, Thomas JB (2005). Physiological causes and consequences of 
social status in salmonid fish. Integrative and Comparative Biology 45(2):263-273 

Gilmour KM, Kirkpatrick S, Massarsky A, Pearce B, Saliba S, Stephany C, Moon TW (2012). The 
Influence of Social Status on Hepatic Glucose Metabolism in Rainbow Trout Oncorhynchus 
mykiss. Physiological and Biochemical Zoology 85(4):309-320 

Godin JG, Dill PA, Drury DE (1974). Effects of thyroid hormones on behavior of yearling 
Atlantic salmon (Salmo salar). Journal of the Fisheries Research Board of Canada 31:1787-1790 

Good C, Weber GM, May T, Davidson J, Summerfelt S (2016). Reduced photoperiod (18 h 
light vs. 24 h light) during first-year rearing associated with increased early male maturation in 
Atlantic salmon Salmo salar cultured in a freshwater recirculation aquaculture system. Aquac Res 
47(9):3023-3027 

Greening DW, Simpson RJ (2010). A centrifugal ultrafiltration strategy for isolating the low-
molecular weight (= 25 K) component of human plasma proteome. J Proteomics 73(3):637-648 

Groener J, Klein W, Van Golde L (1979). The effect of fasting and refeeding on the 
composition and synthesis of triacylglycerols, phosphatidylcholines, and 
phosphatidylethanolamines in rat liver. Arch Biochem Biophys 198(1):287-295 

Gromova I, Gromov P, Celis JE (1999). Identification of true differentially expressed mRNAs in 
a pair of human bladder transitional cell carcinomas using an improved differential display 
procedure. Electrophoresis 20(2):241-248 

Gross MR, Coleman RM, McDowall RM (1988). Aquatic productivity and the evolution of 
diadromous fish migration. Science 239(4846).:1291-1293 

Hajduk J, Matysiak J, Kokot ZJ (2016). Challenges in biomarker discovery with MALDI-TOF MS. 
Clin Chim Acta 458:84-98 

Hale MC, McKinney GJ, Thrower FP, Nichols KM (2016). RNA-seq reveals differential gene 
expression in the brains of juvenile resident and migratory smolt rainbow trout (Oncorhynchus 
mykiss). Comparative Biochemistry and Physiology Part D: Genomics and Proteomics 20:136-150 

Han D, Xie S, Liu M, Xiao X, Liu H, Zhu X, Yang Y (2011). The effects of dietary selenium on 
growth performances, oxidative stress and tissue selenium concentration of gibel carp (Carassius 
auratus gibelio). Aquacult Nutr 17(3):e741-e749 

Hanash SM, Pitteri SJ, Faca VM (2008). Mining the plasma proteome for cancer biomarkers. 
Nature 452(7187).:571 

Handeland S, Imsland A, Björnsson BT, Stefansson S, Porter M (2013). Physiology during 
smoltification in Atlantic salmon: effect of melatonin implants. Fish Physiol Biochem 39(5):1079-
1088 

Handeland SO, Berge A, Björnsson BT, Stefansson SO (1998). Effects of temperature and 
salinity on osmoregulation and growth of Atlantic salmon (Salmo salar L.) smolts in seawater. 
Aquaculture 168(1-4):289-302 



152 

 

Handeland SO, Berge A, Björnsson BT, Lie O, Stefansson SO (2000). Seawater adaptation by out-
of-season Atlantic salmon (Salmo salar L.) smolts at different temperatures. Aquaculture 181(3-
4):377-396 

Handeland SO, Imsland AK, Björnsson BT, Stefansson SO (2013). Long-term effects of 
photoperiod, temperature and their interaction on growth, gill Na+, K+-ATPase activity, seawater 
tolerance and plasma growth-hormone levels in Atlantic salmon Salmo salar. J Fish Biol 83(5):1197-
1209 

Handeland SO, Stefansson SO (2001). Photoperiod control and influence of body size on off-
season parr-smolt transformation and post-smolt growth. Aquaculture 192(2-4):291-307 

Handeland SO, Wilkinson E, Sveinsbø B, McCormick SD, Stefansson SO (2004). Temperature 
influence on the development and loss of seawater tolerance in two fast-growing strains of Atlantic 
salmon. Aquaculture 233(1-4):513-529 

Haney D, Hursh D, Mix M, Winton J (1992). Physiological and hematological changes in chum 
salmon artificially infected with erythrocytic necrosis virus. J Aquat Anim Health 4(1):48-57 

Hannun YA, Luberto C (2000). Ceramide in the eukaryotic stress response. Trends Cell Biol 
10(2):73-80 

Hayes SA, Bond MH, Hanson CV, Freund EV, Smith JJ, Anderson EC, Ammann AJ, MacFarlane RB 
(2008). Steelhead growth in a small central California watershed: upstream and estuarine rearing 
patterns. Trans Am Fish Soc 137(1):114-128 

Hayes SA, Hanson CV, Pearse DE, Bond MH, Garza JC, Macfarlane RB (2012). Should i stay or 
should i go? The influence of genetic origin on emigration behavior and physiology of resident and 
anadromous juvenile Oncorhynchus mykiss. North Am J Fish Manage 32(4):772-780 

Hayward RS, Noltie DB, Wang N (1997). Use of compensatory growth to double hybrid sunfish 
growth rates. Trans Am Fish Soc 126(2):316-322 

Hazel JR (1990). Adaptation to temperature: phospholipid synthesis in hepatocytes of rainbow 
trout. Am J Physiol 258(6 Pt 2):R1495-501 

Healy SJ, Hinch SG, Bass AL, Furey NB, Welch DW, Rechisky EL, Eliason EJ, Lotto AG, Miller KM 
(2018). Transcriptome profiles relate to migration fate in hatchery steelhead (Oncorhynchus mykiss) 
smolts. Can J Fish Aquat Sci 75(11):2053-2068 

Hecht BC, Campbell NR, Holecek DE, Narum SR (2013). Genome-wide association reveals genetic 
basis for the propensity to migrate in wild populations of rainbow and steelhead trout. Mol Ecol 
22(11):3061-3076 

Hecht BC, Thrower FP, Hale MC, Miller MR, Nichols KM (2012). Genetic architecture of 
migration-related traits in rainbow and steelhead trout, Oncorhynchus mykiss. G3 (Bethesda) 
2(9):1113-1127 

Hecht BC, Valle ME, Thrower FP, Nichols KM (2014). Divergence in expression of candidate genes 
for the smoltification process between juvenile resident rainbow and anadromous steelhead trout. 
Mar Biotechnol (NY) 16(6):638-656 

Hemre G-, Bjørnevik M, Beattie C, Björnson BT, Hansen T (2002). Growth and salt-water 
tolerance of juvenile Atlantic salmon, Salmo salar, reared under different combinations of dietary 
carbohydrate and photoperiod regime. Aquacult Nutr 8(1):23-32 

Hendry AP, Bohlin T, Jonsson B, Berg OK (2004). To sea or not to sea? Anadromy versus non-
anadromy in salmonids. Evolution Illuminated: Salmon and their Relatives 92-125 



153 

 

Hiebert PR, Granville DJ (2012). Granzyme B in injury, inflammation, and repair. Trends Mol 
Med 18(12):732-741 

Hiramatsu N, Matsubara T, Fujita T, Sullivan CV, Hara A (2006). Multiple piscine vitellogenins: 
biomarkers of fish exposure to estrogenic endocrine disruptors in aquatic environments. Mar 
Biol 149(1):35-47 

Hoar WS (1988). 4 The Physiology of Smolting Salmonids. Fish Physiol 11(PART B):275-
34310.1016/S1546-5098(08)60216-2 

Hoch FL (1992). Cardiolipins and biomembrane function. Biochimica Et Biophysica Acta 
(BBA)-Reviews on Biomembranes 1113(1):71-133 

Høgåsen HR (1998). Physiological Changes Associated with the Diadromous Migration of 
Salmonids: Canadian Special Publication of Fisheries and Aquatic Sciences No. 127. NRC Research 
Press 

Holmqvist BI, Ekström P (1995). Hypophysiotrophic systems in the brain of the Atlantic 
salmon. Neuronal innervation of the pituitary and the origin of pituitary dopamine and 
nonapeptides identified by means of combined carbocyanine tract tracing and 
immunocytochemistry. J Chem Neuroanat 8(2):125-145 

Hölttä M, Zetterberg H, Mirgorodskaya E, Mattsson N, Blennow K, Gobom J (2012). 
Peptidome analysis of cerebrospinal fluid by LC-MALDI MS. PloS One 7(8):e42555 

Honda K, Hayashida Y, Umaki T, Okusaka T, Kosuge T, Kikuchi S, Endo M, Tsuchida A, Aoki T, 
Itoi T, Moriyasu F, Hirohashi S, Yamada T (2005). Possible detection of pancreatic cancer by 
plasma protein profiling. Cancer Res 65(22):10613-10622 

Horgan GW (2007). Sample size and replication in 2D gel electrophoresis studies. Journal of 
Proteome Research 6(7):2884-2887 

Hortin GL (2006). The MALDI-TOF mass spectrometric view of the plasma proteome and 
peptidome. Clin Chem 52(7):1223-1237 

Horvath SE, Daum G (2013). Lipids of mitochondria. Prog Lipid Res 52(4):590-614 

Houde ALS, Günther OP, Strohm J, Ming TJ, Li S, Patterson DA, Farrell AP, Hinch SG, Miller KM 
(2018). Discovery and validation of candidate smoltification gene expression biomarkers across 
multiple species and ecotypes of Pacific salmonids. bioRxiv 474692 

Hoyle I, Oidtmann B, Ellis T, Turnbull J, North B, Nikolaidis J, Knowles TG (2007). A validated 
macroscopic key to assess fin damage in farmed rainbow trout (Oncorhynchus mykiss). 
Aquaculture 270(1-4):142-148 

Hsieh SY, Tseng CL, Lee YS, Kuo AJ, Sun CF, Lin YH, Chen JK (2008). Highly efficient 
classification and identification of human pathogenic bacteria by MALDI-TOF MS. Mol Cell 
Proteomics 7(2):448-456 

Hye A, Lynham S, Thambisetty M, Causevic M, Campbell J, Byers H, Hooper C, Rijsdijk F, 
Tabrizi S, Banner S (2006). Proteome-based plasma biomarkers for Alzheimer's disease. Brain 
129(11):3042-3050 

Ignjatovic V, Greenway A, Summerhayes R, Monagle P (2007). Thrombin generation: the 
functional role of alpha‐2‐macroglobulin and influence of developmental haemostasis. Br J 
Haematol 138(3):366-368 

Iigo M, Ikuta K, Kitamura S, Tabata M, Aida K (2005). Effects of melatonin feeding on 
smoltification in masu salmon (Oncorhynchus masou). Zool Sci 22(11):1191-1196 



154 

 

Ikuta K, Aida K, Okumoto N, Hanyu I (1987). Effects of sex steroids on the smoltification of masu 
salmon, Oncorhynchus masou. Gen Comp Endocrinol 65(1):99-110 

Ikuta K, Aida K, Okumoto N, Hanyu I (1985). Effects of thyroxine and methyltestosterone on 
smoltification of masu salmon (Oncorhynchus masou). Aquaculture 45(1-4):289-303 

Innerarity TL, Mahley RW, Weisgraber KH, Bersot TP, Krauss RM, Vega GL, Grundy SM, Friedl W, 
Davignon J, McCarthy BJ (1990). Familial defective apolipoprotein B-100: a mutation of 
apolipoprotein B that causes hypercholesterolemia. J Lipid Res 31(8):1337-1349 

Iwama GK, Tautz AF (1981). A simple growth model for salmonids in hatcheries. Can J Fish Aquat 
Sci 38(6):649-656 

Iwasaki H, Akashi K (2007). Myeloid lineage commitment from the hematopoietic stem cell. 
Immunity 26(6):726-740 

Iwasaki A, Medzhitov R (2010). Regulation of adaptive immunity by the innate immune system. 
Science 327(5963).:291-295 

Iwata M (1995). Downstream migratory behavior of salmonids and its relationship with cortisol 
and thyroid hormones: A review. Aquaculture 135(1-3):131-139 

Iwata M, Yamauchi K, Nishioka RS, Lin R, Bern HA (1990). Effects of thyroxine, growth hormone 
and cortisol on salinity preference of juvenile coho salmon (Oncorhynchus kisutch). 
Mar.Behav.Physiol. 17:191-201 

J Kastin A, Pan W (2010). Concepts for biologically active peptides. Curr Pharm Des 16(30):3390-
3400 

Jacobs JM, Adkins JN, Qian W, Liu T, Shen Y, Camp DG, Smith RD (2005). Utilizing human blood 
plasma for proteomic biomarker discovery. Journal of Proteome Research 4(4):1073-1085 

Janeway Jr CA (1998). Introduction: the role of innate immunity in the adaptive immune 
response. Semin Immunol 103:349-350 

Jarosz DF, Lindquist S (2010). Hsp90 and environmental stress transform the adaptive value of 
natural genetic variation. Science 330(6012).:1820-1824 

Jeffrey J, Gollock M, Gilmour K (2014). Social stress modulates the cortisol response to an acute 
stressor in rainbow trout (Oncorhynchus mykiss). Gen Comp Endocrinol 196:8-16 

Jensen-Urstad AP, Semenkovich CF (2012). Fatty acid synthase and liver triglyceride metabolism: 
housekeeper or messenger? Biochimica Et Biophysica Acta (BBA)-Molecular and Cell Biology of Lipids 
1821(5):747-753 

Jezierska B, Hazel J, Gerking S (1982). Lipid mobilization during starvation in the rainbow trout, 
Salmo gairdneri Richardson, with attention to fatty acids. J Fish Biol 21(6):681-692 

Jobling M (2003). The thermal growth coefficient (TGC) model of fish growth: a cautionary note. 
Aquacult Res 34(7):581-584 

Johansson L-, Timmerhaus G, Afanasyev S, Jørgensen SM, Krasnov A (2016). Smoltification and 
seawater transfer of Atlantic salmon (Salmo salar L.) is associated with systemic repression of the 
immune transcriptome. Fish Shellfish Immunol 58:33-41 

Johnsson JI, Blackburn J, Clarke WC, Withler RE (1997). Does presmolt growth rate in steelhead 
trout (Oncorhynchus mykiss) and coho salmon (Oncorhynchus kisutch) predict growth rate in 
seawater?. Can J Fish Aquat Sci 54(2):430-433 

Johnston G (2008). Arctic Charr Aquaculture. John Wiley & Sons 



155 

 

Jónsdóttir IG, Campana S, Marteinsdottir G (2006). Stock structure of Icelandic cod Gadus 
morhua L. based on otolith chemistry. J Fish Biol 69:136-150 

Jordal A, Lie Ø, Torstensen B (2007). Complete replacement of dietary fish oil with a 
vegetable oil blend affect liver lipid and plasma lipoprotein levels in Atlantic salmon (Salmo salar 
L.). Aquacult Nutr 13(2):114-130 

Jørgensen EH, Aas-Hansen Ø, Moriyama S, Iwata M, Tau Strand JE (2007). The parr-smolt 
transformation of Arctic charr is comparable to that of Atlantic salmon. Aquaculture 273(2-
3):227-234 

Joseph LJ, Chang LC, Stamenkovich D, Sukhatme VP (1988). Complete nucleotide and 
deduced amino acid sequences of human and murine preprocathepsin L. An abundant transcript 
induced by transformation of fibroblasts. J Clin Invest 81(5):1621-1629 
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Alvarez E (2008). Proteomic comparison between two marine snail ecotypes reveals details 
about the biochemistry of adaptation. Journal of Proteome Research 7(11):4926-4934 

Martins CI, Schrama JW, Verreth JA (2006). The effect of group composition on the welfare of 
African catfish (Clarias gariepinus). Appl Anim Behav Sci 97(2-4):323-334 

Maxime V, Boeuf G, Pennec JP, Peyraud C (1989). Comparative study of the energetic 
metabolism of Atlantic salmon (Salmo salar) parr and smolts. Aquaculture 82(1-4):163-171 

McCormick SD (2001). Endocrine control of osmoregulation in teleost fish. Am Zool 
41(4):781-794 

McCormick SD (2009). Evolution of the hormonal control of animal performance: Insights 
from the seaward migration of salmon. Integr Comp Biol 49(4):408-422 

McCormick SD (1995). Hormonal control of gill Na+,K+-ATPase and chloride cell function. 
Cellular and Molecular Approaches to Fish Ionic Regulation 14:285-315 

McCormick SD (1993). Methods for nonlethal gill biopsy and measurement of Na+,K+-ATPase 
activity. Can J Fish Aquat Sci 50:656-658 

McCormick SD, Björnsson BT (1994). Physiological and hormonal differences among Atlantic 
salmon parr and smolts reared in the wild, and hatchery smolts. Aquaculture 121(1-3):235-244 

McCormick SD, Hansen LP, Quinn TP, Saunders RL (1998). Movement, migration, and 
smolting of Atlantic salmon (Salmo salar). Can J Fish Aquatic Sci 55(SUPPL.1):77-92 

McCormick SD, Moriyama S (2000). Low temperature limits photoperiod control of smolting 
in Atlantic salmon through endocrine mechanisms. Am J Physiol Regul Integr Comp Physiol 278(5 
47-5):R1352-R1361 

McCormick SD, Regish AM, Christensen AK (2009). Distinct freshwater and seawater isoforms 
of Na+/K +-ATPase in gill chloride cells of Atlantic salmon. J Exp Biol 212(24):3994-4001 

McCormick SD, Regish AM, Christensen AK, Björnsson BT (2013). Differential regulation of 
sodium-potassium pump isoforms during smolt development and seawater exposure of atlantic 
salmon. J Exp Biol 216(7):1142-1151 

McCormick SD, Sakamoto T, Hasegawa S, Hirano T (1991). Osmoregulatory actions of insulin-
like growth factor-I in rainbow trout (Oncorhynchus mykiss). J Endocrinol 130(1):87-92 

McCormick SD, Saunders RL (1987). Preparatory physiological adaptations for marine life of 
salmonids: Osmoregulation, growth, and metabolism. Am Fish Soc Symp 1:211-229 



160 

 

McCormick SD, Shrimpton JM, Moriyama S, Björnsson BT (2002). Effects of an advanced 
temperature cycle on smolt development and endocrinology indicate that temperature is not a 
zeitgeber for smolting in Atlantic salmon. J Exp Biol 205(22):3553-3560 

McCormick SD, Shrimpton JM, Zydlewski JD (1997). Temperature effects on osmoregulatory 
physiology of juvenile anadromous fish. Global Warming: Implications for Freshwater and Marine 
Fish 279-301 

McCowen KC, Malhotra A, Bistrian BR (2001). Stress-induced hyperglycemia. Crit Care Clin 
17(1):107-124 

McDowall RM (2008). Why are so many boreal freshwater fishes anadromous? Confronting 
‘conventional wisdom’. Fish Fish 9(2):208-213 

McEwen BS, Seeman T (1999). Protective and damaging effects of mediators of stress: 
elaborating and testing the concepts of allostasis and allostatic load. Ann N Y Acad Sci 896(1):30-47 

McGowan MJ (2018). Molecular regulators of smoltification and viral infection management 
tools for salmon aquaculture 

McMillan DN, Houlihan DF (1992). Protein synthesis in trout liver is stimulated by both feeding 
and fasting. Fish Physiol Biochem 10(1):23-34 

McMillan JR, Dunham JB, Reeves GH, Mills JS, Jordan CE (2012). Individual condition and stream 
temperature influence early maturation of rainbow and steelhead trout, Oncorhynchus mykiss. 
Environ Biol Fishes 93(3):343-355 

Medina-Gali R, Belló-Pérez M, Ciordia S, Mena MC, Coll J, Novoa B, del Mar Ortega-Villaizán M, 
Perez L (2019). Plasma proteomic analysis of zebrafish following spring viremia of carp virus 
infection. Fish Shellfish Immunol 86:892-899 

Mendelsohn BA, Malone JP, Townsend RR, Gitlin JD (2009). Proteomic analysis of anoxia 
tolerance in the developing zebrafish embryo. Comp Biochem Physiol Part D Genomics Proteomics 
4(1):21-31 

Millar JS, Maugeais C, Ikewaki K, Kolansky DM, Barrett PHR, Budreck EC, Boston RC, Tada N, 
Mochizuki S, Defesche JC (2005). Complete deficiency of the low-density lipoprotein receptor is 
associated with increased apolipoprotein B-100 production. Arterioscler Thromb Vasc Biol 25(3):560-
565 

Millioni R, Tolin S, Puricelli L, Sbrignadello S, Fadini GP, Tessari P, Arrigoni G (2011). High 
abundance proteins depletion vs low abundance proteins enrichment: comparison of methods to 
reduce the plasma proteome complexity. PloS One 6(5):e19603 

Minarik P, Tomaskova N, Kollarova M, Antalik M (2002). Malate dehydrogenases-structure and 
function. Gen Physiol Biophys 21(3):257-266 

Miwa S, Inui Y (1985). Effects of l-thyroxine and ovine growth hormone on smoltification of 
amago salmon (Oncorhynchus rhodurus). Gen Comp Endocrinol 58(3):436-442 

Miwa S, Inui Y (1983). Effects of thyroxine and thiourea on the parr-smolt transformation of 
amago salmon (Oncorhynchus rhodurus). Bull.Natl.Res.Inst.Aquaculture 4:41-52 

Mizuno S, Misaka N, Kasahara N (2001). Morphological changes in juxtaglomerular cells of the 
kidney during smoltification in masu salmon Oncorhynchus masou. Fish Sci 67(3):538-540 

Mohandas N, Evans E (1994). Mechanical properties of the red cell membrane in relation to 
molecular structure and genetic defects. Annu Rev Biophys Biomol Struct 23(1):787-818 

Mommsen TP, Vijayan MM, Moon TW (1999). Cortisol in teleosts: Dynamics, mechanisms of 
action, and metabolic regulation. Rev Fish Biol Fish 9(3):211-268 



161 

 

Montoya-Rodríguez A, Milán-Carrillo J, Reyes-Moreno C, de Mejía E (2015). Characterization 
of peptides found in unprocessed and extruded amaranth (Amaranthus hypochondriacus) 
pepsin/pancreatin hydrolysates. International Journal of Molecular Sciences 16(4):8536-8554 

Montserrat N, Gabillard J, Capilla E, Navarro M, Gutiérrez J (2007a). Role of insulin, insulin-
like growth factors, and muscle regulatory factors in the compensatory growth of the trout 
(Oncorhynchus mykiss). Gen Comp Endocrinol 150(3):462-472 

Montserrat N, Gómez-Requeni P, Bellini G, Capilla E, Pérez-Sánchez J, Navarro I, Gutiérrez J 
(2007b). Distinct role of insulin and IGF-I and its receptors in white skeletal muscle during the 
compensatory growth of gilthead sea bream (Sparus aurata). Aquaculture 267(1-4):188-198 

Moon TW (2001). Glucose intolerance in teleost fish: fact or fiction? Comparative 
Biochemistry and Physiology Part B: Biochemistry and Molecular Biology. 129(2-3):243-249 

Moore JW, Yeakel JD, Peard D, Lough J, Beere M (2014). Life-history diversity and its 
importance to population stability and persistence of a migratory fish: Steelhead in two large 
North American watersheds. J Anim Ecol 83(5):1035-1046 

Mori T, Deguchi F, Ueno K (2001). Differential expression of GH1 and GH2 genes by 
competitive RT-PCR in rainbow trout pituitary. Gen Comp Endocrinol 123(2):137-143 

Mortensen A, Damsgård B (1998). The effect of salinity on desmoltification in Atlantic 
salmon. Aquaculture 168(1-4):407-411 

Moutou K, McCarthy I, Houlihan D (1998). The effect of ration level and social rank on the 
development of fin damage in juvenile rainbow trout. J Fish Biol 52(4):756-770 

Mrosovsky N (1990). Rheostasis. The physiology of change. 

Munakata A, Amano M, Ikuta K, Kitamura S, Aida K (2007). Effects of growth hormone and 
cortisol on the downstream migratory behavior in masu salmon, Oncorhynchus masou. Gen 
Comp Endocrinol 150(1):12-17 

Munakata A, Amano M, Ikuta K, Kitamura S, Aida K (2001). The involvement of sex steroid 
hormones in downstream and upstream migratory behavior of masu salmon. Comp Biochem 
Physiol B Biochem Mol Biol 129(2-3):661-669 

Murphy S, Dowling P (2018). DIGE Analysis of ProteoMiner TM Fractionated Serum/Plasma 
Samples. Difference Gel Electrophoresis. Springer 

Murthy KR, Goel R, Subbannayya Y, Jacob HK, Murthy PR, Manda SS, Patil AH, Sharma R, 
Sahasrabuddhe NA, Parashar A (2014). Proteomic analysis of human vitreous humor. Clinical 
Proteomics 11(1):29 

Negus MT (2003). Determination of smoltification status in juvenile migratory rainbow trout 
and chinook salmon in Minnesota. North Am J Fish Manage 23(3):913-927 

Neubauer H, Clare SE, Kurek R, Fehm T, Wallwiener D, Sotlar K, Nordheim A, Wozny W, 
Schwall GP, Poznanovic S, Sastri C, Hunzinger C, Stegmann W, Schrattenholz A, Cahill MA (2006). 
Breast cancer proteomics by laser capture microdissection, sample pooling, 54-cm IPG IEF, and 
differential iodine radioisotope detection. Electrophoresis 27(9):1840-1852 

Ng EWY, Wong M.Y.M., Poon T.C.W. (2014). Advances in MALDI mass spectrometry in clinical 
diagnostic applications. Top Curr Chem 336:139-17610.1007/128-2012-413 

Nichols KM, Edo AF, Wheeler PA, Thorgaard GH (2008). The genetic basis of smoltification-
related traits in Oncorhynchus mykiss. Genetics 179(3):1559-1575 

Nilsen TO, Ebbesson LOE, Madsen SS, McCormick SD, Andersson E, Björnsson BT, Prunet P, 
Stefansson SO (2007). Differential expression of gill Na+,K+-ATPase a- and ß-subunits, 



162 

 

Na+,K+,2Cl- cotransporter and CFTR anion channel in juvenile anadromous and landlocked Atlantic 
salmon Salmo salar. J Exp Biol 210(16):2885-2896 

Nishioka RS, Bern HA, Lai KV, Nagahama Y, Grau EG (1982). Changes in the endocrine organs of 
coho salmon during normal and abnormal smoltification - An electron-microscope study. 
Aquaculture 28(1-2):21-38 

Nordgarden U, Hemre G-, Hansen T (2002). Growth and body composition of Atlantic salmon 
(Salmo salar L.) parr and smolt fed diets varying in protein and lipid contents. Aquaculture 207(1-
2):65-78 

Norman JD, Ferguson MM, Danzmann RG (2013). Transcriptomics of salinity tolerance capacity in 
Arctic charr (Salvelinus alpinus): a comparison of gene expression profiles between divergent QTL 
genotypes. Physiological genomics 46(4):123-137. 

Norman JD, Ferguson MM, Danzmann RG (2014). An integrated transcriptomic and comparative 
genomic analysis of differential gene expression in Arctic charr (Salvelinus alpinus) following 
seawater exposure. J Exp Biol 217(Pt 22):4029-4042 

North B, Turnbull J, Ellis T, Porter M, Migaud H, Bron J, Bromage N (2006). The impact of stocking 
density on the welfare of rainbow trout (Oncorhynchus mykiss). Aquaculture 255(1-4):466-479 

Nutt SL, Kee BL (2007). The transcriptional regulation of B cell lineage commitment. Immunity 
26(6):715-725 

Nynca J, Arnold GJ, Fröhlich T, Ciereszko A (2015). Shotgun proteomics of rainbow trout ovarian 
fluid. Proteomics 27(3):504-512 

Nynca J, Arnold GJ, Fröhlich T, Otte K, Flenkenthaler F, Ciereszko A (2014). Proteomic 
identification of rainbow trout seminal plasma proteins. Proteomics 14(1):133-140 

Nynca J, Arnold G, Fröhlich T, Ciereszko A (2017). Proteomic identification of rainbow trout blood 
plasma proteins and their relationship to seminal plasma proteins. Proteomics 17(11):1600460 

Ojima D, Iwata M (2010). Central administration of growth hormone-releasing hormone and 
corticotropin-releasing hormone stimulate downstream movement and thyroxine secretion in fall-
smolting coho salmon (Oncorhynchus kisutch). Gen Comp Endocrinol 168(1):82-87 

Ojima D, Iwata M (2009). Central administration of growth hormone-releasing hormone triggers 
downstream movement and schooling behavior of chum salmon (Oncorhynchus keta) fry in an 
artificial stream. Comp Biochem Physiol A Mol Integr Physiol 152(3):293-298 

Ojima D, Iwata M (2007). The relationship between thyroxine surge and onset of downstream 
migration in chum salmon Oncorhynchus keta fry. Aquaculture 273(2-3):185-193 

Ojima D, Yoshinaga T, Harada M, Iwata M (2007). Role of the cortisol on the onset of 
downstream migration in hatchery reared chum salmon Oncorhynchus keta fry. Coastal Mar.Sci. 
31:47-52 

Okamoto N, Tayama T, Kawanobe M, Fujiki N, Yasuda Y, Sano T (1993). Resistance of a rainbow 
trout strain to infectious pancreatic necrosis. Aquaculture 117(1-2):71-76 

Oliva-Teles A (2012). Nutrition and health of aquaculture fish. J Fish Dis 35(2):83-108 

O'Loughlin A, McGee M, Doyle S, Earley B (2014). Biomarker responses to weaning stress in beef 
calves. Res Vet Sci 97(2):458-463 

Olsvik PA, Lie KK, Jordal A-O, Nilsen TO, Hordvik I (2005). Evaluation of potential reference genes 
in real-time RT-PCR studies of Atlantic salmon. BMC Mol Biol 6 

Orkin SH, Zon LI (2008). SnapShot: Hematopoiesis. Cell 132(4):712-U7 



163 

 

Ozaki A, Sakamoto T, Khoo S, Nakamura K, Coimbra MRM, Akutsu T, Okamoto N (2001). 
Quantitative trait loci (QTLs) associated with resistance/susceptibility to infectious pancreatic 
necrosis virus (IPNV) in rainbow trout (Oncorhynchus mykiss). Mol Gen Genet 265(1):23-31 

Palaiokostas C, Bekaert M, Taggart JB, Gharbi K, McAndrew BJ, Chatain B, Penman DJ, 
Vandeputte M (2015). A new SNP-based vision of the genetics of sex determination in European 
sea bass (Dicentrarchus labrax). Genetics Selection Evolution 47(1):68 

Palermo F, Mosconi G, Angeletti M, Polzonetti-Magni A (2008). Assessment of water 
pollution in the Tronto River (Italy) by applying useful biomarkers in the fish model Carassius 
auratus. Arch Environ Contam Toxicol 55(2):295-304 

Palm IF, Van der Beek, Eline M, Swarts HJ, Vliet Jvd, Wiegant VM, Buijs RM, Kalsbeek A 
(2001). Control of the estradiol-induced prolactin surge by the suprachiasmatic nucleus. 
Endocrinology 142(6):2296-2302 

Pankov R, Yamada KM (2002). Fibronectin at a glance. J Cell Sci 115(Pt 20):3861-3863 

Papakostas S, Vollestad LA, Primmer CR, Leder EH (2010). Proteomic profiling of early life 
stages of European grayling (Thymallus thymallus). J Proteome Res 9(9):4790-4800 

Paradies G, Petrosillo G, Paradies V, Ruggiero FM (2011). Mitochondrial dysfunction in brain 
aging: role of oxidative stress and cardiolipin. Neurochem Int 58(4):447-457 

Paradies G, Petrosillo G, Pistolese M, Ruggiero FM (2002). Reactive oxygen species affect 
mitochondrial electron transport complex I activity through oxidative cardiolipin damage. Gene 
286(1):135-141 

Parhar IS, Iwata M (1996). Intracerebral expression of gonadotropin-releasing hormone and 
growth hormone-releasing hormone is delayed until smoltification in the salmon. Neurosci Res 
26(3):299-308 

Patino R, Schreck CB, Banks JL, Zaugg WS (1986). Effects of rearing conditions on the 
developmental physiology of smolting coho salmon. Trans Am Fish Soc 115(6):828-837 

Paulo JA (2013). Practical and Efficient Searching in Proteomics: A Cross Engine Comparison. 
Webmedcentral 4(10):10.9754/journal.wplus.2013.0052 

Pauly D (1979). Gill size and temperature as governing factors in fish growth: a generalization 
of von Bertalanffy's growth formula 

Pearl LH (2016). The HSP90 molecular chaperone—an enigmatic ATPase. Biopolymers 
105(8):594-607 

Pearse DE, Hayes SA, Bond MH, Hanson CV, Anderson EC, Macfarlane RB, Garza JC (2009). 
Over the falls? Rapid evolution of ecotypic differentiation in steelhead/rainbow trout 
(Oncorhynchus mykiss). Journal of Heredity 100(5), pp.515-525 

Pernemalm M, Lehtiö J (2014). Mass spectrometry-based plasma proteomics: state of the art 
and future outlook. Expert Review of Proteomics 11(4):431-448 

Peters G, Faisal M, Lang T, Ahmed I (1988). Stress caused by social interaction and its effect 
on susceptibility to Aeromonas hydrophila infection in rainbow trout Salmo gairdneri. Dis Aquat 
Org(2) 

Petricoin EF, Belluco C, Araujo RP, Liotta LA (2006). The blood peptidome: a higher dimension 
of information content for cancer biomarker discovery. Nature Reviews Cancer 6(12):961 

Pettegrew JW, Panchalingam K, Hamilton RL, McClure RJ (2001). Brain membrane 
phospholipid alterations in Alzheimer's disease. Neurochem Res 26(7):771-782 



164 

 

Pfaffl MW, Tichopad A, Prgomet C, Neuvians TP (2004). Determination of stable housekeeping 
genes, differentially regulated target genes and sample integrity: BestKeeper - Excel-based tool using 
pair-wise correlations. Biotechnol Lett 26(6):509-515 

Picha ME, Silverstein JT, Borski RJ (2006). Discordant regulation of hepatic IGF-I mRNA and 
circulating IGF-I during compensatory growth in a teleost, the hybrid striped bass (Morone chrysops 
× Morone saxatilis). Gen Comp Endocrinol 147(2):196-205 

Picha ME, Turano MJ, Beckman BR, Borski RJ (2008). Endocrine biomarkers of growth and 
applications to aquaculture: A minireview of growth hormone, insulin-like growth factor (IGF)-I, and 
IGF-binding proteins as potential growth indicators in fish. North Am J Aquac 70(2):196-211 

Pierce AL, Shimizu M, Beckman BR, Baker DM, Dickhoff WW (2005). Time course of the GH/IGF 
axis response to fasting and increased ration in chinook salmon (Oncorhynchus tshawytscha). Gen 
Comp Endocrinol 140(3):192-202 

Pleguezuelos O, Zou J, Cunningham C, Secombes CJ (2000). Cloning, sequencing, and analysis of 
expression of a second IL-1ß gene in rainbow trout (Oncorhynchus mykiss). Immunogenetics 
51(12):1002-1011 

Poppinga J, Kittilson J, McCormick SD, Sheridan MA (2007). Effects of somatostatin on the 
growth hormone-insulin-like growth factor axis and seawater adaptation of rainbow trout 
(Oncorhynchus mykiss). Aquaculture 273(2-3):312-319 

Porter MJR, Randall CF, Bromage NR, Thorpe JE (1998). The role of melatonin and the pineal 
gland on development and smoltification of Atlantic salmon (Salmo salar) parr. Aquaculture 168(1-
4):139-155 

Potter IC, Warwick RM, Hall NG, Tweedley JR (2015). The physico-chemical characteristics, biota 
and fisheries of estuaries. Freshwater Fisheries Ecology 48-79 

Power DM, Llewellyn L, Faustino M, Nowell MA, Björnsson BT, Einarsdottir IE, Canario AVM, 
Sweeney GE (2001). Thyroid hormones in growth and development of fish. Comp Biochem Physiol C 
Toxicol Pharmacol 130(4):447-459 

Preianò M, Pasqua L, Gallelli L, Galasso O, Gasparini G, Savino R, Terracciano R (2012). 
Simultaneous extraction and rapid visualization of peptidomic and lipidomic body fluids fingerprints 
using mesoporous aluminosilicate and MALDI‐TOF MS. Proteomics 12(22):3286-3294 

Prunet P, Boeuf G (1989). Plasma prolactin levels during smolting in Atlantic salmon, Salmo salar. 
Aquaculture 82(1-4):297-305 

Prunet P, Boeuf G, Bolton JP, Young G (1989). Smoltification and seawater adaptation in Atlantic 
salmon (Salmo salar): Plasma prolactin, growth hormone, and thyroid hormones. Gen Comp 
Endocrinol 74(3):355-364 

Pyatnitskiy M, Lisitsa A, Moshkovskii S, Arnotskaya N, Akhmedov B, Zaridze D, Polotskii B, 
Shevchenko V (2011). Identification of differential signs of squamous cell lung carcinoma by means 
of the mass spectrometry profiling of blood plasma. Journal of Analytical Chemistry 66(14):1369-
1375 

Qiu W, Shen Y, Pan C, Liu S, Wu M, Yang M, Wang K (2016). The potential immune modulatory 
effect of chronic bisphenol A exposure on gene regulation in male medaka (Oryzias latipes) liver. 
Ecotoxicol Environ Saf 130:146-154 

Quinn TP, McGinnity P, Reed TE (2016). The paradox of “premature migration” by adult 
anadromous salmonid fishes: Patterns and hypotheses. Can J Fish Aquatic Sci 73(7):1015-1030 

Quinn TP, Myers KW (2004). Anadromy and the marine migrations of Pacific salmon and trout: 
Rounsefell revisited. Rev Fish Biol Fish 14(4):421-442 



165 

 

Quinn TP, Seamons TR, Vollestad LA, Duffy E (2011). Effects of growth and reproductive 
history on the egg size-fecundity trade-off in steelhead. Trans Am Fish Soc 140(1):45-51 

Rajaram S, Baylink DJ, Mohan S (1997). Insulin-like growth factor-binding proteins in serum 
and other biological fluids: regulation and functions. Endocrine reviews. 18(6):801-31 

Rao RP, Yuan C, Allegood JC, Rawat SS, Edwards MB, Wang X, Merrill AH,Jr, Acharya U, 
Acharya JK (2007). Ceramide transfer protein function is essential for normal oxidative stress 
response and lifespan. Proc Natl Acad Sci USA 104(27):11364-11369 

Raposo de Magalhães, Cláudia Sofia Ferreira, Cerqueira MAC, Schrama D, Moreira MJV, 
Boonanuntanasarn S, Rodrigues PML (2018). A Proteomics and other Omics approach in the 
context of farmed fish welfare and biomarker discovery. Reviews in Aquaculture 

Reindl KM, Sheridan MA (2012). Peripheral regulation of the growth hormone-insulin-like 
growth factor system in fish and other vertebrates. Comparative Biochemistry and Physiology 
Part A: Molecular & Integrative 163(3-4):231-245 

Reinecke M (2010). Influences of the environment on the endocrine and paracrine fish 
growth hormone-insulin-like growth factor-I system. J Fish Biol 76(6):1233-1254 

Reis MIR, do Vale A, Pereira PJB, Azevedo JE, dos Santos NMS (2012). Caspase-1 and IL-1ß 
Processing in a Teleost Fish. PLoS ONE 7(11) 

Remen M, Aas TS, Vågseth T, Torgersen T, Olsen RE, Imsland A, Oppedal F (2014). Production 
performance of Atlantic salmon (Salmo salar L.) postsmolts in cyclic hypoxia, and following 
compensatory growth. Aquacult Res 45(8):1355-1366 

Renaville R, Hammadi M, Portetelle D (2002). Role of the somatotropic axis in the 
mammalian metabolism. Domest Anim Endocrinol 23(1-2):351-360 

Renninger SL, Gesemann M, Neuhauss SC (2011). Cone arrestin confers cone vision of high 
temporal resolution in zebrafish larvae. Eur J Neurosci 33(4):658-667 

Ribas L, Roher N, Martinez M, Balasch JC, Donate C, Goetz FW, Iliev D, Planas JV, Tort L, 
MacKenzie S (2008). Characterization and expression of the transcription factor PU.1 during LPS-
induced inflammation in the rainbow trout (Oncorhynchus mykiss). Fish Shellfish Immunol 
24(1):35-45 

Ribeiro FF, Tsuzuki MY (2010). Compensatory growth responses in juvenile fat snook, 
Centropomus parallelus Poey, following food deprivation. Aquacult Res 41(9):e226-e233 

Richards JG, Semple JW, Bystriansky JS, Schulte PM (2003). Na+/K+-ATPase a-isoform 
switching in gills of rainbow trout (Oncorhynchus mykiss) during salinity transfer. J Exp Biol 
206(24):4475-4486 

Richman NH, de Diaz ST, Nishioka RS, Bern HA (1985). Developmental Study of Coho Gill 
Functional Morphology and the Effects of Cortisol. Aquaculture 45:386-387 

Riley WD, Ibbotson AT, Maxwell DL, Davison PI, Beaumont WRC, Ives MJ (2014). 
Development of schooling behaviour during the downstream migration of Atlantic salmon Salmo 
salar smolts in a chalk stream. J Fish Biol 85(4):1042-1059 

Robertson LS, McCormick SD (2012). Transcriptional profiling of the parr-smolt 
transformation in Atlantic salmon. Comp Biochem Physiol Part D Genomics Proteomics 7(4):351-
360 

Robledo D, Palaiokostas C, Bargelloni L, Martínez P, Houston R (2018). Applications of 
genotyping by sequencing in aquaculture breeding and genetics. Reviews in Aquaculture 
10(3):670-682 



166 

 

Rock KL, York IA, Saric T, Goldberg AL (2002). Protein degradation and the generation of MHC 
class I-presented peptides. 1-70 

Rolland M, Skov PV, Dalsgaard AJ (2015). Effects of dietary methionine on feed utilization, 
plasma amino acid profiles and gene expression in rainbow trout (Oncorhynchus mykiss). 

Roscioni S, De Zeeuw D, Hellemons ME, Mischak H, Zürbig P, Bakker S, Gansevoort RT, Reinhard 
H, Persson F, Lajer M (2013). A urinary peptide biomarker set predicts worsening of albuminuria in 
type 2 diabetes mellitus. Diabetologia 56(2):259-267 

Rottiers DV (1994). Survival of caged Atlantic salmon in the Merrimack River. N Am J Fish 
Manage 14(2):355-361 

Rousseau K, Martin P, Boeuf G, Dufour S (2012). Salmonid smoltification. Metamorphosis in 
Fish.CRC Press, Boca Raton 167-215. 

Rubin CI, Atweh GF (2004). The role of stathmin in the regulation of the cell cycle. J Cell Biochem 
93(2):242-250 

Ruprecht B, Lemeer S (2014). Proteomic analysis of phosphorylation in cancer. Expert Rev 
Proteomics 11(3):259-267 

Sakamoto T, Hirano T, Madsen SS, Nishioka RS, Bern HA (1995). Insulin-like growth factor I gene 
expression during parr-smolt transformation of coho salmon. Zool Sci 12(2):249-252 

Sakamoto T, McCormick SD (2006). Prolactin and growth hormone in fish osmoregulation. Gen 
Comp Endocrinol 147(1):24-30 

Salem M, Kenney PB, Rexroad CE, Yao J (2006). Molecular characterization of muscle atrophy 
and proteolysis associated with spawning in rainbow trout. BMC Genomics 1(2):227-237 

Salem M, Silverstein J, Rexroad CE, Yao J (2007). Effect of starvation on global gene expression 
and proteolysis in rainbow trout (Oncorhynchus mykiss). BMC Genomics 8(1):328 

Salem M, Vallejo RL, Leeds TD, Palti Y, Liu S, Sabbagh A, Rexroad III CE, Yao J (2012). RNA-Seq 
identifies SNP markers for growth traits in rainbow trout. PLoS One 7(5):e36264 

Salvi M, Battaglia V, Brunati AM, La Rocca N, Tibaldi E, Pietrangeli P, Marcocci L, Mondovi B, 
Rossi CA, Toninello A (2007). Catalase takes part in rat liver mitochondria oxidative stress defense. J 
Biol Chem 282(33):24407-24415 

Samy JKA, Muluget, TD, Nom, T, Sandve SR, Grammes F, Kent MP, Lien S and Våge DI (2017). 
SalmoBase: an integrated molecular data resource for Salmonid species. BMC genomics, 18(1), 
p.482 

Sartelet A, Druet T, Michaux C, Fasquelle C, Géron S, Tamma N, Zhang Z, Coppieters W, Georges 
M, Charlier C (2012). A splice site variant in the bovine RNF11 gene compromises growth and 
regulation of the inflammatory response. PLoS Genetics 8(3):e1002581 

Satterthwaite WH, Beakes MP, Collins EM, Swank DR, Merz JE, Titus OG, Sogard SM, Mangel M 
(2009). Steelhead life history on California's central coast: Insights from a state-dependent model. 
Trans Am Fish Soc 138(3):532-548 

Saunders RL, Henderson EB, Harmon PR (1985). Effects of photoperiod on juvenile growth and 
smolting of Atlantic salmon and subsequent survival and growth in sea cages. Aquaculture 45(1-
4):55-66 

Savini D, Occhipinti–Ambrogi A, Marchini A, Tricarico E, Gherardi F, Olenin S, Gollasch S (2010). 
The top 27 animal alien species introduced into Europe for aquaculture and related activities. 
Journal of Applied Ichthyology 26, 1-7 



167 

 

Schmitz M (1992). Annual variations in rheotactic behaviour and seawater adaptability in 
landlocked Arctic char (Salvelinus alpinus). Can J Fish Aquat Sci 49(3):448-452 

Schwamborn K, Krieg RC, Reska M, Jakse G, Knuechel R, Wellmann A (2007). Identifying 
prostate carcinoma by MALDI-Imaging. Int J Mol Med 20(2):155-159 

Seddiki H, Boeuf G, Maxime V, Peyraud C (1996). Effects of growth hormone treatment on 
oxygen consumption and sea water adaptability in Atlantic salmon parr and pre-smolts. 
Aquaculture 148(1):49-62 

Seear PJ, Carmichael SN, Talbot R, Taggart JB, Bron JE, Sweeney GE (2010). Differential gene 
expression during smoltification of Atlantic salmon (Salmo salar L.): A first large-scale microarray 
study. Mar Biotechnol 12(2):126-140 

Seedorf U, Scheek S, Engel T, Steif C, Hinz H, Assmann G (1994). Structure-activity studies of 
human sterol carrier protein 2. J Biol Chem 269(4):2613-2618 

Segrest JP, Jones MK, De Loof H, Dashti N (2001). Structure of apolipoprotein B-100 in low 
density lipoproteins. J Lipid Res 42(9):1346-1367 

Seidelin M, Madsen SS (1997). Prolactin antagonizes the seawater-adaptive effect of cortisol 
and growth hormone in anadromous brown trout (Salmo trutta). Zool Sci 14(2):249-257 

Selvaraju S, El Rassi Z (2011). Reduction of protein concentration range difference followed 
by multicolumn fractionation prior to 2‐DE and LC‐MS/MS profiling of serum proteins. 
Electrophoresis 32(6‐7):674-685 

Sequeida A, Maisey K, Imarai M (2017). Interleukin 4/13 receptors: An overview of genes, 
expression and functional role in teleost fish. Cytokine Growth Factor Rev 38:66-72 

Sharifuzzaman SM, Austin B (2009). Influence of probiotic feeding duration on disease 
resistance and immune parameters in rainbow trout. Fish Shellfish Immunol 27(3):440-445 

Sharpe CS, Beckman BR, Cooper KA, Hulett PL (2007). Growth modulation during juvenile 
rearing can reduce rates of residualism in the progeny of wild steelhead broodstock. North Am J 
Fish Manage 27(4):1355-1368 

Sheridan MA (1989). Alterations in lipid metabolism accompanying smoltification and 
seawater adaptation of salmonid fish. Aquaculture 82(1-4):191-203 

Sheridan MA (1986). Effects of thyroxin, cortisol, growth hormone, and prolactin on lipid 
metabolism of coho salmon, Oncorhynchus kisutch, during smoltification. Gen Comp Endocrinol 
64(2):220-238 

Sheridan MA, Allen WV, Kerstetter TH (1985). Changes in the fatty acid composition of 
steelhead trout, Salmo gairdnerii Richardson, associated with parr-smolt transformation. 
Comparative Biochemistry and Physiology -- Part B: Biochemistry 80(4):671-676 

Sheridan MA, Woo NYS, Bern HA (1985). Changes in the rates of glycogenesis, glycogenolysis, 
lipogenesis, and lipolysis in selected tissues of the coho salmon (Oncorhynchus kisutch) 
associated with parr-smolt transformation. J Exp Zool 236(1):35-44 

Shih JH, Michalowska AM, Dobbin K, Ye Y, Qiu TH, Green JE (2004). Effects of pooling mRNA 
in microarray class comparisons. Bioinformatics 20(18):3318-3325 

Shimizu M, Beckman BR, Hara A, Dickhoff WW (2006). Measurement of circulating salmon 
IGF binding protein-1: Assay development, response to feeding ration and temperature, and 
relation to growth parameters. J Endocrinol 188(1):101-110 



168 

 

Shimizu M, Kishimoto K, Yamaguchi T, Nakano Y, Hara A, Dickhoff WW (2011a). Circulating 
salmon 28- and 22-kDa insulin-like growth factor binding proteins (IGFBPs) are co-orthologs of 
IGFBP-1. Gen Comp Endocrinol 174(2):97-106 

Shimizu M, Suzuki S, Horikoshi M, Hara A, Dickhoff WW (2011b). Circulating salmon 41-kDa 
insulin-like growth factor binding protein (IGFBP) is not IGFBP-3 but an IGFBP-2 subtype. General and 
comparative endocrinology. 171(3):326-31 

Shimizu M, Swanson P, Fukada H, Hara A, Dickhoff WW (2000). Comparison of extraction 
methods and assay validation for salmon insulin-like Growth Factor-I using commercially available 
components. Gen Comp Endocrinol 119(1):26-36 

Shimomura T, Nakajima T, Horikoshi M, Iijima A, Urabe H, Mizuno S, Hiramatsu N, Hara A, 
Shimizu M (2012). Relationships between gill Na+,K+-ATPase activity and endocrine and local insulin-
like growth factor-I levels during smoltification of masu salmon (Oncorhynchus masou). Gen Comp 
Endocrinol 178(2):427-435 

Shrimpton JM, Björnsson BT, McCormick SD (2000). Can Atlantic salmon smolt twice? Endocrine 
and biochemical changes during smolting. Can J Fish Aquatic Sci 57(10):1969-1976 

Shrimpton JM, McCormick SD (1998a) Regulation of gill cytosolic corticosteroid receptors in 
juvenile Atlantic salmon: Interaction effects of growth hormone with prolactin and triiodothyronine. 
Gen Comp Endocrinol 112(2):262-274 

Shrimpton JM, McCormick SD (1998b) Seasonal differences in plasma cortisol and gill 
corticosteroid receptors in upper and lower mode juvenile Atlantic salmon. Aquaculture 168(1-
4):205-219 

Simpson KL, Whetton AD, Dive C (2009). Quantitative mass spectrometry-based techniques for 
clinical use: biomarker identification and quantification. Journal of Chromatography B 877(13):1240-
1249 

Skorve J, Hilvo M, Vihervaara T, Burri L, Bohov P, Tillander V, Bjørndal B, Suoniemi M, Laaksonen 
R, Ekroos K (2015). Fish oil and krill oil differentially modify the liver and brain lipidome when fed to 
mice. Lipids in Health and Disease 14(1):88 

Sloat MR, Fraser DJ, Dunham JB, Falke JA, Jordan CE, McMillan JR, Ohms HA (2014). Ecological 
and evolutionary patterns of freshwater maturation in Pacific and Atlantic salmonines. Rev Fish Biol 
Fish 24(3):689-707 

Sloat MR, Reeves GH (2014). Individual condition, standard metabolic rate, and rearing 
temperature influence steelhead and rainbow trout (Oncorhynchus mykiss) life histories. Can J Fish 
Aquatic Sci 71(4):491-501 

Sloman K, Gilmour K, Metcalfe N, Taylor A (2000a) Does socially induced stress in rainbow trout 
cause chloride cell proliferation? J Fish Biol 56(3):725-738 

Sloman K, Gilmour K, Taylor A, Metcalfe N (2000b) Physiological effects of dominance hierarchies 
within groups of brown trout, Salmo trutta, held under simulated natural conditions. Fish Physiol 
Biochem 22(1):11-20 

Sloman K, Motherwell G, O'connor K, Taylor A (2000). The effect of social stress on the standard 
metabolic rate (SMR) of brown trout, Salmo trutta. Fish Physiol Biochem 23(1):49-53 

Sloman KA, Metcalfe NB, Taylor AC, Gilmour KM (2001). Plasma cortisol concentrations before 
and after social stress in rainbow trout and brown trout. Physiol Biochem Zool 74(3):383-389 

Sloman K, Taylor A, Metcalfe N, Gilmour K (2001). Effects of an environmental perturbation on 
the social behaviour and physiological function of brown trout. Anim Behav 61:325-333 



169 

 

Small BC, Peterson BC (2005). Establishment of a time-resolved fluoroimmunoassay for 
measuring plasma insulin-like growth factor I (IGF-I) in fish: Effect of fasting on plasma 
concentrations and tissue mRNA expression of IGF-I and growth hormone (GH) in channel catfish 
(Ictalurus punctatus). Domest Anim Endocrinol 28(2):202-215 

Smith JW, Evans AT, Costall B, Smythe JW (2002). Thyroid hormones, brain function and 
cognition: a brief review. Neuroscience & Biobehavioral Reviews 26(1):45-60 

Sneddon L (2006). Ethics and welfare: pain perception in fish 

Sogard SM, Merz JE, Satterthwaite WH, Beakes MP, Swank DR, Collins EM, Titus RG, Mangel 
M (2012). Contrasts in habitat characteristics and life history patterns of Oncorhynchus mykiss in 
California's central coast and Central Valley. Trans Am Fish Soc 141(3):747-760 

Soivio A, Virtanen E, Muona M (1988). Desmoltification of heat-accelerated Baltic salmon 
(Salmo salar) in brackish water. Aquaculture 71(1-2):89-97 

Solbakken VA, Hansen T, Stefansson SO (1994). Effects of photoperiod and temperature on 
growth and parr-smolt transformation in Atlantic salmon (Salmo salar L.) and subsequent 
performance in seawater. Aquaculture 121(1-3):13-27 

Somboonwiwat K, Chaikeeratisak V, Wang H-, Fang Lo C, Tassanakajon A (2010). Proteomic 
analysis of differentially expressed proteins in Penaeus monodon hemocytes after Vibrio harveyi 
infection. Proteome Sci 8 

Sommerset I, Krossøy B, Biering E, Frost P (2005). Vaccines for fish in aquaculture. Expert Rev 
Vaccines 4(1):89-101 

Staley KB, Ewing RD (1992). Purine levels in the skin of juvenile coho salmon (Oncorhynchus 
kisutch) during Parr-smolt transformation and adaptation to seawater. Comparative 
Biochemistry and Physiology - Part B: Biochemistry 101(3):447-452 

Stalmach A, Husi H, Mosbahi K, Albalat A, Mullen W, Mischak H (2015). Methods in capillary 
electrophoresis coupled to mass spectrometry for the identification of clinical 
proteomic/peptidomic biomarkers in biofluids. Clinical Proteomics. Springer 

Stanković D, Crivelli AJ, Snoj A (2015). Rainbow trout in Europe: introduction, naturalization, 
and impacts. Reviews in Fisheries Science & Aquaculture 23(1), 39-71 

Stanley WA, Filipp FV, Kursula P, Schüller N, Erdmann R, Schliebs W, Sattler M, Wilmanns M 
(2006). Recognition of a functional peroxisome type 1 target by the dynamic import receptor 
pex5p. Mol Cell 24(5):653-663 

Staurnes M, Sigholt T, Gulseth OA (1994). Effects of seasonal changes in water temperature 
on the parr-smolt transformation of Atlantic salmon and anadromous arctic char. Trans Am Fish 
Soc 123(3):408-415 

Stead SM, Laird L (2002). Production II: From egg to market size: onrearing in freshwater and 
marine environments. The Handbook of Salmon Farming. Springer Science & Business Media 

Stefansson SO, Berge AI, Gunnarsson GS (1998). Changes in seawater tolerance and gill 
Na+,K+-ATPase activity during desmoltification in Atlantic salmon kept in freshwater at different 
temperatures. Aquaculture 168(1-4):271-277 

Stefansson SO, Björnsson BT, Ebbesson LOE, McCormick SD (2008). Smoltification. Fish Larval 
Physiology 639-681. 

Stefansson SO, Björnsson BT, Sundell K, Nyhammer G, McCormick SD (2003). Physiological 
characteristics of wild Atlantic salmon post-smolts during estuarine and coastal migration. J Fish 
Biol 63(4):942-955 



170 

 

Stefansson SO, Nilsen TO, Ebbesson LOE, Wargelius A, Madsen SS, Björnsson BT, McCormick SD 
(2007). Molecular mechanisms of continuous light inhibition of Atlantic salmon parr-smolt 
transformation. Aquaculture 273(2-3):235-245 

Stephen C, Ribble CS (1995). An evaluation of surface moribund salmon as indicators of seapen 
disease status. Aquaculture 133(1):1-8 

Stien LH, Bracke MBM, Folkedal O, Nilsson J, Oppedal F, Torgersen T, Kittilsen S, Midtlyng PJ, 
Vindas MA, Øverli O, Kristiansen TS (2013). Salmon Welfare Index Model (SWIM 1.0): A semantic 
model for overall welfare assessment of caged Atlantic salmon: Review of the selected welfare 
indicators and model presentation. Reviews in Aquaculture 5(1):33-57 

Sullivan LS, Bowne SJ, Koboldt DC, Cadena EL, Heckenlively JR, Branham KE, Wheaton DH, Jones 
KD, Ruiz RS, Pennesi ME (2017). A novel dominant mutation in SAG, the arrestin-1 gene, is a 
common cause of retinitis pigmentosa in Hispanic families in the Southwestern United States. Invest 
Ophthalmol Vis Sci 58(5):2774-2784 

Sullivan CV, Dickhoff WW, Mahnken CVW, Hersbberger WK (1985). Changes in the hemoglobin 
system of the coho salmon Oncorhynchus kisutch during smoltification and triiodothyronine and 
propylthiouracil treatment. Comparative Biochemistry and Physiology -- Part A: Physiology 
81(4):807-813 

Sun H, Wang W, Li J, Yang Z (2014). Growth, oxidative stress responses, and gene transcription of 
juvenile bighead carp (Hypophthalmichthys nobilis) under chronic‐term exposure of ammonia. 
Environmental Toxicology and Chemistry 33(8):1726-1731 

Sundell K, Jutfelt F, Ágústsson T, Olsen R-, Sandblom E, Hansen T, Björnsson BT (2003). Intestinal 
transport mechanisms and plasma cortisol levels during normal and out-of-season parr-smolt 
transformation of Atlantic salmon, Salmo salar. Aquaculture 222(1-4):265-285 

Sutherland BJ, Hanson KC, Jantzen JR, Koop BF, Smith CT (2014). Divergent immunity and 
energetic programs in the gills of migratory and resident Oncorhynchus mykiss. Mol Ecol 23(8):1952-
1964 

Sweeting RM, Wagner GF, McKeown BA (1985). Changes in plasma glucose, amino acid nitrogen 
and growth hormone during smoltification and seawater adaptation in coho salmon, Oncorhynchus 
kisutch. Aquaculture 45(1-4):185-197 

Takano T, Hwang SD, Kondo H, Hirono I, Aoki T, Sano M (2010). Evidence of molecular Toll-like 
receptor mechanisms in teleosts. Fish Pathol 45(1):1-16 

Takizawa F, Koppang EO, Ohtani M, Nakanishi T, Hashimoto K, Fischer U, Dijkstra JM (2011). 
Constitutive high expression of interleukin-4/13A and GATA-3 in gill and skin of salmonid fishes 
suggests that these tissues form Th2-skewed immune environments. Mol Immunol 48(12-13):1360-
1368 

Tam S, Tsai M, Snouwaert JN, Kalesnikoff J, Scherrer D, Nakae S, Chatterjea D, Bouley DM, Galli SJ 
(2004). RabGEF1 is a negative regulator of mast cell activation and skin inflammation. Nat Immunol 
5(8):844 

Tan S, Tan HT, & Chung MC (2008). Membrane proteins and membrane proteomics. Proteomics, 
8(19), 3924-3932 

Tanaka Y, Akiyama H, Kuroda T, Jung G, Tanahashi K, Sugaya H, Utsumi J, Kawasaki H, Hirano H 
(2006). A novel approach and protocol for discovering extremely low‐abundance proteins in serum. 
Proteomics 6(17):4845-4855 



171 

 

Taneja S, Ahmad I, Sen S, Kumar S, Arora R, Gupta VK, Aggarwal R, Narayanasamy K, Reddy 
VS, Jameel S (2011). Plasma peptidome profiling of acute hepatitis E patients by MALDI-TOF/TOF. 
Proteome Sci 9 

Taylor JF, Migaud H, Porter MJR, Bromage NR (2005). Photoperiod influences growth rate 
and plasma insulin-like growth factor-I levels in juvenile rainbow trout, Oncorhynchus mykiss. 
Gen Comp Endocrinol 142(1-2 SPEC. ISS.):169-185 

Temple SE, Plate EM, Ramsden S, Haimberger TJ, Roth W-, Hawryshyn CW (2006). Seasonal 
cycle in vitamin A1/A2-based visual pigment composition during the life history of coho salmon 
(Oncorhynchus kisutch). J Comp Physiol A Neuroethol Sens Neural Behav Physiol 192(3):301-313 

Temple SE, Veldhoen KM, Phelan JT, Veldhoen NJ, Hawryshyn CW (2008). Ontogenetic 
changes in photoreceptor opsin gene expression in coho salmon (Oncorhynchus kisutch, 
Walbaum). J Exp Biol 211(24):3879-3888 

Thiam AR, Farese Jr RV, Walther TC (2013). The biophysics and cell biology of lipid droplets. 
Nature Reviews Molecular Cell Biology 14(12):775 

Thorpe JE (1994). An alternative view of smolting in salmonids. Aquaculture 121(1-3):105-
113 

Thorpe JE, Metcalfe NB (1998). Is smolting a positive or a negative developmental decision?. 
Aquaculture 168(1-4):95-103 

Thrower FP, Joyce JE (2005). Effects of 70 years of freshwater residency on survival, growth, 
early maturation, and smolting in a stock of anadromous rainbow trout from southeast Alaska. 
Am Fish Soc Symp 2005(44):485-496 

Tilli TM, da Silva Castro C, Tuszynski JA, Carels N (2016). A strategy to identify housekeeping 
genes suitable for analysis in breast cancer diseases. BMC Genomics 17(1):639 

Timm W, Scherbart A, Böcker S, Kohlbacher O, Nattkemper TW (2008). Peak intensity 
prediction in MALDI-TOF mass spectrometry: A machine learning study to support quantitative 
proteomics. BMC Bioinform 9 

Tocher DR, Bendiksen EÅ, Campbell PJ, Bell JG (2008). The role of phospholipids in nutrition 
and metabolism of teleost fish. Aquaculture 280(1-4):21-34 

Tocher DR (2003). Metabolism and functions of lipids and fatty acids in teleost fish. Rev Fish 
Sci 11(2):107-184 

Torner L, Neumann ID (2002). The brain prolactin system: involvement in stress response 
adaptations in lactation. Stress 5(4):249-257 

Tort L, Balasch J, Mackenzie S (2003). Fish immune system. A crossroads between innate and 
adaptive responses. Inmunología 22(3):277-286 

Triebl A (2016). Glycerophospholipids. Encyclopedia of Lipidomics 1-4 

Troell M, Naylor RL, Metian M, Beveridge M, Tyedmers PH, Folke C, Arrow KJ, Barrett S, 
Crépin A-, Ehrlich PR, Gren A, Kautsky N, Levin SA, Nyborg K, Österblom H, Polasky S, Scheffer M, 
Walker BH, Xepapadeas T, De Zeeuw A (2014). Does aquaculture add resilience to the global 
food system?. Proc Natl Acad Sci U S A 111(37):13257-13263 

Tsai H, Hamilton A, Tinch AE, Guy DR, Gharbi K, Stear MJ, Matika O, Bishop SC, Houston RD 
(2015). Genome wide association and genomic prediction for growth traits in juvenile farmed 
Atlantic salmon using a high density SNP array. BMC Genomics 16(1):969 

Tsigos C, Chrousos GP (2002). Hypothalamic–pituitary–adrenal axis, neuroendocrine factors 
and stress. J Psychosom Res 53(4):865-871 



172 

 

Uchida K, Kaneko T, Yamauchi K, Hirano T (1996). Morphometrical analysis chloride cell activity 
in the gill filaments and lamellae and changes in Na , K ‐ATPase activity during seawater adaptation 
in chum salmon fry. J Exp Zool 276(3):193-200 

Utrilla CG, Lobón-Cerviá J (1999). Life-history patterns in a southern population of Atlantic 
salmon. J Fish Biol 55(1):68-83 

Valenzuela AE, Silva VM, Klempau AE (2008). Effects of different artificial photoperiods and 
temperatures on haematological parameters of rainbow trout (Oncorhynchus mykiss). Fish Physiol 
Biochem 34(2):159-167 

Vallejo RL, Leeds TD, Gao G, Parsons JE, Martin KE, Evenhuis JP, Fragomeni BO, Wiens GD, Palti Y 
(2017). Genomic selection models double the accuracy of predicted breeding values for bacterial 
cold water disease resistance compared to a traditional pedigree-based model in rainbow trout 
aquaculture. Genetics Selection Evolution 49(1):17 

Veillette PA, White RJ, Specker JL (1993). Changes in intestinal fluid transport in Atlantic salmon 
(Salmo salar L) during parr-smolt transformation. Fish Physiol Biochem 12(3):193-202 

Veillette PA, Young G (2005). Tissue culture of sockeye salmon intestine: Functional response of 
Na +-K+-ATPase to cortisol. Am J Physiol Regul Integr Comp Physiol 288(6 57-6):R1598-R1605 

Veldhoen K, Allison WT, Veldhoen N, Anholt BR, Helbing CC, Hawryshyn CW (2006). Spatio-
temporal characterization of retinal opsin gene expression during thyroid hormone-induced and 
natural development of rainbow trout. Vis Neurosci 23(2):169-179 

Veldhuis JD (2008). Aging and hormones of the hypothalamo-pituitary axis: gonadotropic axis in 
men and somatotropic axes in men and women. Ageing Research Reviews 7(3):189-208 

Verma S, Goyal S, Jamal S, Singh A, Grover A (2016). Hsp90: Friends, clients and natural foes. 
Biochimie 127:227-240 

Villanueva B, Fernández J, García-Cortés L, Varona L, Daetwyler H, Toro M (2011). Accuracy of 
genome-wide evaluation for disease resistance in aquaculture breeding programs. J Anim Sci 
89(11):3433-3442 

Vindas MA, Johansen IB, Folkedal O, Höglund E, Gorissen M, Flik G, Kristiansen TS, Øverli Ø 
(2016). Brain serotonergic activation in growth-stunted farmed salmon: Adaption versus pathology. 
R Soc Open Sci 3(5) 

Volmer DA, Sleno L, Bateman K, Sturino C, Oballa R, Mauriala T, Corr J (2007). Comparison of 
MALDI to ESI on a triple quadrupole platform for pharmacokinetic analyses. Anal Chem 79(23):9000-
9006 

Vu VQ (2011). ggbiplot: A ggplot2 based biplot 342 

Wagner HH (1974a) Seawater adaptation independent of photoperiod in steelhead trout (Salmo 
gairdneri). Can J Zool 52(7):805-812 

Wagner HH (1974b) Photoperiod and temperature regulation of smolting in steelhead trout 
(Salmo gairdneri). Can J Zool 52(2):219-234 

Wang J, Lee YM, Li C, Li P, Li Z, Lim TK, Gong Z, Lin Q (2015). Dramatic improvement of proteomic 
analysis of zebrafish liver tumor by effective protein extraction with sodium deoxycholate and heat 
denaturation. International Journal of Analytical Chemistry 

Wang J, Karra R, Dickson AL, Poss KD (2013). Fibronectin is deposited by injury-activated 
epicardial cells and is necessary for zebrafish heart regeneration. Dev Biol 382(2):427-435 



173 

 

Wang X, Liu Q, Xu S, Xiao Y, Wang Y, Feng C, Xue R, Zhao H, Song Z, Li J (2018). Transcriptome 
Dynamics During Turbot Spermatogenesis Predicting the Potential Key Genes Regulating Male Germ 
Cell Proliferation and Maturation. Scientific Reports 8(1):15825 

Watanabe K, Umeda T, Niwa K, Naguro I, Ichijo H (2018). A PP6-ASK3 module coordinates the 
bidirectional cell volume regulation under osmotic stress. Cell Reports 22(11):2809-2817 

Wedemeyer GA, Saunders RL, Clarke WC (1980). Environmental factors affecting 
smoltification and early marine survival of anadromous salmonids. Mar Fish Rev 42(6):1-14 

Weinkauf M, Hiddemann W, Dreyling M (2006). Sample pooling in 2-D gel electrophoresis: A 
new approach to reduce nonspecific expression background. Electrophoresis 27(22):4555-4558 

White PC, Rogoff D, McMillan DR, Lavery GG (2007). Hexose 6-phosphate dehydrogenase 
(H6PD) and corticosteroid metabolism. Mol Cell Endocrinol 265:89-92 

Wickham H (2009). ggplot2 Elegant Graphics for Data Analysis Introduction 

Wilkinson RJ, Porter M, Woolcott H, Longland R, Carragher JF (2006). Effects of aquaculture 
related stressors and nutritional restriction on circulating growth factors (GH, IGF-I and IGF-II) in 
Atlantic salmon and rainbow trout. Comparative Biochemistry and Physiology Part A: Molecular 
& Integrative Physiology 145(2):214-224 

Winans GA, Nishioka RS (1987). A multivariate description of change in body shape of coho 
salmon (Oncorhynchus kisutch) during smoltification. Aquaculture 66(3-4):235-245 

Won ET, Borski RJ (2013). Endocrine regulation of compensatory growth in fish. Frontiers in 
Endocrinology 4:74 

Wood AW, Duan C., Bern H.A. (2005). Insulin-like growth factor signaling in fish. Int Rev Cytol 
243:215-28510.1016/S0074-7696(05)43004-1 

Wu Y, Tang J, Zhou C, Zhao L, Chen J, Zeng L, Rao C, Shi H, Liao L, Liang Z (2016). Quantitative 
proteomics analysis of the liver reveals immune regulation and lipid metabolism dysregulation in 
a mouse model of depression. Behav Brain Res 311:330-339 

Yasunaga M, Ipsaro JJ, Mondragón A (2012). Structurally similar but functionally diverse ZU5 
domains in human erythrocyte ankyrin. J Mol Biol 417(4):336-350 

Yi Z, Jingting C, Yu Z (2009). Proteomics reveals protein profile changes in cyclooxygenase-2 
inhibitor-treated endometrial cancer cells. International Journal of Gynecologic Cancer 
19(3):326-333 

Young G, Björnsson BT, Prunet P, Lin RJ, Bern HA (1989). Smoltification and seawater 
adaptation in coho salmon (Oncorhynchus kisutch): Plasma prolactin, growth hormone, thyroid 
hormones, and cortisol. Gen Comp Endocrinol 74(3):335-345 

Zaugg WS, McLain LR (1986). Changes in blood levels of nucleoside triphosphates, 
hemoglobin and hematocrits during parr-smolt transformation of coho salmon (Oncorhynchus 
kisutch). Comparative Biochemistry and Physiology -- Part A: Physiology 84(3):487-493 

Zaugg WS, Mclain LR (1976). Influence of water temperature on gill sodium, potassium-
stimulated ATPase activity in juvenile coho salmon (Oncorhynchus kisutch). Comparative 
Biochemistry and Physiology -- Part A: Physiology 54(4):419-421 

Zaugg WS, Wagner HH (1973). Gill atpase activity related to parr-smolt transformation and 
migration in steelhead trout (Salmo gairdneri): Influence of photoperiod and temperature. 
Comparative Biochemistry and Physiology -- Part B: Biochemistry 45(4):955-965 

Zeeshan H, Lee G, Kim H, Chae H (2016). Endoplasmic reticulum stress and associated ROS. 
International Journal of Molecular Sciences 17(3):327 



174 

 

Zhang J, Lazar MA (2000). The mechanism of action of thyroid hormones. Annu Rev Physiol 62 

Zhang W, Carriquiry A, Nettleton D, Dekkers JC (2007). Pooling mRNA in microarray experiments 
and its effect on power. Bioinformatics 23(10):1217-1224 

Zhang A-, Sun H, Yan G-, Han Y, Wang X- (2013). Serum proteomics in biomedical research: A 
systematic review. Appl Biochem Biotechnol 170(4):774-786 

Zhang W, Liu Y, Zhang H, Dai J (2012). Proteomic analysis of male zebrafish livers chronically 
exposed to perfluorononanoic acid. Environ Int 42(1):20-30 

Zhou J, Li W, Kamei H, Duan C (2008). Duplication of the IGFBP-2 gene in teleost fish: protein 
structure and functionality conservation and gene expression divergence. PloS One 3(12):e3926 

Zhu X, Zhu L, Lang Y, Chen Y (2008). Oxidative stress and growth inhibition in the freshwater fish 
Carassius auratus induced by chronic exposure to sublethal fullerene aggregates. Environmental 
Toxicology and Chemistry: An International Journal 27(9):1979-1985 

Zhu W, Smith JW, Huang CM (2010). Mass spectrometry-based label-free quantitative 
proteomics. J Biomed Biotechnol 2010:840518 

Zmistowski B, Restrepo C, Huang R, Hozack WJ, Parvizi J (2012). Periprosthetic joint infection 
diagnosis: a complete understanding of white blood cell count and differential. J Arthroplasty 
27(9):1589-1593 

Zolg W (2006). The proteomic search for diagnostic biomarkers: Lost in translation?. Mol Cell 
Proteomics 5(10):1720-1726 

Zucht H-, Lamerz J, Khamenia V, Schiller C, Appel A, Tammen H, Crameri R, Selle H (2005). 
Datamining methodology for LC-MALDI-MS based peptide profiling. Comb Chem High Throughput 
Screen 8(8):717-723 

 

 

 


