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ABSTRACT 

With an increasing human population, there has been increased production of fish to meet 

nutritional needs. Commercial aquaculture accounts for a significant portion of seafood 

production with salmonids being the major farmed finfish in Canada. To obtain greater 

biomass from aquaculture with minimal drawbacks (e.g., compromised flesh quality), 

triploidization has been implemented, altering ploidy from 2N to 3N, to induce sterility and 

promote energy investment towards somatic growth. Triploid individuals experience 

transcriptional and behavioural changes resulting in disease, mortalities, and reduced 

growth. Probiotic therapies (live microorganisms) have been recommended to potentially 

overcome drawbacks of triploidy and improve mass due to the purported benefits to the 

host. Through a behavioural genomics approach, I examined neural transcriptional profiles 

(i.e., relating to neural functions, stress response, appetite/metabolism, and growth) and 

combined these with behavioural profiles via behavioural assays (i.e., open field, novel 

object, predator, and mirror tests) in hatchery-reared juvenile Chinook salmon 

(Oncorhynchus tshawytscha). Siblings from 15 families were placed in four treatment 

groups: 2N-regular feed, 2N-probiotic feed, 3N-regular feed, and 3N-probiotic feed to 

determine mechanisms driving differential growth. I found no universal effects of 

treatments on growth. While triploid individuals had reduced mass, growth was influenced 

by transcription, including interactions between a bold/aggressive behavioural profile and 

Shh gene transcription. Probiotic therapy (i.e., Lactobacillus, Bifidobacterium, and 

Lactococcus) had no direct impact on mass, but increased mass when coupled with high 

gene transcription of p53. Through behavioural genomics, I uncovered important 

relationships and interactions that remain to be further described.  
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CHAPTER 1 – GENERAL INTRODUCTION 

1.1 Aquaculture 

 Worldwide there has been an increase in the production of fish for human 

consumption since the 1950s (FAO, 2018), partially due to an increase in demand 

(Hardy, 1999; Hixson, 2014). This increase in demand in turn is the result of an increased 

human population coupled with economic growth (Asche et al., 2008), with seafood 

serving as a main source of animal protein worldwide (Schmitz et al., 2017). Fish are one 

of many sources of micronutrients and animal protein available (Jennings et al., 2016); 

and increases in aquaculture production have resultantly expanded the availability and 

types of nutrients to consumers, with different finfish species providing a variety of 

nutrients (Fiorella et al., 2021), and species of carp being the largest group produced in 

aquaculture worldwide (FAO, 2020). Currently, the consumption of aquaculture fish has 

surpassed that of fish sourced from capture fishing practices in terms of yield (FAO, 

2018; FAO, 2020). Indeed, globally, aquaculture is one of the most rapidly growing food 

industries (FAO, 2018), and in Canada, commercial aquaculture has increased since the 

1990s, with aquaculture currently accounting for approximately 20% of seafood 

production within Canada (Fisheries and Oceans Canada, 2019). British Columbia is the 

largest contributor to Canada’s seafood production (Fisheries and Oceans Canada, 2019), 

with Atlantic salmon (Salmo salar) being the major farmed fish species, and Chinook 

salmon (Oncorhynchus tshawytscha), a native Pacific salmon, a viable alternative 

(Semeniuk et al., 2019). Despite the potential of aquaculture to meet the demands for the 

growing human population and to provide nutrient security (Fiorella et al., 2021), there 

still remains a focus on improving supply to meet nutritional needs (Jennings et al., 

2016). 
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1.2 Triploidization in Aquaculture 

 A major goal in finfish aquaculture is to maximize the quantity and quality of the 

individuals produced and to maximize profit while minimizing the costs of production. In 

aquaculture, a common practice is that of triploidization, where diploid (having two sets 

of chromosomes or 2N) fish can become triploid (have three sets of chromosomes or 3N) 

via heat- or pressure shocking at the fertilized egg stage. The process of triploidization 

prevents the ejection of the second polar body, which would normally be ejected after the 

second meiotic division before the egg is fertilized. The egg then supplies 2N when being 

fertilized by the sperm (1N), yielding offspring that have a genetic composition of 3N 

(Rottman et al., 1991). Triploidy has successfully been induced in a variety of finfish 

species (e.g., grass carp, Ctenopharyngodon idella, Zajicek et al., 2011; Atlantic salmon, 

Benfey, 2001; Chinook salmon, Ching et al., 2010; brook trout, Salvelinus fontinalis, 

Schafhauser-Smith & Benfey, 2001). 

Triploidization is mainly done to induce sterility, allowing for energy investment 

towards somatic growth rather than towards forming reproductive organs and 

reproductive efforts. Additionally, the added benefit of induced sterility prevents 

individuals from breeding with wild populations in the case of escapees from aquaculture 

(Carter et al., 1994). However, as a result of altered ploidy, triploid individuals have been 

shown to have reduced survival when compared to wild species and diploid counterparts 

(Ching et al., 2010). Increased mortality of triploids is mainly the result of lower or 

delayed gene transcription of immune-related genes and thus a reduction in disease 

resistance (Ching et al., 2010). This downregulation in genes can occur as a result of 

selective gene dosage compensation, where some genes that normally would experience 
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positive dosage effects (i.e., increased expression with increased ploidy) are compensated 

for and are expressed at diploid levels (Johnson et al., 2007).  Dosage effects associated 

with triploidization can reduce fitness and performance of individuals (Johnson et al., 

2007).  

In addition to immune gene expression, previous research in fish has 

demonstrated ploidy (and to a lesser extent, ploidy and diet interactions) to influence the 

expression of genes involved in signalling pathways, metabolism, and endocrine 

functional groups (e.g., Atlantic salmon; Vera et al., 2017). In the liver of coho salmon 

(Oncorhynchus kisutch), similar overall expression levels have been found between 

diploid and triploid individuals as a result of dosage compensation; however, several 

genes related to nutrition and growth were differentially expressed between the ploidies 

(Christensen et al., 2019). These gene-expression differences were indicative of 

nutritional deficiency in triploid coho salmon and lowered metabolic demands as a result 

of lowered number of growth hormone (GH) transcripts (Christensen et al., 2019). In the 

livers of Atlantic salmon, Odei et al. (2020) found little difference between gene 

expression of diploid and triploid individuals, but differentially expressed genes were 

noted when comparing fish at different life stages within ploidies. For instance, triploid 

individuals had downregulation of genes involved in cellular processes (e.g., ima2 and 

aurkb) and upregulation of a gene involved in oxidative stress (adh1) when comparing 

the fry stage to parr, unseen in diploid salmon. Odei et al. (2020) proposed these changes 

may be a result of triploids having an overall reduction in cell number, thus limiting 

normal cellular functions and causing individuals to be more prone to oxidative stress 

when compared to diploids.  
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While compromised immune function and poorer disease resistance have been 

shown in Chinook salmon triploids (Ching et al., 2010), other drawbacks that have been 

found in other fish species include a decline in stress response, as exhibited through a 

poorer tolerance to temperature stress in rainbow trout (Oncorhynchus mykiss) (Ojolick et 

al., 1995), and likely due to slower responsiveness to environmental changes/pressures in 

South American catfish (Rhamdia quelen) (Weiss & Zaniboni-Filho, 2009). Reduced 

responsiveness to environmental stimuli (i.e., reduced flexibility; Tiwary et al., 2004; 

Van de Pol et al., 2020) may be a result of fewer cells present in the sensory and central 

nervous systems of triploid individuals (Benfey, 1999). Along with reduced 

responsiveness, triploid individuals will be more sensitive to poor environment 

conditions (e.g., lowered oxygen and higher temperatures; Scott et al., 2014; Hansen et 

al., 2015), possibly due to differences in the cell number/size between diploid and triploid 

individuals, where diploids have a greater number of cells (smaller than that of triploids) 

of greater density readily available to respond to stimuli in the surrounding environment 

(Aliah et al., 1990).  

Altered ploidy can also result in behavioural changes for the individual. 

Behavioural impacts of ploidy in fish species have previously been documented, with one 

of the most prevalent findings being that juvenile triploids are found to be less aggressive 

when compared to diploid individuals (e.g., Chinook salmon, Garner, 2008; Atlantic 

salmon, Fraser et al., 2012a; brown trout, Salmo trutta, Preston et al., 2014). Lowered 

aggressive behaviours in triploids may be a result of cognitive differences due to reduced 

cell number in triploid fish (Benfey, 1999), a reduction in androgen concentrations 

(Benfey, 1999; Schafhauser-Smith & Benfey, 2001) which serves as a regulator of 



 

5 
 

aggressive behaviours (Nelson & Trainor, 2008), or related to reproductive activity 

(Kavumpurath et al., 1992), where there is no need for triploids to be competitive for the 

purpose of reproduction as they do not reach sexual maturity. Behavioural variation 

between diploid and triploid individuals may additionally contribute to differences in 

their performance (Garner et al., 2008). Research conducted by Preston et al. (2014), has 

shown a greater degree of behavioural flexibility in triploid brown trout, where 

individuals developed coping strategies in the form of using less aggressive behaviours 

when diploids were present to effectively feed on alternative food sources. Typically, 

triploids have also been found to have poorer foraging ability and food consumption 

levels when compared to diploid individuals (saugeyes, a hybrid cross between walleye 

Stizostedion vitreum and sauger Stizostedion canadense, Czesny et al., 2002; rainbow 

trout, Fraser et al., 2012b). Foraging ability may be impacted by the size of neural 

structures, particularly the telencephalon brain region – where a larger telencephalon can 

be implicated in more active foraging levels (Fraser et al., 2012a). While triploids possess 

larger telencephalons, this region is also composed of fewer cells than in their diploid 

counterparts (Fraser et al., 2012a), thus the relationship between neural structure size and 

foraging ability may be related to cell density, with greater numbers of synaptic 

connections, rather than overall structure size. Finally, more time spent foraging has also 

led to triploids facing a higher rate of predation (Czesny et al., 2002), which can further 

lead to the higher mortality rates triploid individuals already experience. 

1.3 Mechanism of Probiotics on Fish Health  

 Probiotic diets have previously been used in aquaculture settings to improve 

disease resistance (Aly et al., 2008; Liu et al., 2013; Ayyat et al., 2014; Butt & Volkoff, 
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2019), immune responses (He et al., 2013; Villamil et al., 2014), overall health 

(Ouwehand et al., 2002; Llewellyn et al., 2014; Butt & Volkoff, 2019), feed utilization 

(Irianto & Austin, 2002; Llewellyn et al., 2014; Nathanailides et al., 2021), stress 

responses of fish (Llewellyn et al., 2014), and/or growth performance (Irianto & Austin, 

2002; Nayak, 2010; Llewellyn et al., 2014; Butt & Volkoff, 2019; Nathanailides et al., 

2021) through altering the structure, function, and metabolism of the digestive tract of 

aquatic species (Balcázar et al., 2006). Probiotics are live microorganisms and can be 

administered through addition to the feed or the surrounding environment (e.g., water) 

(Llewellyn et al., 2014), or through injection into the organism (Irianto & Austin, 2002). 

Addition of probiotics to feed is the preferred route due to it resulting in successful 

colonization and establishment within the gut (Nayak, 2010); and once established, 

results in interactions between bacteria, epithelial cells, and the gut immune system 

(Nayak, 2010). In probiotics, the most common strains used are members of the lactic 

acid bacteria (i.e., lactobacilli, enterococci, and bifidiobacteria) (Ouwehand et al., 2002). 

The impacts of these microbial bacteria work via a variety of mechansims to benefit the 

host.  

Intestinal microorganisms perform several functions in the host organism, from 

improving host health to organismal development (Wang et al., 2018). Through the 

addition of probiotics, the host organism will experience an increase in microorganisms 

within the digestive system, resulting in promotion of fish health and productivity (Wang 

et al., 2018). For instance, immunomodulatory functions are improved through the 

enhancement of barriers to pathogens and can aid in suppressing pathogens themselves 

(Rohani et al., 2022). Specifically, some probiotics may trigger activity of lysozymes 
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(which act as an antimicrobial and cleave bacterial cells to destroy them, Oliver & Wells, 

2015) (Nayak, 2010; Rohani et al., 2022). The metabolism of the existing gut microbes 

can also be changed through altering enzyme levels (Irianto & Austin, 2002) to provide 

health benefits to the host (Bezkorovainy, 2001). For instance, to improve host nutrition, 

harmful compounds in the feed and indigestible components within the diet can be 

degraded through increased levels of hydrolytic enzymes (e.g., amylases and proteases) 

(Irianto & Austin, 2002), thus increasing nutrient retention (Sahandi et al., 2019).   

The mechanisms by which probiotics function in the host organism vary depending 

on the bacterial strain administered (Gou et al., 2022). For example, Lactobacillus has 

been found to induce intestinal mucin expression (i.e., glycosylated proteins within the 

gastrointestinal tract, Grondin et al., 2020), enhance intestinal epithelial tight junctions, 

protect the intestinal epithelial cells, and mitigate inflammation via metabolites released 

(Huang et al., 2022). In addition, downstream effects of specific probiotics may result 

from the coordination of multiple signalling pathways which the bacterial strains 

stimulate, such as Lactobacillus rhamnosus stimulating the gut-associated lymphoid 

tissue (GALT) to produce an immune response, then increasing the production of 

immune factors (Gou et al., 2022). Additionally, the bacteria work to suppress virulence-

related genes and promote those associated with commensalism between the host and the 

gut microbiota (Wieërs et al., 2020). The host’s gut microbiome is also involved in the 

production of intestinal metabolites such as short-chain fatty acids (SCFAs) (Markowiak-

Kopeć & Śliżewska, 2020). Probiotics can increase the production of SCFAs 

(Markowiak-Kopeć & Śliżewska, 2020; Gou et al., 2022), which are important for 

modulation of gene transcription via inhibiting the activity levels of histone deacetylase 
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(Wieërs et al., 2020), and thus allowing for gene transcription to continue. Given the 

ability for gene modification, probiotics could potentially be useful to counteract the 

genomic drawbacks of altered ploidy.  

Probiotics can also affect a host’s behaviour directly or indirectly through their effects 

on the gut microbiota. Some behaviours which are susceptible to change through the 

addition of probiotics to an organism’s diet include motor-, explorative-, social-, and 

feeding behaviours as well as behavioural flexibility. Microbes within the gut (including 

those present through the addition of probiotics) may manipulate behaviours directly 

through releasing/producing common chemical messengers (e.g., neurotransmitters) or 

hormones, which can then impact the function of neuro-endocrine circuitry of the host 

(Wong et al., 2015; Strandwitz, 2018). Indirectly, the gut microbiota can impact 

behaviours through alterations to the neural system via the gut-brain axis (Umbrello & 

Esposito, 2016; Butt & Volkoff, 2019; Novotný et al., 2019). The gut-brain axis 

encompasses both afferent and efferent neural connections as well as integrated signals 

from the endocrine, immune, and metabolic systems (Novotný et al., 2019). Organs 

which make up the involved systems may be stimulated through signals or molecules 

created by the microbes; although sometimes organs are stimulated indirectly by 

microbes first signalling nerves or hormone release (Schroeder & Bäckhed, 2016).  

1.4 Probiotic Performance Effects via Gene Expression and Behaviour 

Probiotics work to improve growth through a variety of mechanisms involving altered 

gene expression and behaviour. Administration of probiotics can lead to growth 

enhancement, accomplished directly or as a result of improved host metabolism. 

Probiotics may work through stimulating appetite (thus metabolism) and improving 
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nutrition through producing vitamins (Irianto & Austin, 2002). For instance, strains of 

Bifidobacterium have been found to enhance digestion, metabolic growth rates and feed 

conversion (Sahandi et al., 2019). Growth performance was also found due to addition of 

Bifidobacterium to the diet of rainbow trout, which is speculated to be a result of 

improved digestibility (Sahandi et al., 2019). El-Kady et al. (2022) previously found that 

Nile tilapia (Oreochromis niloticus) on a probiotic diet demonstrated an upregulation of 

growth-related gene expression (i.e., intestinal tumor necrosis factor alpha (TNF- ɑ); liver 

insulin-like growth factor (IGF-1), growth hormone receptor (GHR), and TNF-ɑ; and 

splenic TNF-ɑ and interleukin-1 beta (IL-1B)). Other research conducted on yellow perch 

(Perca flavescens) has shown differential gene expression in growth genes (i.e., GH, 

IGF-1) and resultant increases in growth when individuals were fed a probiotic diet for 

the duration of six weeks (Shaheen et al., 2014). Furthermore, some studies have 

examined differences in immune gene expression between individuals given probiotic 

additives and those in a control group. Immune genes including immunoglobin M (IgM) 

of gilthead seabream (Sparus aurata; Bahi et al., 2017) and IL-1β, interleukin 10 (IL-10), 

and TNF-ɑ of rainbow trout (Pérez-Sánchez et al., 2011) were up-regulated for fish on 

probiotic supplemented diets. Through modulation of immune functions and thus 

improved survival (Møller & Saino, 2004), fish may live longer and have improved 

opportunities for growth.  

 Through altering the natural gut microbiota, probiotics have aided in modulating 

behaviours in rodents and humans (Shi et al., 2016). In particular, research has been 

conducted on rats receiving a treatment of L. fermentum and L plantarum, where these 

individuals had decreased locomotor activities (Ushakova et al., 2009). Other research 
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conducted in humans has found improvements in motor behaviours with less spasticity in 

lower extremities (Umbrello & Esposito, 2016). In fish given probiotics, alterations to 

anxiety-related behaviours have been found, where Nile tilapia fed probiotics had greater 

activity levels with more escape attempts (Gonçlaves et al., 2011), while zebrafish 

(Danio rerio) reached lower swim speeds and explored their environments quicker than 

non-probiotic fed counterparts (Valcarce et al., 2010).  

The administration of probiotics can furthermore alter feeding, appetite, and 

nutrient absorption through the release of gut microbiome metabolites which in turn 

stimulate enteroendocrine cells. These cells produce hormones involved in digestion, 

food absorption and appetite (Gribble & Reimann, 2019), as well as stimulate the brain 

via appetite-regulating neuropeptides – and/or areas within the brain responsible for 

feeding behaviours (Butt & Volkoff, 2019). For instance, Bacillus species have been 

shown to enhance feed utilization and foraging performance in rainbow trout larvae 

leading to better growth rate (Adineh et al. 2013). With enhanced feeding rates, 

organisms can obtain energy to fuel fitness-related processes (i.e., activity, growth, and 

reproduction) (Norin & Clark, 2017). Norin and Clark (2017), found that high levels of 

food consumption in barramundi (Lates calcarifer) subsequently led to increased growth 

rate and efficiency. As such, increased feeding rates and feed utilization can aid in 

explaining the increased growth benefits exhibited by probiotic therapies (Rohani et al., 

2022). 

As shown, there are no universal effects of probiotics on gene expression and 

behaviours, since specific impacts are dependent on: i) the strain(s) of bacteria the 

probiotic is composed of (Ouwehand et al., 2002; Das et al., 2008; Shi et al., 2016), ii) 
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dosage of probiotics administered (Nayak, 2010; Butt & Volkoff, 2019), and iii) 

environmental factors (e.g., temperature, water pH, and oxygen concentration) (Das et al., 

2008). These factors, taken together, determine the expected impacts of probiotics 

selected. Probiotics selected for overcoming the drawbacks of ploidy should be those 

which have been found to impact health improvement, gene expression, and behaviours. 

1.5 Inter-Individual Differences 

While methods such as triploidization and probiotics have been found to affect 

growth performance of fish in aquaculture, the magnitude of these environmental effects 

are still constrained by the individuals’ underlying genotype and subsequent phenotypes. 

Individual differences in somatic growth can be a result of variation in expression of 

growth genes (i.e., GH and IGF-1) and feeding/metabolic genes (i.e., IGF-1, POMC, and 

NPY) (Volkoff et al., 2005; De-Santis & Jerry, 2007; Sibly et al., 2015), where 

differential gene expression can result in a diversity of sizes of individuals in the 

population (Mun et al., 2019). Selecting for larger individuals has also been shown to 

reduce the variation of overall gene expression of a population (Uusi-Heikkilä et al., 

2017), indicating differential gene expression drives mass related differences within the 

population.  

Studying genes can be beneficial in terms of quantitatively examining molecular 

mechanisms driving variation in phenotypic traits including morphology (Klingenberg, 

2002), pigmentation/colouration (Luo et al., 2021), and body size/mass (De-Santis & 

Jerry, 2007), as examples. In terms of aquaculture, examining genes involved in growth, 

metabolism/appetite, and stress response can aid in predicting if treatments (e.g., ploidy 

and probiotic therapies) will be effective in increasing biomass, food 
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consumption/availability of resources to invest towards growth, and determining if fish 

will be able to cope with a changing environment.  

Similar to how individual variation in genotype can influence performance of fish 

when exposed to environmental variation, so can individual behavioural types when 

presented with a variety of stimuli and stressors. Individuals can exhibit distinct 

interindividual differences in behaviour (i.e., behavioural types) within a population or 

species (e.g., aggressive, bold, active phenotypes), where within each behavioural 

phenotype, an individual may vary in their behavioural traits when compared to 

conspecifics (e.g., aggressive or timid, bold or shy, active or sedentary individuals) (Sih 

et al., 2004; Mittlebach et al., 2014). Variation of behavioural types themselves within a 

population furthermore allows the species to better cope with a broader range of 

environmental conditions, where certain individuals are better suited for a given 

environment (Koolhaas et al., 1999). The impact of a behavioural type on fitness is 

context-dependent (Mittlebach et al., 2014), where individuals with certain behavioural 

types fair better in a given environment than others. For example, in terms of feeding 

behaviours, bold fish that are at the front of a shoal are able to obtain more food and have 

higher feeding rates than those located elsewhere in the shoal; however, the fish at the 

front of a shoal also face the risk of increased predation (Krause, 1993). Variation in 

feeding behaviours of farmed fish (e.g., salmonid species), as a result of differences in 

competitive abilities (i.e., aggression), is also a possible cause of the differential growth 

rates seen between individuals (Huntingford & Adams, 2005). In addition to inter-

individual variation in behaviour, behavioural flexibility (Coppens et al., 2016) can also 

be found at the intra-individual level, where an organism may exhibit flexible behaviours 



 

13 
 

(e.g., can modulate its aggressive tendencies), depending on the surrounding 

environmental conditions (Agrawal, 2001). With a flexible behavioural type, individuals 

are better able to acclimate to a changing environment (Mayrand et al., 2019) and adjust 

behaviours as necessary to quickly resume behaviours that improve life-history traits and 

fitness. For example, flexibility in feeding behaviours enhances an organism’s energy 

intake as a result of changing feed environments (Bayne, 2004). Ultimately, examining 

changes in behaviours can be useful for improving aquaculture practices, and thus to help 

increase fish yield.  

1.6 Integrating Behaviour and Transcriptomics: Behavioural Genomics 

Studying differential gene expression is also useful in examining the mechanisms 

causing variations of behaviour – for example, the expression of appetite gene 

Neuropeptide Y (NPY) can result in stimulating feeding behaviours (Volkoff & Peter, 

2006; Assan et al., 2021). In addition, neural transcriptomics can drive behavioural 

variation, in particular differential expression of neural plasticity-related genes can be a 

result of environmental stressors and drive behavioural coping styles (Ebbesson & 

Braithwaite, 2012). For instance, low transcriptional levels of neurogenesis-related genes 

(i.e., PCNA, BDNF, DCX, and NeuroD) have been found to result in inflexible 

behaviours (Sørensen et al., 2013); and genes relating to synaptic plasticity/neural 

development have been shown to underlie behavioural and cognitive plasticity (Kolb, 

1999). Indeed, since behaviour is driven by specific patterns of neural activity (Baker et 

al., 2017), individuals with lowered levels of neural plasticity have fewer neural 

connections available to drive behaviours. Examining the transcription of neural genes 
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related to behaviours can therefore serve to quantify the behavioural changes exhibited by 

individuals.  

Furthermore, both behaviour and transcriptomics can be examined together to 

explain performance and fitness. It has previously been found that expression of the 

growth hormone gene can stimulate growth, appetite, and the ability to compete for food 

in GH-transgenic coho salmon (Devlin et al., 1999). Gene and behaviours interacted in 

this study to alter growth performance of individuals, where individuals with increased 

levels of growth hormone have increased growth as a result of increasing feeding 

behaviours (Devlin et al., 1999). A study by O’Connor et al. (2013) examined the 

relationship between social behaviours and the corticosteroid receptor gene expression 

(related to the stress response of individuals, immune function, and reproduction). While 

this study did not compare the interaction between gene expression, behaviours, and 

fitness changes through reproductive output, differences in gene expression could be 

useful in explaining differences in stress response and reproduction, and would be a 

logical avenue for this research to follow. In African cichlid fish (Astatotilapia burtoni), 

gene transcription patterns associated with reproduction and dominance behaviours have 

also been studied to explore the molecular mechanisms underlying these behavioural 

phenotypes (Renn et al., 2008). Here, Renn et al. (2008) showed a relationship between 

gene expression profiles and subordinate/dominant behaviours which could explain the 

decreased/increased reproductive outputs, respectively.  

1.7 Purpose of Study 

The impacts of both ploidy and probiotic therapies on the central nervous system 

and behaviours are important to study due to the relationships (both direct and indirect) 
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with growth performance of an individual. To date, there are no known studies which 

focus on both ploidy and implementation of a probiotic therapy, especially through a 

behavioural genomics perspective. Many studies on ploidy and gene expression have 

focused on expression of genes relating to immune response and growth; while much of 

the present literature on behavioural impacts of altered ploidy have focused on 

aggressive/social phenotypes or feeding behaviours. A large gap exists in the reported 

changes in neurological gene-expression as a result of altered ploidy and their association 

with behaviours and behavioural flexibility, let alone when accompanied with probiotic 

therapies. To address these knowledge gaps, a combination of studying behavioural 

types, behavioural flexibility, neural transcriptomics within the context of behavioural 

genomics is overdue. In addition, my work extends this topic to the integrated effects of 

gene expression and behavioural type on growth performance.  

1.8 Study Species 

In 2020, Canada’s aquaculture production volume was mainly represented by 

finfish (e.g., salmon and trout), with salmon specifically representing over 85% of the 

finfish produced from aquaculture (Fisheries & Oceans Canada, 2022). Atlantic salmon is 

Canada’s top export from the commercial aquaculture industry; however, Chinook are 

commonly farmed (Fisheries & Oceans Canada, 2022). To enhance fish health, growth, 

stress tolerance, and disease resistance, aquaculture producers not only can ensure the 

nutritional requirements of individuals are met (Araujo et al., 2021), but also improve the 

usage of diet supplements (i.e., vitamins, probiotics, prebiotics, and immunostimulants) 

in aquaculture facilities (Oliva-Teles, 2012; Dawood et al., 2018). Probiotics can also be 

used as a form of therapy, to address the drawbacks of altered ploidy, especially those 
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noted in triploid Chinook salmon (e.g., Johnson et al., 2004; Shrimpton et al., 2007; 

Garner et al., 2008; Shrimpton et al., 2011).  

Chinook salmon are a semelparous species, where these individuals breed once 

and die soon after (Young, 2010). The timing of this breeding event for Chinook can vary 

widely within the species; migration times (i.e., in a natural population) and age at 

maturity (i.e., in both natural and hatchery populations) (Unwin et al., 1999) vary due to 

genetic components (Hankin et al., 1993; Heath et al., 1994) and growth rates (Thorpe, 

1986). Specifically, age at maturity has been found to occur quicker for hatchery-

produced Chinook salmon than that of wild fish (Unwin & Glova, 1997). Shorter 

maturation times can produce an issue for fish farms, where the time window for harvest 

becomes shorter, and flesh quality of the salmon stock can decline. As Chinook are 

semelparous, flesh quality deteriorates (i.e., senesce) when the fish prepare for 

reproduction, shifting energy investment towards this event rather than towards cellular 

maintenance (Morbey et al., 2005). As previously discussed, triploidization makes 

individuals sterile, thus allowing for the flesh quality of fish to be maintained, and 

improving the value of the product (i.e., fish). However, addressing the drawbacks of 

altered ploidy remains an important goal in aquaculture, and it is still necessary to 

address how triploid individuals produced for human consumption are impacted, making 

this species ideal to study for aquaculture applications.  

1.9 Thesis Objectives 

 The aim of my thesis was to determine the impacts of i) ploidy and probiotics on 

neural transcription levels and behavioural profiles; and ii) behavioural genomics (i.e., 

the interactions between gene transcription and behaviour) on growth performance (i.e., 
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mass) of hatchery-reared Chinook salmon. Ultimately, my study investigates whether 

probiotic therapy was effective in overcoming the drawbacks of altered ploidy via 

mechanistic effects of phenotypes (i.e., genetic and behavioural) on performance.  

 I predicted that triploid fish on a probiotic diet will have increased masses 

compared to diploid and regular-feed counterparts. These same fish will also have 

transcriptional profiles reflective of improved growth, metabolism, and appetite to enable 

probiotic-fed triploid individuals to achieve higher masses. I also predicted that there will 

be upregulation of neurogenesis/synaptic plasticity and genes involved in stress response, 

and as such, behavioural differences will follow, where probiotic-fed triploid individuals 

were expected to exhibit improved exploratory-, predator avoidance, and foraging 

behaviours, as well as increased social interactions (i.e., lowered aggression and left-side 

bias (laterality)), while having reduced anxiety-like behaviours (e.g., greater time spent 

along the periphery, Hamilton et al., 2021; freezing behaviours with a stressor presented, 

Stewart et al., 2012). 

This study was conducted on a domestic stock of Chinook salmon from Yellow 

Island Aquaculture (YIAL). A full-factorial breeding design was used where a total of 15 

families from a 3x3 and 3x2 cross were examined. These individuals underwent 

triploidization (via pressure shock) or were left untreated. At the start of exogenous 

feeding, fish were either on a regular diet or a diet with probiotic feed additives. Neural 

tissues were analyzed to determine effects of treatment on transcriptional levels with 

respect to genes involved in neural function (i.e., synaptic plasticity and neurogenesis), 

and important for aquaculture (i.e., metabolism/appetite, growth, and stress response). 

Through multiple behavioural assays, treatment effects were analyzed on changes in 
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behavioural profiles relating to exploration of a novel environment, reactions to stressors 

(novel object, predator, and a conspecific), activity levels, boldness (i.e., based on 

position in the arena), aggression, behavioural laterality, and extremes of locomotor 

behaviours. Transcriptional profiles from the neural tissue of these fish in the behavioural 

trials were generated for genes related to synaptic plasticity, neurogenesis, 

metabolism/appetite, growth, and stress response. These functional groups – and the 

selected genes within – were chosen because of their known relationships with growth 

and/or behaviour (Table 1.1). General linear mixed models were conducted to explain 

how treatments (i.e., ploidy and probiotic therapy) influenced gene expression and 

behavioural profiles. Inferential statistics were then used to examine the interaction 

effects of behavioural profiles, transcriptional profiles, and treatment to explain growth 

performance (i.e., mass) of individuals.  

Chapter 2 comprises the entirety of the experiments conducted, from genes to 

behaviour to growth. Specifically, transcriptional results are examined and incorporated 

into explaining behavioural profiles. Behavioural profiles were determined based on 

results of the behavioural assays and the grouping of related behaviours (using principal 

components analyses). Finally, aquaculture performance was examined based on the 

mass of individuals. By taking behaviour and transcription together to explain 

performance, my thesis takes a unique approach (i.e., behavioural genomics) to exploring 

the viability of using probiotic therapy in combination with triploidization for improving 

fish in aquaculture.  

In Chapter 3, the general conclusion, I interpret my findings, and discuss the 

implications of triploidy and probiotics in aquaculture. I also discuss the importance of 
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improving biomass - including the contribution from my results, other ways to examine 

for increased production yield in aquaculture, the limitations to our study, and future 

directions for fisheries research to address the growing demand for protein for human 

consumption.    
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Tables 

Table 1.1. Detailed functions of genes used in this study.  

Gene Function Relationship with Growth 

and/or Behaviour 

References 

Endogenous Control 

EF-1a Endogenous control gene, commonly used for reference in qRT-

PCR analysis. Important for protein synthesis, as EF-1a delivers 

aminoacyl-tRNA to the elongating ribosome and hydrolyzes 

GTP. Also interacts with newly synthesized polypeptides for 

quality control. 

N/A Lin & Lai, 2010; 

Zhang et al., 2014 

ARP Endogenous control gene, stable gene used for reference in qRT-

PCR analysis. Part of steroid hormone receptor family and bound 

to DNA as a dimer. Important for regular protein synthesis 

(elongation step of protein synthesis) by controlling the 

mechanism to regulate ribosome activity through 

phosphorylation. 

N/A Ladias & 

Karathanasis, 1991; 

Bermejo et al., 

1994; Du et al., 

2007; Olsvik et al., 

2008 

Synaptic Plasticity 

Shh Embryonic development, cell growth, specialization, and normal 

patterning of the forming body. Important for cell differentiation 

including organ and scale development (e.g., in zebrafish). 

Promotes Disc1 (crucial for embryonic neurogenesis and neural 

crest migration/differentiation) expression for development and 

differentiation in the forebrain (dorsal-ventral patterning during 

embryogenesis).  

The shh-gli signalling 

pathway may also underlie 

brain growth. Cell cycle 

length can be altered by Shh 

and interfere with cell 

growth.  

Sire & Akimenko, 

2004; Araújo et al., 

2014; Boyd et al., 

2015 

C-FOS Immediate early response gene involved in cell proliferation and 

differentiation. Transcription of C-Fos leads to production of the 

Fos protein, which combines with Jun (protein product of another 

immediate early gene) to create a transcription factor that 

regulates expression of late response genes (longer-term 

C-Fos has also been found 

to influence neural 

plasticity, which 

encompasses learning. 

Overtime, an animal’s 

Kaczmarek, 1993; 

Dampney & 

Horiuchi, 2003; Sih, 

2013; Velazquez et 
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responses of the neuron to the stimulus). Marker for neuronal 

activation, which has been found to be expressed in the brains of 

zebrafish.  

experiences shape their 

behavioural responses to 

stimuli. 

al., 2015; Ariyasiri 

et al., 2021 

Auts2 Important for neurodevelopment and regulates neuronal 

migration (cytoplasmic AUTS2 regulates actin cytoskeleton to 

control neuronal migration/neurite extension), nuclear AUTS2 

controls transcription of genes as part of the polycomb repressive 

complex 1 (PRC1) making it a transcriptional activator. 

Zebrafish have been used as a model organism to study the 

molecular functions of Auts2 and cytoskeleton dynamics during 

neural development. 

Auts2 plays an important for 

learning and memory, and 

thus associated behaviours. 

Hori & Hoshino, 

2017; Colson et al., 

2019 

Htr1aa (5-

HT1AA) 

Serotonin receptor involved in neuromodulation and behavioural 

plasticity. Involved in serotonergic signalling and metabolism, 

enabling G protein-coupled serotonin receptor activity (involved 

in many processes including behavioural fear responses, 

serotonin metabolic process, and serotonin receptor signalling 

pathway). 

Binds serotonin, which is 

crucial for regulating 

behavioural responses (e.g., 

aggression and anxiety-like 

behaviours). Has previously 

been linked to modulating 

conspecific aggression in 

fighting fish. 

Clotfelter et al., 

2007; Nordquist & 

Oreland, 2010; 

Borrelli et al., 2016; 

Chen et al., 2021; 

NCBI, 2022 

TPH2 Encodes a pterin-dependent aromatic acid hydrolase, which 

catalyzes the first and rate limiting step in the synthesis of 

serotonin. 

Synthesized serotonin, 

which is involved in 

behavioural regulation. 

TPH2 has previously been 

found to be linked with 

dark-avoidant behaviours in 

zebrafish though increased 

anxiety-like behaviours. 

Nordquist & 

Oreland, 2008; 

Cheng et al., 2016; 

Pratelli & 

Pasqualetti, 2019 

Neurogenesis/Synaptogenesis 

DCX Expressed in the brains of many species (e.g., mammals, teleost 

fish, zebra finch) and involved in neurogenesis, cellular 

movement, would healing and neuronal plasticity. Essential for 

Important for neural 

plasticity. Neural plasticity 

is linked with greater 

Ebbesson & 

Braithwaite, 2012; 
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the development of the CNS as it is a microtubule associated 

protein and expressed in developing (not mature) neurons. 

Transiently expressed in proliferating progenitor cells and newly 

generated neuroblasts and serves as a biomarker of neurogenesis.  

learning and memory, thus 

enabling fish to adapt their 

behaviour and promotes 

behavioural flexibility.  

Sørensen et al., 

2013; Zhang et al., 

2020; DeOliveira-

Mello et al., 2022 

NeuroD1 Responsible for cell cycle regulation (neural). NeuroD1 

expression has been linked to neurogenesis during early 

development in fish. Regulator of neuronal progenitor cell 

differentiation and neuronal specification in the cerebral cortex 

and other areas of the nervous system. NeuroD1 is expressed in 

the developing cortex. Promotes terminal neuronal differentiation 

in progenitor cells and is critical for neuronal plasticity through 

being increased after chronic or mild stress. Encodes a basic 

helix-loop-helix (bHLH) transcription factor involved in neural 

differentiation, survival, and dendritic spine stability. 

Some evidence suggests that 

neurogenesis is positively 

linked with learning ability 

and associated behaviours. 

Grassie et al., 2013; 

Zhang et al., 2020; 

Tutukova et al., 

2021 

Crabp1a Responsible for neurogenesis, regulating transport, and 

metabolism in the developing embryo and throughout life. Exact 

function is not fully understood, however, binds retinoic acid 

during development and metabolism during adulthood. 

Expression in the olfactory bulb and spinal cord (sites of ongoing 

plasticity and response to retinoic acid) implies Crabp1 mediates 

retinoic acid action during embryonic neurogenesis. Retinoic 

acid controls the differentiation and development of primary 

motor neurons. The retinoic acid signalling pathway is essential 

for the onset of meiosis and has been studied in seabass, but not 

extensively in fish. 

Some evidence suggests that 

neurogenesis is positively 

linked with learning ability 

and associated behaviours. 

Crabp1 deletion studies in 

mice have resulted in 

reduced anxiety behaviours, 

and lowered corticosterone 

(stress hormone) and the 

associated stress-induced 

behavioural changes. 

Liu et al., 2005; 

Parmar et al., 2013; 

Grassie et al., 2013; 

Medina et al., 2019; 

Lin et al., 2021 

Synaptic Plasticity/Neurogenesis 

Dpysl2 Plays a role in neural development of axonal growth and cell 

migration. Involved in axon growth/elongation, guidance, and 

regeneration, neuronal polarity, apoptosis, and cell migration in 

the nervous system. Dpysl is involved in the migration of the 

cranial branchiomotor neurons during the development of the 

Important for proper 

positioning of primary 

motor neurons, and thus 

required for proper 

functioning. These motor 

Purves et al., 2010; 

Tanaka et al., 2012; 

Fiallos-Oliveros & 

Ohshima, 2020 
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nervous system and patterning of the facial nerve. Has been 

found for zebrafish to be required for proper positioning of 

neurons in the spinal cord. Phosphorylation of Dpysl2 determines 

neuronal polarity and promotes axon elongation by regulating 

binding to tubulin heterodimers. Function in brain development 

requires more research.  

neurons are responsible for 

initiating voluntary 

movements. 

SNAP-25a Responsible for the release of neurotransmitters at the end of 

synaptic terminals, post-synaptic receptors, and synaptic 

plasticity. SNAP-25 mediates pre-synaptic functions that are 

important for imprinting and neuronal plasticity, SNAP-25a and 

SNAP-25b are both expressed in all regions of the salmon brain. 

High SNAP-25 expression levels have been associated with high 

levels of neurotransmitter exocytosis in synapses. 

Deficits in SNAP-25 have 

been associated with 

ADHD-behaviours (e.g., 

hyperactivity) and hampered 

cognitive functions. 

Hawi et al., 2013; 

Braida et al., 2015; 

Abe et al., 2017 

BDNF Responsible for neuronal survival and synaptic plasticity. Has 

been found in zebrafish to function in the nervous system and fin 

development. Expression of BDNF promotes synaptic plasticity, 

neurogenesis, cell survival and strengthening of 

learning/memory. Induces differentiation of neural stem cells 

into neurons and promotes the survival of newly generated 

neurons. Can stimulate the growth and sprouting of 5-HT 

(serotonin) and thus increases the 5-HT synapses in the brain and 

activates sets of genes which serve complementary functions in 

neuronal plasticity and survival.   

BDNF promotes synaptic 

plasticity, neurogenesis, cell 

survival and strengthens 

learning/memory. As 

previously stated, neural 

plasticity is linked with 

greater learning and 

memory, enabling animals 

to adapt their behaviour 

(i.e., flexibility). Some 

evidence also suggests that 

neurogenesis is positively 

linked with learning ability 

and associated behaviours, 

and an animal’s experiences 

and learned behaviours 

shape behavioural responses 

to stimuli. 

Hashimoto & 

Heinrich, 1997; 

Mattson et al., 

2004; Grassie et al., 

2008; Ebbesson & 

Braithwaite, 2012; 

Sih, 2013; Vindas et 

al., 2017  
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Dclk1 Plays a role in neurogenesis. Involved in the calcium-signalling 

pathway controlling neuronal migration in the developing brain 

and may participate in functions of the mature nervous system. 

Similar in function to DCX, expression can either directly or 

indirectly regulate microtubule-based vesicle transport for axon 

growth and neuronal migration, exact mechanisms are still in 

need of exploration. Dclk1 has previously been useful in 

detecting new neurons in the visual system of cichlid fish. 

Some evidence suggests 

neurogenesis is positively 

linked with learning ability 

and the associated 

behaviours 

Grassie et al., 2013; 

Patel et al., 2016; 

De-Oliveira-Mello 

et al., 2022 

Metabolism/Appetite 

CCK Responsible for satiation signals and influences digestion/feeding 

processes and suppresses food intake. Blockade of CCK brain 

receptors suppresses appetite and inhibits leptin-induced decease 

in food intake and attenuates the inhibitory action of leptin on 

NPY- and orexin A- (appetite stimulants) induced feeding. CCK 

expression has been studied in various fish species including the 

goldfish.  

Influences food intake by 

suppressing it, thus reducing 

the feeding behaviours 

individuals exhibit. 

Volkoff & Peter, 

2006 

hcrtr2 Regulates feeding behaviour (predicted) by enabling orexin 

receptor activity. Produces hypocretin (or orexin) receptor. 

Orexins activate orexin neurons, monoaminergic and cholinergic 

neurons, to maintain a long consolidated awake period, and 

coordination of emotion, energy homeostasis, reward system, and 

arousal. Orexin neurons are also regulated by peripheral 

metabolic cues, providing a link between energy homeostasis and 

arousal states. Receptors are expressed in several areas of the 

hypothalamus that are strongly implicated in the modulation of 

feeding. Can also play a role in stress response. Hcrtr1 

expression has been studied in fish species including the 

zebrafish. 

Controls food intake and 

motivated behaviours. 

Chiu & Prober, 

2013; Inutsuka & 

Yamanaka 2013; 

Cai et al., 2018 

POMC POMC neurons may exert a tonic inhibitory effect on feeding 

and energy storage, by releasing MSH (melanocyte-stimulating 

hormone) at sites expressing melanocortin receptors (to decrease 

Inhibits feed intake, causing 

animals to consume less 

food. 

Winberg & Lepage, 

1998; Volkoff & 

Peter, 2006 
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food intake). Elevations in POMC mRNA expression have been 

shown in subordinate rainbow trout during stress, indicating that 

this may also play a role in modulating the HPI axis. 

NPY Involved in regulation of food intake (stimulates) in teleosts (e.g., 

goldfish, salmon). Expression stimulates food intake in the brain, 

also interacts with other appetite regulators (CRF, cortisol, 

CART, leptin, orexins and galanin). Works through G-protein-

coupled receptors. 

Stimulates food intake, 

encouraging animals to 

consume more food. 

Yaron et al., 2003; 

Volkoff & Peter, 

2006 

Growth 

GH GH is an endocrine regulator that stimulates somatic growth. In 

fish, GH is involved in physiological processes including 

osmotic balance, lipid, protein and carbohydrates metabolism, 

reproduction and growth. Binds to growth hormone receptors 

(highly distributed in tissues) and releases insulin-like growth 

factors (IGF-I), receptors can also mediate growth promoting 

effects of GH.  

Necessary for normal 

growth of the body’s 

bones/tissues.  

Bertucci et al., 2019 

EGR-1 Regulates response of growth factors, DNA damage and 

ischemia. Also important for memory consolidation. Serves as a 

genomic marker for neural activity and regulates the expression 

of transcription factors involved in the development of the 

nervous system. Associated with several processes of neuronal 

and synaptic plasticity. Mechanisms still not fully understood but 

stimulated by growth factors and exerts transcriptional control on 

multiple levels of signal transduction cascade. EGR-1 has 

previously been found in fish (e.g., goldfish). 

Regulation of growth 

factors, expression of GH is 

associated with growth. 

Emmanuvel et al., 

2011; Duclot & 

Kabbaj, 2017 

IGF-1 Plays a key role in promoting cellular proliferation and 

differentiation in vertebrates. Also has been associated with fish 

metabolism, development, reproduction and osmotic regulation 

in seawater. Important for the early stages of development.  

Stimulating the start of the 

cell cycle for other growth 

factors. 

Bertucci et al., 2019 

IGFBP2b Receptor to bind and regulate IGF actions in controlling growth, 

development, reproduction, and aging. Executes IGF functions, 

Allows for binding of IGFs 

relevant for growth. 

Zhou et al., 2008; 

Khan, 2019 
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one of six IGFBP binding proteins involved in embryonic 

growth, cell differentiation and homeostasis. IGFs regulate 

growth and differentiation of fetal neurons and stimulates myelin 

synthesis/regulates neuronal cytoskeletal protein synthesis with 

modulation of expression of immediate early genes. Previously 

identified in a variety of teleost fish (e.g., zebrafish) 

p53 Tumor suppressor which regulates cell growth/division.  

Role in control and division of cells. Suppresses cell-growth and 

needed for genomic stability and DNA repair. When DNA 

damage is irreparable, p53 can cause cells to undergo apoptosis. 

Fish p53 expression has previously been examined as a 

biomarker for genotoxins in an aquatic environment.  

Regulation of cellular 

growth. 

Bhaskaran et al., 

1999 

Stress Response 

MR Ion/water transport regulation (osmoregulation) during stress. 

Mineralocorticoid receptor binds cortisol and is involved in 

different physiological functions linked to growth, reproduction, 

immunity, and participate in the regulation of controlling cortisol 

release. MR expression is involved in stress response and 

regulates the HPI axis. In fish, MR expression is required for 

behaviours affected by visual stimuli. Actions of cortisol are 

mediated through the mineralocorticoid receptor in salmon. 

Directly linked to growth of 

individuals. MR signalling 

is also implicated in the 

control of brain-behaviour 

actions. In medaka, MR has 

been found to be necessary 

for normal locomotor 

activities. 

Johansen et al., 

2011; Sakamoto et 

al., 2016; Alfonso 

et al., 2019 

GR1 Bind glucocorticoids to initiate a stress response in the central 

nervous system to stressful situations. Glucocorticoid receptor 

binds cortisol and is involved in different physiological functions 

linked to growth, reproduction, immunity, and participate in the 

regulation of controlling cortisol release. Actions of cortisol are 

mediated through glucocorticoid receptors (GR1 and GR2) in 

salmon. 

Directly linked to growth of 

individuals. Related to stress 

response and related 

behaviours and has been 

related (negative 

relationship) to submissive 

behaviours in cichlids. 

Johansen et al., 

2011; Nyman et al., 

2017; Alfonso et 

al., 2019 

GR2 Bind glucocorticoids to initiate a stress response in the central 

nervous system which may offer the potential for behavioural 

and physiological responses to stressful situations. 

Directly linked to growth of 

individuals. GR2 levels 

have been increased in shy 

Johansen et al., 

2011; Alfonso et 

al., 2019 
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Glucocorticoid receptor binds cortisol and is involved in different 

physiological functions linked to growth, reproduction, 

immunity, and participate in the regulation of controlling cortisol 

release. Actions of cortisol are mediated through glucocorticoid 

receptors (GR1 and GR2) in salmon. 

 

European sea bass when 

compared to bold (i.e., is 

related to the coping styles 

of fish). 

CRF Coordinates neuroendocrine, autonomic, and behavioural 

responses to stress. CRF system mediates appetite-suppressing 

effects of stress. Not all the components involved in CRF 

functioning are known. CRF stimulates ACTH-cells when they 

experience a dopaminergic block and may be a releasing 

hormone for TSH.  

Regulation of stress 

response/maintaining 

homeostasis during stress 

and can suppress food 

intake. Regulates food 

intake and energy balance in 

fish. 

Bernier, 2006; Flik 

et al., 2006; Volkoff 

& Peter, 2006 

AVT Coping with changing environmental salinity. AVT causes a 

stress response, leading to reduced behavioural activity and 

increasing levels of cortisol. Regulates central and peripheral 

stress response.  

Implicated to mediate social 

behaviour in teleost fish. 

Huffman et al., 

2015 
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CHAPTER 2 – EFFECTS OF PROBIOTIC THERAPY ON THE GENE 

TRANSCRIPTION, BEHAVIOUR, AND MASS PERFORMANCE OF HATCHERY-

REARED DIPLOID VERSUS TRIPLOID JUVENILE CHINOOK SALMON 

(ONCORHYNCHUS TSHAWYTSCHA) 

 

2.1 Introduction 

 An individual’s body size influences many aspects of its life, from outcompeting 

conspecifics and securing mates, to improving food consumption (Roff, 1984; Tymchuk 

et al., 2006) and decreasing predation risk (Rodgers et al., 2015). Mass, relative to body 

size (i.e., condition factor), is often used as a proxy for fitness-related traits and is 

assumed to have a positive relationship with an individual’s survival and reproductive 

success (Wilder et al., 2016). Indeed, growth rates of individuals determine size at 

different life-history stages to optimize age-specific survival and reproductive fitness 

(Roff, 1984; Sibly et al., 2015). 

Intraspecific variation in organismal body size can be directly driven by 

differential expression of genes related to growth (e.g., GH and IGF-1; De-Santis & 

Jerry, 2007), or indirectly influenced by the expression of metabolism- (e.g., fox01, IGF-

II, and pyruvate dehydrogenase; Overturf et al., 2010) and appetite genes (e.g., leptin, 

ghrelin, orexin, NPY, POMC; Montalbano et al., 2018) that affect foraging behaviours 

and hence food intake of an individual (Lin et al., 2000). Inter-individual variation in 

behaviour (i.e., behavioural types; Bell, 2007) can additionally drive differences in 

growth rates and hence mass of individuals, optimizing growth-mortality trade-offs due 

to different physiological states or underlying genotypes (e.g., slow- vs. fast pace of life; 

Réale et al., 2010; Mittlebach et al., 2014; Salguero-Gómez et al., 2016; Velando et al., 
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2017). Environmental stressors, such as increased temperatures, limited food resources, 

and overcrowding can impact both foraging behaviours (Lall & Tibbetts, 2009; Matthias 

et al., 2018) and the expression of genes involved in acclimating to changing 

environments (Schulte, 2004), ultimately resulting in energy reallocation away from 

growth performance (Rijnsdorp et al., 2009; Prokešová et al., 2020). Given that mass is 

the ultimate integrator across gene expression, phenotype, and the environment, 

analyzing how growth rate varies among individuals using an integrative behavioural 

genomics approach is a powerful tool in determining key drivers of individual 

performance and fitness (Bessey et al., 2004).  

2.1.1 Biomass Maximization in Aquaculture 

 Maximizing growth rates in finfish aquaculture is a primary goal of producers, as 

it directly relates to productivity (De-Santis & Jerry, 2007; Gui & Zhu, 2012). In 

commercialized salmonid aquaculture, fish farmers aim to produce many individuals of 

large size quickly (i.e., biomass), while maintaining flesh quality, at the lowest costs 

(Røra et al., 2001). In addition to the selective choice of broodstock (Tymchuk et al., 

2006) and controlling rearing density (Li et al., 2013) to maximize fish growth, other 

methods include triploidization of the stock (Rottmann et al., 1991; Benfey et al., 1999) 

and the use of specialized diets (Brizuela et al., 2001; Nayak, 2010; Gonçlaves et al., 

2011).  

During triploidization, individuals undergo heat- or pressure-shocking at the 

fertilized egg stage resulting in individuals having three sets of chromosomes (full 

process described in Rottmann et al., 1991). Triploidization has previously been found to 

confer improved growth for individuals in aquaculture (Rottman et al., 1991) since the 
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process induces sterility, and therefore energy investment can be redirected towards 

improving flesh quality and somatic growth rather than towards reproductive 

growth/effort (Tiwary et al., 2004). As a result, the elimination of sexual maturation can 

increase producer efficiency due to a larger window of time to harvest (Garner et al., 

2008). Despite its promise, triploidization has had mixed results in improving the 

biomass of individuals, since no change in mass (Chinook salmon (Oncorhynchus 

tshawytscha), Garner et al., 2008; rainbow trout (Oncorhynchus mykiss), Scott et al., 

2014) or even reduced mass, in some instances, have been found (Atlantic salmon (Salmo 

salar), Hansen et al., 2015; rainbow trout, Manor et al., 2014). Nevertheless, triploid 

individuals have been shown to result in higher quality fillets due to preventing muscle 

deterioration that results from sexual maturation (Manor et al., 2014). Furthermore, fish 

escaping from aquaculture can compete for food and breed with wild populations, 

thereby creating hybrids offspring and altering the gene pool. These hybrid fish have 

experienced reductions in survival when compared to the wild population (McGinnity et 

al., 2003). However, through the sterility that occurs with triploidization, the concerns of 

breeding with wild populations can be alleviated (Carter et al., 1994). 

2.1.2 Triploidization Effects on Gene Expression and Behaviour 

Differences in gene expression have been previously found by Ching et al. (2010) 

between triploid and diploid Chinook salmon, including several genes associated with 

performance (e.g., glutathione peroxide, associated with response to oxidative stress). 

Research on triploid organisms has revealed that metabolism, appetite-, growth-, and 

stress-response functional gene groups are influenced by triploidization. For example, 

triploid Fujian oysters (Crassostera angulata) exhibited expression of 28 genes in the 
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muscles (hypothesized to be related to metabolism and growth) specific to triploid 

individuals, and these were posited to promote faster growth via increased feeding 

behaviours (Lall & Tibbetts, 2009). Triploid individuals were also found to have higher 

expression of pituitary GH, hepatic GHR, and liver/muscle IGF-1 when compared to 

diploid and tetraploid crucian carp (Carassius carassius) (Zhong et al., 2012). In a study 

by Chatchaiphan et al. (2017), triploid big head catfish (Clarias macrocephalus) 

exhibited upregulation of genes (i.e., heat shock protein coding genes) associated with 

stress response relative to diploid fish. Additionally, there has been some research on the 

impact of triploidization on genes related to neural functions. For example, triploid 

African catfish (Clarias gariepinus) were found to have a higher visceral somatic index 

as a result of lowered transcription of genes involved in the control of steroid levels (i.e., 

GnRH, cypl91b, and ftz-f1) (Karami et al., 2016), and that differences in cypl91b 

expression (which play a role in neural plasticity, brain differentiation, and neural 

regeneration) between triploid and diploid individuals – all of those differences are 

indicative of neuroendocrine function and neurogenesis effects. The most recent study by 

Cardona et al. (2022) on rainbow trout examined several neural genes (e.g., C-fos, 

BDNF, NeuroD1, TPH2, and 5ht1aa), but they only examined triploid individuals, so 

limited conclusions about the neural impacts of triploidization can be made.  

Triploidization can also alter a variety of behavioural patterns, where triploid 

individuals are found to be less aggressive (e.g., Chinook salmon, Garner et al., 2008, 

Atlantic salmon (Salmo salar)), exhibit poorer foraging ability (e.g., Atlantic salmon, 

Fraser et al., 2012a; Fraser et al., 2012b; O’Keefe & Benfey, 1997; brook trout 

(Salvelinus fontinalis), O’Keefe & Benfey, 1997), and lowered consumptive activity 
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relative to their diploid counterparts (e.g., Chinook salmon, Garner et al., 2008; Atlantic 

salmon, Fraser et al., 2012a). Furthermore, triploids have been shown to have lowered 

levels of sensitivity to environmental factors including light and sound (e.g., sweetfish 

(Plecoglossus altivelis), Aliah et al., 1990), and reduced responsiveness to a startling tap 

stimulus, with triploids becoming less responsive over time (e.g., zebrafish larvae (Danio 

rerio), Van de Pol et al., 2020). Behavioural lateralization, a measure of asymmetric 

expression of cognitive function and a key determinant of species fitness (Sovrano et al., 

1999; Elwood et al., 2014; Chivers et al., 2016; Wiper, 2017), has yet to be investigated 

in triploid fish; however, triploidization has been found to impact the size of structures 

within the brain (Fraser et al., 2012b), which could affect the asymmetries of bilateral 

neural structures driving laterality (Wiper, 2017). Despite clear genomic- and behavioural 

effects of triploidization on fishes, a knowledge gap exists in how the integration of 

transciptomic- and behavioural differences integrate to affect mass in triploid fish. 

2.1.3 Probiotic Effects on Gene Expression and Behaviour 

Independent of ploidy manipulation, aquaculture producers can also adjust fish 

diets to increase mass and survival as well as flesh quality through feed additives such as 

antibiotics, probiotics, prebiotics, or acidifiers (Dawood et al., 2018; Ng & Ko, 2016; 

Koshio & Angeles, 2018). Due to the drawbacks of triploidization (i.e., reduced survival 

and compromised immune function), the possibility of using a probiotic therapy is being 

explored due to its known advantages in terms of increased mass and improved survival 

(Gram, 2005; Nayak, 2010; Llewellyn et al., 2014). One mechanism by which probiotics 

affect the host includes positive changes in neural gene expression related to growth, 

metabolism, behaviours, and stress-response. For instance, certain growth gene 
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transcripts (i.e., GH and IGF-IR) increased through probiotic therapies in Senegalese sole 

(Solea senegalensis) larvae (Jurado et al., 2017) and in rainbow trout (Mohammadian et 

al., 2019), although the ultimate impact on growth remained untested. Genes involved in 

serotonin signalling and metabolism (i.e., tph1a, tph1b, tph2, htr1aa, slc6a4a and mao), 

crucial for regulation of a fish’s behavioural response (Nordquist & Oreland, 2010; Lv & 

Liu, 2017; Rosengren et al., 2018), have also been shown to be increased in fish fed 

probiotics (Borrelli et al., 2016). Furthermore, probiotic-altered feed has resulted in 

increased levels of gut Bifidobacterium (a common probiotic in aquaculture), which has 

further led to increased expression of brain-derived neurotrophic factor (BDNF) 

(important for strengthening neuroplasticity, growth, and differentiation of neurons) 

within the host organism (Chen et al., 2021), with increased expression also regulating 

social behaviours in fish (Borrelli et al., 2016). Lastly, Senegalese sole fed probiotic diets 

also exhibited an increase in gene expression of heat shock proteins (i.e., HSP70 and 

HSP90AA), which are related to stress response, possibly indicative of increased 

resistance to stressful situations (Jurado et al., 2017).  

Probiotic therapies have additionally been found to reduce behavioural stress 

responses in certain fish species. For example, prolonged ingestion of probiotics 

increased surface swimming patterns in zebrafish (Valcarce et al., 2020), lowered swim 

speeds (Valcarce et al., 2010), and increased exploratory behaviours (e.g., quicker to 

initially explore the surrounding area) (Valcarce et al., 2010; Borrelli et al., 2016; 

Valcarce et al., 2020), indicative of a reduction in anxiety behaviours. Alterations to other 

anxiety-related behaviours have been found, where Nile tilapia (Oreochromis niloticus) 

fed probiotics had greater activity levels with more predator-escape attempts (Gonçlaves 
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et al., 2011). Other behaviours such as feeding and social interactions have furthermore 

been linked to changes in the gut microbiome via probiotic modulation, with rainbow 

trout exhibiting greater foraging performance (Adineh et al., 2013), and zebrafish having 

a more uniform shoal (indicative of positve social interactions) (Borrelli et al., 2016). 

Behavioural flexibility, defined as an animal’s ability to adjust its behaviour according to 

changes in environmental stimuli (Coppens et al., 2010), has also been shown to be 

affected by probiotic therapy with individuals possessing a greater microbial diversity 

and exhibiting greater flexibility in foraging behaviours (Davidson et al., 2018). While 

studies have been conducted on the independent effects of genomic manipulation (e.g., 

induced polyploidy) and environment (e.g., diet supplementation) on behavioural 

variation and gene transcription in fish, to our knowledge, there are no known studies 

investigating how the integration of these processes’ influences growth performance of 

individuals in aquaculture.  

2.1.4 Study Purpose 

In this study, we investigated the impacts of triploidization and probiotic therapies 

on growth performance in hatchery-stock juvenile Chinook salmon (Oncorhynchus 

tshawytscha). Here, we used an integrated behavioural genomics approach to examine 

how both gene expression (using gene transcription as a proxy) and behavioural profiles 

differed between ploidies and probiotic-diet supplementation, and how these traits 

integrated to affect fish mass. We first began by examining differences in neural gene 

transcription profiles related to neural functioning (i.e., synaptic plasticity and 

neurogenesis), behavioural responses (i.e., neuronal plasticity and stress-induced 

responses), and aquaculture goals (i.e., growth and metabolism/appetite) between triploid 
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and diploid fish fed probiotics or regular feed. We predicted probiotic-fed triploid fish to 

exhibit the greatest upregulation in gene transcription levels reflecting improved growth 

responses, neural functions, enhanced metabolism, and genes involved in the stress 

response. Next, differences in behavioural variation – responsiveness, activity, boldness, 

and aggression – between ploidy and feed were explored, using gene transcriptional 

profiles as a further predictor. We expected probiotic-fed triploids to exhibit a similar 

level of responsiveness to stimuli and similar activity levels to regular-fed diploid 

individuals, with increases in positive social interactions (i.e., lowered boldness and 

aggression) including changes in laterality (left, indicative of sociality (Sovrano et al., 

1999), or right – aggression (Sovrano, 2004; Rogers, 2010)). We furthermore predicted 

neural genes to be involved in explaining fish behaviour; namely, synaptic plasticity (i.e., 

activity-dependent modification of the strength of synaptic transmission at pre-existing 

synapses, Citri & Malenka, 2008) and neurogenesis (i.e., the production of new neurons, 

Famitafreshi & Karimian, 2019) genes to play a role in behavioural responsiveness, 

boldness, aggression, and laterality (side preference); growth genes to have an impact on 

activity; metabolic genes to relate to activity and responsiveness; and stress-related genes 

to be associated with responsiveness, boldness, aggression, and laterality. Lastly, we 

combined both gene transcription and behavioural profiles of fish into global models of 

organismal function to determine their independent and joint effects on mass of triploid 

and diploid fish fed probiotics and those on regular feed. We predicted triploid 

individuals on a regular feed diet would have the lowest relative mass, which would be 

furthermore explained by an integrated phenotype between reactivity behaviours and the 

growth and metabolism/appetite gene functional groups. Probiotic therapy would cause 
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an increase in mass in both ploidies, supported by a coupled phenotype between 

responsiveness and activity levels and the growth and metabolism/appetite gene 

functional groups. Alternatively, with increased positive social interactions – lowered 

bold and aggressive behaviours, left-side bias – there could be a slight decrease in 

competition and food consumption thus lowering mass for triploids on a probiotic diet, 

when compared to diploid counterparts on a regular diet. 

2.2 Methods 

2.2.1 Study Species, Breeding Design, and Husbandry 

 This study was performed at Yellow Island Aquaculture Ltd. (YIAL), an organic 

Chinook salmon farm on Quadra Island, British Columbia [50o07’59.124”N, 

125o19’36.4392”W]. YIAL’s domestic stock was initially bred in 1985 from individuals 

originating from crosses between Big Qualicum [49o23’37.954”N, 124o37’0.512”E] and 

Robertson Creek [49o20’6.835”N, 124o58’52.043”W] hatcheries on Vancouver Island, 

British Columbia (Lehnert et al., 2014). At YIAL, Chinook salmon are commercially 

produced and routinely undergo triploidization via hydrostatic pressure shock. In the 

current study, a full-factorial breeding design was used where eggs from eighteen 

captively-bred XX females were artificially fertilized with milt from eighteen sex-

reversed XX male Chinook salmon in six 3x3 crosses. Post-fertilization, eggs were 

assigned to either the diploid (2N) or triploid (3N) group. Diploid eggs were left 

untreated, while those assigned to the triploid group underwent hydrostatic pressure 

shock (Rottmann et al., 1991) to prevent the ejection of the second polar body during the 

second meiotic division (Benfey, 1999), giving rise to triploid individuals. Fertilization 

and the triploidization process occurred between October 19 and 22, 2018.  
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Due to differential survival amongst crosses and families, fifteen unique families 

(from a 3x3 and a 3x2 cross) were examined in this study. When fish reached the 

exogenous feeding stage, they were removed from their incubation stacks to replicated 

rearing tanks (200 L) between February 16 and 29, 2019, with family ID and treatment 

identified, for a total of 120 tanks (2 ploidies X 2 feed treatments X 15 families X 2 

replicates). Fresh running water was supplied to rearing tanks from an underground well-

water supply, at an average temperature of 9.05oC ± 0.485 SD, and dissolved oxygen of 

9.07mg/L ± 0.167 SD, with a consistent flow rate. Both triploid and diploid replicate 

families were assigned to either a regular-feed diet group or a probiotic additive-feed diet.  

All fish began their diet treatment regime on April 5, 2019, when they could exogenously 

feeding. Feed amounts were calculated using Taplow Feeding Charts (Chilliwack, BC, 

Canada), with daily amounts representing approximately 2% of the biomass in a tank to 

match a satiated growth promotion diet. Fish on a regular diet were given EWOS® Micro 

Crumble feed (1.2mm in diameter), while the probiotic feed was prepared by mixing 

lyophilized Lactobacillus, Bifidobacterium, and Lactococcus powder from commercially 

available probiotics capsules (Jamieson brand) (Appendix A1) with 10mL of sodium 

alginate binder (made with 1g Alginate powder mixed with 100mL of water until 

dissolved) at a dosage of 109 cfu per kg of feed. The probiotic mixture was added to 100g 

of feed and was prepared on a weekly basis. Fish were fed three times daily at 9am, 1pm, 

and 5pm. Tanks were fed based on rearing densities (1-2 20mL scoops at each feeding 

time) and cleaned weekly. 
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2.2.2 Behavioural-Transcriptomics Experiment  

When fish reached eight months post-fertilization, a subset underwent behavioural 

experiments (from June 5 and June 10, 2019) to determine their behavioural profiles (see 

Figure 2.1 below). These same individuals were then sacrificed for neural tissues, which 

were used in transcriptional analyses. For a given behavioural trial, four rearing tanks 

were randomly selected and three fish (to serve as replicates) were haphazardly netted 

from each tank (for a total of 12 fish per trial) and placed into 12 individual arenas for the 

duration of the behavioural experiment. This process was repeated with different rearing 

tanks five times each day for the study duration, resulting in a total of 30 trials over the 

six-day period and 120 families tested (n = 360 individuals). At the end of the 

behavioural trial, fish were immediately netted from the behavioural arena and 

anesthetized in 3L of clove oil anesthetic. The clove oil anesthetic was composed of 1.5L 

of water, 5-6 drops of clove oil (active components: eugenol, eugenyl acetate, ß-

carophyllene methyl eugenol, Sigma-Aldrich, St. Louis, MO, USA), and 3 drops of 

ethanol to improve solubility of clove oil. Fish were effectively anesthetized when 

equilibrium was lost, and they could no longer maintain an upright position. Fish were 

euthanized, weighed, and photographed for morphometric measurements, and blood 

sampled via caudal tail removal (for another study). Immediately following, neural 

tissues were sampled and placed in RNAlater within 10 minutes post-euthanization. 

Samples were allowed to become fully saturated with RNAlater via cooling at 5oC for 24 

hours before being stored at -20oC until RNA extraction for transcriptomic analyses. 

Whole brain tissues were analyzed to ensure ample amounts of tissue was available for 

RNA extraction and neural morphology was not the focus of the project. 
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2.2.3 Tissue Sample Processing 

 A total of 357 individuals (of the 360 individuals from the behavioural trials) 

were included for transcriptional analyses (three samples failed to provide sufficient 

RNA for transcriptional results). Whole brain neural tissues were removed with tweezers 

from RNAlater and RNA extractions were completed with TRIzolTM (ThermoFisher 

Scientific), following a protocol adapted from Wellband & Heath (2017). RNA was 

converted to cDNA using the high-capacity cDNA reverse transcription kit 

(ThermoFisher Scientific), following the manufacturer’s protocol altered for half-

reactions.  

2.2.4 Candidate Genes 

 Twenty-six genes were targeted in this study due to their role in one of the 

following functions: synaptic plasticity (i.e., Shh, C-Fos, Auts2, Htr1aa, and TPH2), 

neurogenesis (i.e., DCX, NeuroD1, and Crabp1a), synaptic plasticity/neurogenesis (i.e., 

Dpsyl2, SNAP-25a, BDNF, and Dclk1), metabolism/appetite (i.e., CCK, hcrtr2, POMC, 

and NPY), stress response (i.e., MR, GR1, GR2, CRF, and AVT), and growth (i.e., GH, 

EGR-1, IGF-1, IGFBP2b, and p53). These specific gene groups were selected as they 

relate to behavioural responses, growth, and mass; in particular, synaptic plasticity, 

neurogenesis, and stress-response gene groups are anticipated to relate to behavioural 

flexibility, sensitivity, and responses to stressors (e.g., Johansen et al., 2011; Ebbesson & 

Braithwaite, 2012; Grassie et al., 2013; Sih, 2013; Ariyasiri et al., 2021). Other genes 

were selected due to their ability to increase mass production in aquaculture (as 

metabolism/appetite genes relate to food consumption, and growth genes can indicate a 

growth benefit) (e.g., Winberg & Lepage, 1998; Volkoff & Peter, 2006; Bertucci et al., 

2019). Two endogenous control genes (i.e., EF-1a and ARP) served as a baseline for gene 
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transcription as they are stable across individuals (i.e., expected transcription is 

consistent) (Krishnan et al., 2019). Endogenous control genes were those that were 

expected to be expressed at constant levels in different tissues of an organism and remain 

unaffected by treatments (Pérez et al., 2007). The transcription of target genes was 

therefore compared with the baseline set of endogenous control genes to normalize gene 

transcription among samples (Schmittgen & Livak, 2008). Transcription of endogenous 

controls was examined across treatments to ensure EF-1a and ARP levels were 

unchanged. 

2.2.5 Primer and Probe Analyses 

 The majority of Taqman® qPCR primers and probes relating to the candidate 

genes were developed from previous literature (Maryand, 2017; Finerty 2020). A subset 

of primer/probe sequences unique to this study were developed using cDNA sequences 

from the National Center for Biotechnology Information (NCBI) for Chinook salmon 

(i.e., Auts2, DCX, NeuroD1, hcrtr2, and NPY) or the related species rainbow trout (i.e., 

Htr1aa, TPH2, Dpysl2, CCK, and POMC). Sequences were then tested with Primer 

Express®
 version 3.0 (ThermoFisher Scientific) to develop the most appropriate primer 

sets for the study. Primers were selected based on the least amount of interference 

between primer and probe sequences (i.e., minimizing hairpins and dimers) and 

optimized for amplicon length and the temperatures which primers would function during 

the PCR. Primers were tested for performance with samples of Chinook salmon cDNA, 

using a gradient PCR (i.e., PCR run on a range of temperatures of 55oC-65oC), to ensure 

that the primers amplified well at the required final qPCR temperature of 61oC. 

Sequences of primers for all the genes used in this study can be found in Appendix A2, 
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while putative gene functions are listed in Table 2.1.Note that gene function of many of 

the genes studied have not been validated in Chinook salmon. 

2.2.6 Transcriptional Analyses 

 To quantify transcriptional expression, Taqman® OpenArray® chips (Applied 

Biosystems) along with the QuantStudio 12 Flex-Real Time PCR System (Applied 

Biosystems) were used. Chips were designed with 48 subarrays, each composed of 56 

wells. The wells for each chip were loaded with 48 samples, and the 56 wells were 

preloaded with the primers and probes for the 28 candidate genes and replicates for each 

of these. Transcriptional output was analyzed via ExpressionSuite Version 1.3 (Applied 

Biosystems). When the number of cycles the PCR underwent (i.e., the relative cycle 

threshold (Crt)) was inconsistent or exceeded a value of 35, the transcriptional output for 

that sample’s gene was omitted from further analyses. Primer efficiencies were calculated 

using LinRegPCR (Ruijter et al., 2009). C-shift values were calculated using the formula: 

 𝐶𝑠ℎ𝑖𝑓𝑡 = 𝑙𝑜𝑔

1

1−(
1
𝐸
)

log(𝐸)
   

where E is the primer efficiency. Starting concentrations for each gene were calculated 

using: 

 𝑁0 =
𝑁𝑞

𝐸
(𝐶𝑡+𝐶𝑠ℎ𝑖𝑓𝑡)

  

where Nq is the quantification threshold (100000), Ct is the cycle threshold value of the 

gene, and the C-shift to correct for different primer efficiencies. Finally, corrected 

transcriptional concentration differences were calculated to correct genes with the 

geometric mean of the endogenous controls used in this study (ARP and EGF-1). 
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Concentrations were log-transformed to have a normal distribution so that parametric 

statistics could be run and used in subsequent statistical analyses.  

2.2.7 Behavioural Trials  

 Individual fish were placed in arenas to examine behavioural responses to a novel 

environment, novel object, predator stimulus, and a conspecific stimulus to collectively 

determine distinct behavioural profiles emerging across treatments. Behavioural trials 

were conducted in an enclosed tarped-off area to prevent potential disturbances from the 

surrounding environment interfering with the trials. Fish were transferred from rearing 

tanks in a water-filled 3L pitcher to individual 9L (35x23x18 cm) opaque arenas (Aquatic 

Habitats, FL) which were arranged in a 3x4 layout (Figure 2.1). Arenas contained a blue 

tile (9.5x4.5x0.5cm) to serve as a shelter area for the fish as it presents a darker area 

within the arena that matches their rearing tanks while still allowing researchers to record 

usage of this space from above. Once an individual was placed in the arena, netting was 

secured over the arena to prevent an individual from escaping during the trial. Arenas 

were equipped with a low-pressure source of inflow groundwater (the same source 

supplying water to the rearing tanks), and water was fully exchanged between trials to 

prevent any possible effects of hormones released (e.g., stress hormones) into the water 

from fish from the previous trial. Dissolved oxygen levels and temperatures of the water 

were monitored before the start of behavioural trials with a Labquest (Vernier Software 

& Technology, USA) to ensure consistency. Average dissolved oxygen level was 9.07 ± 

0.167 while average temperature was 9.05oC ± 0.485. 

Behavioural assays began after all fish were in their behavioural arenas, and 

researchers had left the enclosed behavioural arena. The entire assay lasted for fifty 
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minutes and consisted of four components: an acclimation test, a novel object test, a 

predator test, and a mirror test. Videos of the behavioural trials were recorded using a 

GoPro Hero 4 (Woodman Labs, USA) mounted above the arenas and re-positioned as 

needed for each trial to minimize blind-spot positionings within the arenas and glare from 

the water’s surface. During these trials, the camera was set to record at 1080p, 30fps, and 

on a linear setting, to record all 12 of the arenas simultaneously in high quality. Each fish 

was given a unique alphanumeric identifier code to allow for blind analyses during the 

video-analysis phase.  

2.2.8 Behavioural Assays 

 Fish were left undisturbed for twenty minutes to acclimate to their new 

environments. This time period served as an open field test to record baseline activity 

level and explorative tendencies (i.e., use of arena zones (centre, peripheral, shelter) 

exhibited by an individual, and activity - duration of time spend highly mobile, mobile, 

and immobile) (Gabriel & Black, 2011). At the 20-minute mark, researchers crouched 

into the behavioural arena to avoid disturbing the fish and added a small (3mm diameter) 

brown glass bead to each arena. This particular bead was selected since it was similar in 

colouring to the feed pellets given to the fish; however, the bead was of larger size which 

the fish had no previous experience of, and hence responses to the bead would be 

indicative of the fish’s degree of neophobia (Mayrand et al., 2019). Interaction with the 

bead (i.e., time to approach and number of approaches), behavioural changes (i.e., change 

in mobility to the novel object), and activity (i.e., duration of time spent highly mobile, 

mobile, and immobile) were examined for ten minutes before the next assay was carried 

out. After 10 minutes, a row of four plush fish made from dark-coloured material was 
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suspended from a wooden dowel and moved across the row of arenas approximately 15 

cm above each one. These ‘predators’ were designed to resemble a silhouette of a larger 

fish (i.e., Micropterus spp.) to serve as a predator stimulus and elicit anti-predator 

responses. The overhead predator served as a true predator evasion test, as individuals 

exhibited an immediate startle response indicated by a C- or S-start response (Hale, 

2002). Behaviours post-predator were examined for a duration of five minutes, to 

determine predator-induced responses (i.e., change in mobility) and activity levels (i.e., 

duration of time spend highly mobile, mobile, and immobile). Following the predator 

stimulus (after 5 minutes), mirrors were placed in one end of the arena (opposite of the 

in-flow water tube and shelter) to assess sociality or aggression to a ‘conspecific’. 

However, previous research has questioned the effectiveness of the mirror test, with the 

standard mirror test serving as a less reliable prediction of individual sociability than 

when using a live conspecific (Cattelan et al., 2016). The standard mirror test was still 

used in the present study to control for size differences between individuals and the 

variability in behaviours exhibited by live stimuli. Fish remained in arenas for fifteen 

minutes, with the final ten minutes of this time analyzed for the fish’s activity and time 

spent in the mirror zone. Fish were considered in the mirror zone (4.3cm x 20.5cm) when 

the majority of their body (i.e., more than half) was located within. Laterality, measured 

as body position to the mirror was also analyzed, where eight different body positions 

were considered from left/right parallel, forward/backward perpendicular, and 45o degree 

intervals were noted. Shelter use (i.e., number of visits and time spent) was recorded 

throughout each assay. Presentation of behavioural tests remained consistent across trials 

as to minimize disturbances to fish by the researchers, particularly for the mirror test, 
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which researchers manually placed in arenas. Novel object test and predator test also 

remained in this order as the predator stimuli was considered a more stressful disturbance 

than the bead (neutral), as individuals may exhibited a greater fear response when 

presented with the bead if following the predator test.  

2.2.9 Video Analyses 

 The open field test assay was examined with EthoVision XT14 (Noldus Inc.), a 

behavioural tracking software, while Solomon Coder (Péter, 2017), an open-source semi-

automatic behavioural coding software, was used to analyze behaviours for the novel-

object, predator-simulation and mirror trials. For the open field test, distance moved (cm), 

velocities (cm/s) (maximum and average), mobility (mobile and immobile in seconds), 

latency (s) to enter the centre of the arena, and duration of time (s) spent in zones (i.e., 

periphery, centre, and shelter) were measured (Appendix A3). Trials examined with 

Solomon Coder used behavioural coding sheets where (i) durations of behaviours (i.e., 

mobilities (immobile, mobile, and highly mobile), zone locations (centre, peripheral, and 

shelter), and laterality (direction of fish towards the mirror)), (ii) count data for 

behavioural responses (i.e., changes in mobility status and number of bead approaches), 

and (iii) latencies (i.e., time of first approach to the novel object and to resume pre-

disturbance behaviours) were examined (Appendix A3). All behaviours analyzed within 

Solomon Coder were coded every 0.2 seconds.  

2.2.10 Behavioural Sensitivity and Flexibility 

 The responses to the introduction of the novel object, predator stimulus, and 

mirror-insertion were collectively considered as disturbances to the fish (i.e., to the bead, 

predator silhouette, and the researcher placing the mirror into the arenas) and analyzed 
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independently from the other variables in the behavioural assays. We determined 

behavioural sensitivity and flexibility based on a fish’s response to these three 

disturbances, where sensitivity indicates whether there was a response to each stimulus, 

similar to Fraser et al., (2017). Specifically, sensitivity was determined by examining the 

fish’s behaviour (i.e., activity level) thirty seconds prior to the disturbance, and 

comparing this mobility immediately following the disturbance, and measured both as a 

binomial response (i.e., a change in response or no change, totalled across assays) and as 

a graded response (i.e., assigned a value based on change). For the graded response, a “0” 

value refers to least sensitive – i.e., no change in behaviour across the three disturbances, 

while a value of 6 refers to the most sensitive – i.e., fish either went immobile to highly 

mobile or the reverse. Flexibility was assessed through examining the latency (in 

seconds) to resume the fish’s initial mobility-based behaviour (i.e., mobility level) across 

all three disturbances (Coppens et al., 2010).  

2.2.11 Morphometric Measurements 

Immediately following the behavioural trial but prior to tissue extraction, fish 

were placed on 500g-scale with a 15cm ruler, their mass (g), and ID recorded, and, 

photographed (with left or right lateral side down, and caudal fin extended) for 

morphometric measurements. Photos were analyzed using ImageJ (National Institute of 

Health, USA; Abramoff et al., 2004) software (Schneider et al., 2012). Morphometric 

features measured included standard length (SL), fork length (FL), length of gape (G), 

eye width (EW), body depth (BD), caudal peduncle width (CP), and caudal fin width 

(CF), each measured in millimeters (Figure 2.2). 
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2.2.12 Statistical Analyses 

2.2.12.1 Morphometrics 

Principal component analyses (PCAs) were conducted in JMP version 14 (SAS 

Institute Inc., Cary, NC, USA) with a Varimax rotation to ensure each variable was 

meaningfully included in only one factor when multiple factors emerged. Variables with 

loading values <0.55 were excluded as they were not considered relevant contributors to 

the components. Factor eigenvalues ≥ 1 were retained and used in subsequent analyses if 

they explained >10% of the variance seen across individuals. Morphometric 

measurements loaded into a single principal component (Appendix A4), which consisted 

of standard length, fork length, gape, eye width, body depth, caudal peduncle width, and 

caudal fin width all being positively related to one another.  

2.2.12.2 Transcriptomics 

PCAs were similarly run for the concentration of genes within each functional 

gene group to test for their within-group association. This ensured that the genes within 

groups could be used in our subsequent statistical models as being representative of their 

purported function. Only the neural function group of genes (both synaptic plasticity and 

neurogenesis) separated out into two groups, with early-development neural functions as 

one group, comprising Shh, Auts2, Htr1aa, and DCX; and a long-term neural 

development group that included NeuroD1, Crabp1a, Dpysl2, SNAP-25a, BDNF, and 

Dclk1 (Appendicies A5.1-A5.4). As a result, we tested genes within 5 different functional 

groups instead of four. 

 General linear mixed models (GLMM) were run using the lme4 package in R 

(Bates et al., 2015) with a Gaussian family and identity link function to explore the 
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effects of treatment (ploidy (categorical: diploid or triploid), feed (categorical: regular or 

probiotic), and their interactions), rearing tank densities (continuous, range: 13-79) and 

time of day (continuous, range: 9.4-15.53) on the corrected concentration (continuous 

range: 3.35-12.1) values from candidate genes. Additionally, dam ID, sire ID, family ID, 

and replicate (nested in treatment group and family ID) were included as random effects 

for all gene GLMMs. We used sequential Bonferroni (Bonferroni-Holm) (Holm, 1979) to 

adjust our p-values when testing gene models within a functional group to correct for 

multiple hypothesis testing (Günhan & Kahveci, 2012), as genes within a functional 

group are related and/or can serve similar functions.  

2.2.12.3 Behavioural Transcriptomics 

Behavioural measurements were transformed (i.e., log or 1/log) as needed to 

ensure the variables fit a Gaussian distribution. All behavioural variables which were 

transformed prior to PCAs are indicated in Tables A6.1-A6.4. Variables were then 

standardized prior to principal component analyses (PCAs) being conducted (Forkman et 

al., 2019). Separate PCAs were run for traits extracted from each of the different 

behavioural assays to reduce redundancy and find meaningful behavioural associations 

within each assay. PCAs were also run on the disturbance sensitivity and flexibility 

variables (Appendix A6.5). Principal components from each behavioural assay plus 

disturbance attributes were then collectively combined into an overall PCA (Table 2.2) to 

determine if any behavioural types (consistent behaviours) emerged across the entire 

behavioural experiment.  

Four behavioural profiles emerged across assays (see Results). Two individuals 

were statistically confirmed as outliers for the activity PCA and were removed from this 
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component for subsequent analyses. Where necessary, these profiles underwent data 

transformations to satisfy assumptions of normality before being used in subsequent 

statistical models. Behavioural genomics GLMMs were then run with a Gaussian-

specified family and an identity link function to explore the main effects of treatments 

(ploidy, feed, and their interactions), morphometric measurements (continuous range: -

8.79 - 5.00), rearing tank densities and time of day on each behavioural type. Fixed 

effects also included the concentrations of all candidate genes per functional group. Dam 

ID, Sire ID, family ID, and tank number (nested within family ID) were included in 

GLMMs as random effects, but variables were removed when their variance contributed 

insignificant explanatory power. We used sequential Bonferroni corrections across the 

functional groups per behavioural profile, as each behavioural profile was tested five 

times with the different functional gene groups. 

2.2.12.4 Mass  

To explore the integrated response of treatment, behavioural profiles, and 

transcriptional profiles on growth performance, GLMMs were conducted using a fish’s 

mass as the response variable. In these models, the effects of treatment (ploidy, feed, and 

their interactions), behavioural profiles (i.e., responsiveness, activity, 

boldness/aggression, and laterality/extremes), single candidate gene transcription, time of 

day, rearing density, and two-way interactions between behavioural profiles, the 

candidate gene, and treatment (ploidy and feed) on mass were included. For these mass 

models, only a single gene was included at a time, to determine how each gene 

independently can impact the mass of individuals, as well as how the same gene can 

interact with other variables of interest (i.e., treatment and behaviour). Random effects 
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were the same as for the gene transcription and behavioural models. Correcting for 

multiple hypotheses was again performed with the sequential Bonferroni method per 

functional gene group. Quantile-quantile model residual plots and histograms of model 

residuals were visually assessed to ensure normality for all GLMMs (i.e., transcriptomic, 

behavioural, and mass models). 

Linear mixed modelling was performed in R version 4.2.2. Packages used 

included dplyr for data-manipulation (Wickham et al., 2017), lme4 (Bates et al., 2012) for 

linear model creation, ggplot2 (Wickham, 2011) and ggeffects (Lüdecke, 2018) for data 

and predicted model visualization, interactions for visualizing continuous-variable 

interactions in regression models (Long, 2019), and pheatmap for designing a heatmap of 

the mass-model results (Kolde, 2018).  

2.3 Results 

2.3.1 Gene Transcription Results 

 From the TaqMan OpenArray, six of the twenty-six genes candidate genes did not 

provide enough gene transcription data (possibly due to low levels of transcription for 

individual samples) to be included in the remainder of the statistical analyses. Of these, 

two were genes related to synaptic plasticity (C-Fos and TPH2), two from the 

metabolism/appetite functional group (CCK and hcrtr2), one involved in growth 

(IGFBP2b), and one stress response gene (GR1). 

2.3.1.2 Transcriptional Variation Across Treatments 

 Variation in transcriptional profiles of genes was examined to determine the 

impacts of treatment on the levels of gene transcription. Ploidy did not have a significant 

effect on transcription for any genes within the five functional groups after Bonferroni-
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Holm correction (summary of relationships between treatments, genes, behaviours, and 

mass can be found in Figure 2.3). However, probiotic treatment had a significant effect 

on gene transcription in the metabolism and appetite gene NPY (t = 2.38, p = 0.02) 

(Figure 2.4), where those on a regular diet had higher neural gene transcription of NPY 

(Figure 2.4). Probiotic treatment also had a significant impact on the transcription of the 

stress response gene CRF (t = 2.41, p = 0.017), where again, those on the regular diet had 

greater transcription of CRF than individuals on a probiotic supplement diet. Full results 

for gene transcription can be found in Tables 2.3. Time of day had a significant impact on 

gene transcription in two functional gene groups: metabolism and appetite (POMC: t = -

2.31, p = 0.02) and growth (IGF-1: t = -2.22, p = 0.03; p53: t = -2.53, p = 0.01) 

(Appendix B1). Tank density had no significant impact on gene transcription (corrected 

p-values non-significant (n.s.); nor did the random effects of sire ID, dam ID, family ID, 

or replicate (all corrected p-values n.s.). 

2.3.2 Individual Behavioural Assays 

 Within each behavioural assay, behaviours were examined to determine their 

relatedness. The PCA for the open field test resulted in three factors that explained a total 

variance of 81.1% (Appendix A6.1). These were Activity (32.7%), Extremes of 

Locomotion (25.9%), and Boldness/Exploration (22.5%). Individuals with high scores for 

activity spent the majority of time mobile, moved the most distance in the arena, and 

spent less time in the centre of the arena. Individuals with high scores for the extremes of 

locomotion reached the greatest maximum velocities and moved the greatest distance in 

one bout of movement within the behavioural arenas. Lastly, individuals with high scores 

for boldness and exploration spent less time overall in the periphery, and more of this 
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time was spent moving in this zone; these individuals also transitioned between the centre 

and periphery the most. 

 The PCA for the novel object test resulted in two factors, accounting for 83.9% of 

the variance (Appendix A6.2): Exploration/Startle Response (61.9%), and Activity 

(22.0%). Individuals with a high score in exploration/startle response interacted more 

with the novel object, with the initial approach taking less time, as well as exhibited 

higher mobility (both active and highly active). Individuals that scored high in the 

activity variable spent the least amount time immobile throughout this assay. 

 The PCA for the predator response test resulted in two factors accounting for 

81.2% of variance (Appendix A6.3): Startle Response / Extremes of Activity (44.7%), 

and Activity (36.5%). An individual with a high score for the startle response and the 

extremes of activity initially exhibited a large spike in locomotion with the predator 

stimulus but spent less time immobile during the remainder of the trial. An individual that 

scored high in the activity component remained mobile during this assay, regardless of 

the stimulus presentation. 

 The PCA from the mirror test resulted in three factors, which accounted for 

69.4% (Appendix A6.4): Aggression (26.1%), Activity (22.2%), and Laterality Towards 

the Mirror (21.1%). An individual with a high score in aggression spent more time facing 

toward and being active in the mirror. An individual with a high activity score spent more 

time being both mobile and highly mobile when in the mirror zone. Those that scored 

high in laterality spent more time with their left side facing the mirror, and less time with 

the right side facing the mirror. 
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 The behavioural flexibility/sensitivity PCA resulted in two factors, accounting for 

76.7% (Appendix A6.5): Sensitivity to Novelty (51.6%), and Responses to Habituated 

Stimuli (25.1%). Individuals that scored high on sensitivity to novelty responded the most 

across all three behavioural assays, exhibiting the greatest degree of responses (e.g., 

going from immobile to highly mobile for all three stimuli), and taking longer to resume 

their pre-disturbance behaviour to novel stimuli (i.e., bead and the predator silhouette). 

Fish that scored high on responses to a habituated stimulus took longer to resume their 

behaviour to the disturbance. 

2.3.2.2 Behavioural Phenotypes 

 Behaviours were examined to determine the presence of behavioural types across 

behavioural assays. The cohesive behavioural PCA model, an aggregate of the open-field, 

novel-object, predator, mirror, and behavioural sensitivity/flexibility PCA models, 

resulted in four behavioural types, or profiles, which accounted for 52.0% of the variance 

(Table 2.2). These profiles were: Reactionary (16.8%), Activity (15.9%), 

Boldness/Aggression (10.2%), and Laterality and Extremes of Locomotion (10.0%)). 

Individuals with high scores for reactionary spent more time being highly mobile during 

the novel-object assay, and as an indirect result, interacted with the novel object more 

often and were quicker to approach. Furthermore, when the predator was presented, they 

had a more drastic change in behaviour and spent less time immobile after it was 

removed, responded more overall across all the disturbance stimuli, and took longer to 

resume behaviours post-disturbance. Individuals that scored high in the activity 

component were more active in the open-field, novel-object and mirror tests (specifically 

in the mirror zone). Individuals with a high bold/aggressive score were least immobile 
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and spent least time in the periphery, and explored the arena more often during the open-

field test. They also spent more time displaying behaviours suggestive of aggression (i.e., 

forward-facing the mirror and not stationary), and resumed behaviours induced by the 

researcher disturbance much quicker. For those that scored high on the laterality/extremes 

of locomotion profile, they spent more time with the left side of their body facing the 

mirror, and these individuals had the lowest scores for velocity and total distance 

travelled.  

2.3.2.2 Behavioural Variation Across Treatment and Functional Genes 

 Reactionary, activity, boldness and aggression, and laterality and extremes of 

locomotion were examined within gene functional groups to determine the extent to 

which ploidy, probiotics, and gene transcription influenced behavioural profiles. 

Reactionary (box cox transformed) (Table 2.4.1-2.4.5): Ploidy, probiotic feed, and 

their interactions had no significant effect on the reactionary behavioural type (corrected 

p-values not significant across all gene function groups). However, transcription at two 

genes from the long-term neural functional group significantly impacted reactionary fish: 

NeuroD1 (t = 2.82, p = 0.006; Figure 2.6) and SNAP-25a (t = -2.57, p = 0.01; Figure 

2.6). Specifically, increased transcription of NeuroD1 led to an increasingly reactionary 

behavioural profile, whereas increased levels of the SNAP-25a transcript were related to 

lower reaction profile scores. Additionally, time of day had a significant impact on 

reaction behaviours (when metabolism/appetite genes were included; t = 2.08, p = 0.04; 

Appendix B2); those sampled later in the day had a more reactionary behavioural profile. 

Morphometric measures and tank density had no significant impact on this behavioural 

profile (corrected p-values non-significant across all gene function groups). Dam ID, Sire 
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ID, and Family ID did not significantly contribute to the reactionary models and were 

removed; nor was there a significant random effect of replicate (corrected p-values n.s.).  

Activity (log-transformed) (Table 2.4.1-2.4.5): Ploidy had a significant effect on 

fish displaying an active behavioural type when genes from the stress response functional 

were included (t = -3.62, p = 5.56e-4), with triploid individuals being more active than 

diploids in each case (Figure 2.5). Food treated with probiotics did not impact activity 

(corrected p-values n.s.), nor did the interactions between ploidy and feed type for any of 

the gene groups in these activity behavioural models (corrected p-values n.s.). No 

transcription of genes was found to impact the active behavioural profile (corrected p-

values n.s.). Elevated tank densities resulted in individuals displaying a less active 

behavioural profile in three of the functional gene groups (long-term neural development: 

t = -3.79, p = 2.71e-4; stress response group: t = -3.62, p = 5.56e-4; Appendix B2). Neither 

morphometric measurements nor time of day influenced activity levels (corrected p-

values n.s.). Dam ID, Sire ID, and Family ID did not significantly contribute to the 

activity models and were removed. The random effect of replicate had a significant 

impact effect on activity in the metabolism/appetite (p = 0.0005) group.  

Boldness and Aggression (log-transformed) (Table 2.4.1-2.4.5): Ploidy, probiotic 

feed, and their interactions had no significant effects on individual boldness-aggression 

profiles (corrected p-values n.s. across all gene function groups). Likewise, no genes in 

any of the functional groups had a significant impact on bold/aggressive behavioural 

profiles (corrected p-values n.s.). Tank density had a significant effect on bold and 

aggressive phenotypes, where individuals from higher rearing density tanks exhibited 

more bold and aggressive behaviours in the long-term neural development model (t = 
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2.33, p = 0.02). No significant effect was found for morphometrics or time of day 

(corrected p-values n.s.). Dam ID, Sire ID, and Family ID did not significantly contribute 

to the boldness and aggression models and were removed. The random effect of replicate 

had a significant impact effect on boldness/aggression (early neural development: p = 

0.05). 

Laterality and Extremes of Locomotion (Table 2.4.1-2.4.5): Ploidy, probiotic 

feed, and their interaction had no significant effects on the behavioural profile of 

laterality and extremes of locomotive behaviour (all corrected p-values n.s.). no genes or 

functional group had a significant impact (all corrected p-values n.s.). Morphometrics, 

tank-rearing densities, and time of day had no significant effect in any of the functional-

gene models (all corrected p-values n.s.). Dam ID, Sire ID, and Family ID did not 

significantly contribute and were removed. There was also no significant random effect 

of replicate (corrected p-values n.s.). Significant effects of treatment and gene expression 

on behavioural profiles can be found in Figure 2.3.   

2.3.3 Mass Variation Across Treatment, Functional Genes, and Behaviour 

 Variation in mass of individuals was examined through a single gene model 

approach to determine the impact of treatments (i.e., ploidy and probiotics), gene 

transcription, behavioural profiles, and the two-way interactions between behavioural 

profiles, the candidate gene, and treatment on growth performance.  

2.3.3.1 Ploidy and Feed Treatment Effects on Mass  

 Ploidy was found to significantly affect mass within the Auts2 (early neural 

development gene) model, with diploid individuals having greater mass than triploid 

individuals (t = -2.10, p = 0.037) (Figure 2.7). Ploidy and Auts2 gene transcriptional 
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levels interacted (early neural gene functional group). In this relationship, diploid 

individuals exhibited greater increases in mass with increasing Auts2 transcription than 

triploid individuals (t = -2.03, p = 0.04) (Figure 2.8). Ploidy also interacted with the 

boldness/aggression profile within the p53 gene model (growth functional group), where 

diploid individuals that were more bold/aggressive were heavier compared to triploid 

counterparts (t = -2.31, p = 0.023) (Figure 2.8). 

Probiotic therapies did not significantly impact mass directly. However, feed type 

interacted with transcription of the p53 gene (growth functional group) (t = -2.13, p = 

0.04) (Figure 2.9), where individuals on a probiotic diet were heavier with increased p53 

transcription compared to individuals on a regular feed type.  

2.3.3.2 Independent Gene and Behaviour Effects on Mass 

 Gene transcription effects were found to directly impact mass for the long-term 

neural development gene Auts2 (t = 1.99, p = 0.038), growth genes IGF-1 (t = 2.39, p = 

0.018) and p53 (t = 2.98, p = 0.003), and the stress response gene CRF (t = 2.87, p = 

0.004) (Figure 2.10). Increasing Auts2, IGF-1, p53, and CRF gene transcription were all 

associated with increases in mass. No behavioural profiles were found to directly 

influence mass (Figure 2.3). 

2.3.3.3 Behavioural Transcriptomics Effects on Mass  

 Mass was significantly affected by the interaction between the transcription of the 

early neural development group gene Shh and a bold/aggressive behavioural profile (t = 

3.53, p = 6.94 e-4) (Figure 2.3): fish that displayed highly bold/aggressive behaviours 

with low levels of Shh transcription had lower mass relative to bold individuals 

expressing high levels of Shh (Figure 2.11).  
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2.3.3.4 Additional variable effects on mass 

 Time of day significantly impacted mass in a consistent way in the following gene 

models: long-term neural development gene group Dclk1 (t = 2.44, p = 0.027), growth 

group gene p53 (t = 2.59, p = 0.012), and stress response gene CRF (t = 2.92, p = 0.005) 

(Appendix B3). Heavier individuals were sampled later in the day. Tank-rearing densities 

had no effect on mass of individuals in any of the models (all corrected p-values were 

n.s.). Random effects of sire impacted stress response genes: MR (p = 0.03). Neither dam 

nor family had a significant impact (corrected p-values n.s). A summary of the 

significance values for all mass models can be found in Figure 2.12. 

2.4 Discussion  

In this study, we examined the effects of ploidy and probiotics – as a possible 

therapy for triploids – on the performance of juvenile Chinook salmon via a behavioural 

genomics approach. Gene transcription was first examined to determine whether 

treatment had any impact on gene expression. Next, gene transcription (as functional 

groups) was incorporated into behavioural profiles to explore whether behavioural 

change was associated with gene transcription under different treatments (Fischer et al., 

2021). Finally, both gene transcription and behaviour were incorporated into our body 

mass models in recognition that behavioural traits often covary with gene transcription, 

indicating a genomic constraint on organismal responses to variation in the environment 

(Rittschof & Hughes, 2018).  

Our results revealed that triploid fish exhibited no difference in transcriptomic 

expression in comparison to diploids and only very minor differences in behaviour. 

Probiotic therapy directly affected the expression of only a subset of the genes and none 
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of the behavioural profiles. Equally, we found gene transcription to be a limited predictor 

of fish behavioural profiles. Mass, as an indicator of growth performance of fish, was our 

ultimate target, since increasing biomass in an efficient, economical matter is a primary 

goal of the aquaculture industry. When examining integrated effects on mass using a one-

gene-at-a-time approach, we found minimal direct effects of ploidy and no direct effects 

of probiotics on fish performance. Instead, we found a greater influence of transcriptional 

expression on mass, including integrated behavioural and transcriptional phenotypes with 

treatment. While our results were not what was predicted, they do provide valuable 

insight into the behavioural genomics of Chinook salmon under commercial rearing. 

Mass differences that arise from our treatments of triploidy and probiotic therapies may 

not be straightforwardly detectable; instead, they arise from complex interactions 

between treatments, transcription, and behaviours. While aquaculture managers can 

examine behaviours (i.e., bold/aggressive versus shy/non-aggressive) of triploid 

individuals to select for those that would be suitable for the following brood stock, 

genetic factors are also working together to enhance mass for these individuals. 

2.4.1 Variation in Gene Transcription  

Variation in gene transcription is a key driver in phenotypic differences across 

individuals. Contrary to our predictions, ploidy did not have an impact on the levels of 

gene transcription within any of the selected functional gene groups. Albeit the function 

of genes chosen would reflect behavioural and/or mass differences noted in triploids 

(e.g., lowered levels of sensitivity (Aliah et al., 1990); mass gains (Rottman et al., 1991) 

or deficits (Hansen et al., 2015)) and responsiveness (Van de Pol et al., 2020) in response 

to environmental stimuli, our findings were not surprising given that there was also little 
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influence of ploidy on behavioural profiles. Modulation of the genome can result in gene 

dosage effects, with triploid individuals (with a gene dosage of 1.5X normal diploid 

levels) exhibiting increased gene transcription compared with diploid counterparts 

(Johnson et al., 2007; Ren et al., 2017). One possible reason for our results may be due to 

dosage compensation, where gene dosage effects are compensated for, resulting in gene 

transcription equivalent to diploid levels (Bircher et al., 2001). This can occur through 

gene silencing, where one of the three alleles is silenced (e.g., triploid cyprinid (Squalius 

alburnoides); Pala et al., 2008). While ploidy did not directly impact gene transcription, 

there was an indirect pathway through transcription of the Auts2 gene that both directly 

and indirectly impacted mass, discussed in more detail below.  

Furthermore, we did find that probiotics decreased the transcription of 

neuropeptide Y receptor type 1-like (NPY) (metabolism and appetite gene group). This 

result is unexpected, given that NPY is involved in the regulation of food intake, where it 

stimulates the brain and initiates feeding behaviours (Yaron et al., 2003; Volkoff & Peter, 

2006). We had predicted probiotics to have a positive impact on appetite. Higher 

transcription of NPY can lead to increases in appetite, therefore, an increase from 

probiotic therapies could possibly lead to increased food intake and thus increased mass; 

however, our study did not find a relationship between appetite/metabolic genes and 

mass. Probiotics also decreased the transcription of corticotropin-releasing factor (CRF) 

(stress response gene group). CRF is responsible for regulating the hypothalamic-

pituitary-adrenal (HPA) axis and initiates a cascade of events ultimately resulting in the 

release of glucocorticoids as a response to stress (Smith & Vale, 2006). Increased stress 

levels have been found to result in elevated CRF levels (Rothwell, 1990), and this 
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decreased transcription for individuals on a probiotic diet could indicate a lowered stress 

response for these fish or that these individuals are less prepared to cope with stressors. 

However, it is difficult to differentiate between these two possibilities, although 

examining stress hormones released when a stressor is present may be useful. Decreased 

CRF levels may then alter how individuals cope with stressors present in their 

environment and may alter the coping style exhibited (Koolhaas et al., 2010) (i.e., 

reflective of a reactive coping style; Vindas et al., 2017). Despite these findings, there 

were no direct effects of the lowered gene transcription of NPY on behavioural profiles 

or mass, nor CRF on behavioural profiles. As CRF transcription did not impact 

behaviour, its direct effect on mass may be via other mechanisms such as physiological 

modifications, due to its importance in mediating physiological responses to stress 

(Rothwell, 1990). Our results were not consistent with previous studies that have shown 

probiotics to alter gene expression of neural survival genes (e.g., BDNF; Borrelli et al., 

2016), serotonin signalling/metabolism genes (e.g., TPH2, Htr1aa, Borrelli et al., 2016), 

growth genes (e.g., IGF-1, Carnevali et al., 2006), and many immune genes (see review 

from Dawood et al., 2020). A possible explanation is the type of probiotics we used may 

not be composed of bacterial strains suited for salmon aquaculture. As there are a total of 

14 bacterial strains in this probiotic, it is possible that the effects of some strains may 

interfere with others or the natural microflora within the gastrointestinal tract (Didari et 

al., 2014), as each strain may exert a different effect on gene expression levels. However, 

this probiotic mixture was chosen due to a pilot exercise (D. Heath, pers. comm.) that 

indicated a mass benefit to individuals, and due to the presence of the mixture in the fish 

gut microbiota. Lastly, it is important to note that ancestral salmonid species experienced 
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a whole genome duplication event (Christensen & Davidson, 2017), and as a result, some 

of the observed genes may not be performing the expected functions, or performing 

functions not yet characterized.  

Interestingly, our findings show that a subset of genes (related to 

metabolism/appetite (i.e., POMC), and growth (i.e., IGF-1 and p53)) exhibited a 

significant diel expression pattern. Daily rhythms occur in gene expression to benefit the 

organism by ensuring that biological functions occur at the optimal times of day (de 

Montaigu et al., 2014). POMC plays an important role in appetite and feeding behaviour, 

a rhythmic behaviour (Millington, 2007) that wanes toward night to prepare for an 

overnight period of fasting (Scheer et al., 2013). In our study, the transcription of IGF-1 

decreased in animals sampled at later time points, which could indicate the growth cycle 

is slowed (Bertucci et al., 2019), as IGF-1 would be less available to promote feed intake 

and somatic growth (Singh & Lal, 2008). Lastly, p53, whose function is to initiate repair 

mechanisms of DNA-damaged cells or cellular apoptosis when repair is not possible 

(Lesser et al., 2000), is likely less effective later in the day as p53 expression decreases 

throughout daylight hours (Chumakov, 2000). However, the expression of p53 has been 

found to oscillate and modulate the expression of other circadian genes (e.g., Period 2, a 

circadian regulator) (Miki et al., 2014). In all, these findings have relevance for 

aquaculture production in that the first feeding of the morning may be crucial in terms of 

the greatest growth performance potential.  

2.4.2 Variation in Behavioural Profiles  

 Four distinct behavioural profiles emerged in our sample of juvenile Chinook fish, 

as determined from our behavioural assays. Fish could be categorized either by their 
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reaction levels, activity levels, boldness and aggression, and their behavioural 

lateralization (a proxy for sociality) combined with locomotory extremes. These 

behavioural profiles can serve as performance indicators for how they may respond to 

changes in their environment (Mench, 1998), and furthermore have ecological 

consequences that affect an individual’s growth performance (Mittelbach et al., 2014).  

Contrary to our predictions, we found triploid individuals were more active than 

diploid counterparts with the inclusion of stress response genes as covariates. These 

findings are contrary to previous studies, where no differences in the locomotor activity 

profiles of fish of different ploidies were recorded (e.g., Atlantic salmon, Benhaïm et al., 

2021; Coho salmon, Oncorhynchus kisutch, Small & Randall, 1989). Furthermore, no 

other effects of ploidy were found to affect the behavioural profiles of juvenile fish in our 

study. Similarly, Benhaïm et al. (2021) found no difference in boldness between diploid 

and triploid Atlantic salmon; however, aggression and sociality have been shown to 

either differ between ploidies (e.g., Kavumpurath & Pandian, 1992; Carter et al., 1994) or 

be unaffected (e.g., O’Keefe & Benfey, 1997; Garner et al., 2008). Finally, we found no 

effects of ploidy or probiotics on laterality/extremes of locomotion; and to our 

knowledge, no studies have previously focused on the impacts of ploidy on anxiety-

related behaviours in fishes. 

Probiotic effects on behaviours were not observed in this study, contrary to our 

predictions. Specifically, for behaviours that are related to feeding (i.e., exploration of a 

novel object), results from previous studies have been mixed, with some fish species fed 

different strains of probiotics having either increased (rainbow trout, Adineh et al., 2013) 

or decreased (zebrafish, Falcinelli et al., 2016) levels of feed motivation. When probiotics 
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was found to decrease feed motivation (Falcinelli et al., 2016), the probiotic treatment 

was associated with modulation of appetite genes, where those on a probiotic diet 

experienced increased transcription of appetite-suppressing genes (leptin and mc4r) and a 

decrease in transcription of appetite-stimulating genes (cb1 and NPY). Due to reduced 

appetite (both behaviourally and through gene transcription) as a result of probiotic 

therapies found in Falcinelli et al. (2016), reductions in growth may be present as 

individuals reached satiation much sooner than regular fed counterparts and thus may 

actually reduce feed intake; however, a direct connection with growth was not found in 

our study. Probiotics were also not found to impact activity levels in our study, which is 

consistent with findings for zebrafish (Davis et al., 2016a; Ilie et al., 2021). Studies that 

have demonstrated locomotor differences have been conducted in germ-free organisms, 

which may not lead to the same results, since in our study, we modified the already 

existing gut microbiota in our fish (Davis et al., 2016b). However, the impacts of 

probiotic therapies influencing anxiety-like behaviours have been well studied. In 

zebrafish, both Latobacillus plantarum (Davis et al., 2016a; Davis et al., 2016b) and a 

mixture of Latobacillus rhamnosus and Bifidobacterium longum (Valcarce et al., 2020) 

were found to reduce anxiety-like behaviours, unlike in our study. However, the anxiety-

like behaviours exhibited in those previous studies tend to refer to the usage of space in a 

novel tank, where bottom-dwelling behaviours are related to a lowered state of anxiety 

(Maximono et al., 2010), whereas ours referred to reaching the maxima of locomotive 

behaviour, and inability cope with disturbances by readily resuming normal behaviours 

post-stimulus.  
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2.4.3 Genetic Effects on Behavioural Profiles 

 Differential gene expression can drive variation in behaviours exhibited by 

individuals (e.g., Zayed & Robinson, 2012; Tripp et al., 2018). In our study, we found 

that increased transcription of NeuroD1 of the late response neural gene group increased 

instances of the reactionary behavioural profile. This transcription factor is responsible 

for eliciting neural development, neural survival, differentiation, and synaptic plasticity 

(Pataskar et al., 2016; Tutukova et al., 2021), with increased expression triggered after 

chronic or mild stress (Boulle et al., 2014). Its association with the highly reactionary and 

disturbance-sensitivity profile is therefore not unexpected. Next, we found increases in 

SNAP-25a (late response neural functional group) was related to dampened reactionary 

responses in fish. Indeed, this finding seems plausible, as SNAP-25a plays a crucial role 

in the release of neurotransmitters at the end of synaptic terminals, post-synaptic 

receptors, and synaptic plasticity (Antonucci et al., 2016); and decreases in SNAP-25 

have been associated with ADHD-type behaviours (i.e., hyperactivity) (Barr et al., 2000; 

Hawi et al., 2013) and cognitive functions (Johansson et al., 2008; Braida et al., 2015). 

This increased hyperactivity may be similar to high levels of reactive behaviours 

associated with low levels of SNAP-25a transcription found in our study, as the 

reactionary behavioural profile was based on startle-type responses and mobility when 

stimuli were presented. Taken together, a very reactive individual had increased NeuroD1 

(promoting increased neuronal plasticity) and decreased SNAP-25a (decreasing 

neurotransmitter exocytosis of neural synapses) transcription, which could be indicative 

of greater connections between neurons with lowered levels of effective communication 

related to the reactionary profile.  
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2.4.4 Additional Variables Impacting Behavioural Profiles 

 Tank-rearing densities were found to impact the active fish behavioural type 

across multiple gene-function groups, with individuals being less active in higher-density 

rearing. This finding contrasts with previous studies of stream-dwelling Arctic charr 

(Salvelinus alpinus) and African catfish (Clarias gariepinus), where greater activity 

levels were driven by competition (Fingerle et al., 2016). As the food allotted to each 

tank in our study was determined based on rearing density, fish would not be required to 

increase activity levels to obtain food as was the case for the Fingerle et al. (2016) study. 

Instead, fish from high-density rearing tanks were found to be bolder and more 

aggressive. Rearing densities are known to affect fish aggression (European Food Safety 

Authority, 2008), possibly due to increased territoriality (i.e., greater numbers of fish 

with less space available to them) (Ruzzante, 1994). With less space available, fish will 

also move less, which can explain the changes found in these two behavioural profiles 

with density.  

Finally, there was an effect of time of day on reactionary-type fish, where fish 

sampled later in the day exhibited greater reactionary responses when examined with 

metabolism and appetite gene transcription covariates. In Drosophila (Hansen et al., 

2019), rats (Chabot & Taylor, 1992), and humans (Miller & Gronfier, 2006), startle 

responses are of greater amplitude during the evening or the dark period of the day 

possibly due to fear responses being greater at night (Horlington, 1970; Davis & 

Sollberger, 1971) combined with sensory systems (i.e., vision) being less effective in 

obtaining information from surroundings. However, we cannot rule out that our sampling 
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methodology may have inadvertently selected for fish with a heightened reactionary 

profile as the day progressed. 

2.4.5 Main Effects of Ploidy and Probiotics on Mass 

This study ultimately examined if probiotic therapies result in an increase in mass 

of fish that have undergone triploidization. Contrary to our predictions, we found no 

overall or consistent direct effect of ploidy or probiotic treatment on fish performance in 

our mass models (which included fish behaviour and gene transcription factors). This is 

surprising, given our expectations that both ploidy (Rottmann et al., 1991; Benfey et al., 

1999) and probiotics (Brizuela et al., 2001; Nayak, 2010; Gonçlaves et al., 2011) can 

improve growth/mass of an individual. Only in one mass model with the Auts2 gene (the 

early response neural function group) did we find diploid individuals to be significantly, 

and unexpectedly greater in mass than their triploid counterparts.  

One cannot rule out, however, that the growth advantage expected by triploids, 

regardless of diet, may not be present during earlier life stages, but rather when 

individuals reach maturity and begin to invest energy towards somatic cell growth instead 

of reproductive efforts (Tiwary et al., 2004). A longer-term study would be required to 

confirm this assumption. Furthermore, the encapsulation method used for the 

administration of these probiotics (i.e., sodium alginate) may have deterred fish from 

consuming the feed, negating the positive growth effects expected from probiotics; this 

also requires further examination.  

2.4.6 Gene Effects on Mass  

 The few direct effects of gene transcription variation on fish performance 

originated from the early neural development-, growth-, and stress response functional 
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groups. We had expected a greater number of genes to be associated with growth, given 

that several genes (e.g., GH, EGR-1, IGF-1, IGFBP2b, p53) have been shown to directly 

link with growth in fish (Bhaskaran et al., 1999; Zhou et al., 2008; Emmanuvel et al., 

2011; Duclot & Kabbaj, 2017; Bertucci et al., 2019; Khan, 2019), including under an 

altered diet (Amin et al., 2019; Kari et al., 2022). Our unexpected results may be due to 

our conservative correction for multiple-hypothesis testing, as previous studies examined 

one, or at most a few, genes independently. Nonetheless, after correction, we still found 

four genes that impacted the mass of fish, where an increase in the transcription of Auts2, 

IGF-1, p53, and CRF genes was associated with heavier fish. Auts2 expression is critical 

for appropriate neurodevelopment, and under-expression can result in growth/feeding 

problems, body/skeletal abnormalities, and neurological disorders (Oksenberg & Ahituv, 

2013). In terms of functionality, the Auts2 gene has not previously been linked to size or 

mass of fish. However, this gene does play a role in the activation of transcription and 

regulation of neural development through participation in neuronal migration/neurite 

extensions (Colson et al., 2019), and is highly expressed in neural areas of high cognitive 

functions (Bedogni et al., 2010). The role of Auts2 in cognitive abilities (Colson et al., 

2019) may translate to the coping ability of animals, where greater cognitive abilities 

allow for better coping with their environment (Broom, 2010). It is important to note, 

however, that the function of this gene is not fully understood (Oksenberg & Ahituv, 

2013), and more research on the relationship between Auts2 and body size is required. 

Up-regulation of IGF-1 is expected to increase mass due to its involvement in growth as 

it stimulates muscle cell proliferation, differentiation, and hypertrophy (i.e., enlargement 

of muscle tissues), while inhibiting muscle atrophy (Glass, 2003; Glass, 2005); and it has 
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previously been shown to be positively related to growth rate in Atlantic salmon (Salmo 

salar) (Solberg et al., 2012). Increased p53 expression is associated with increases in 

mass in Drosophila, possibly due to the increased maintenance of healthy cells ensuring 

increased organismal growth (Mollereau & Ma, 2014). Lastly, our CRF-gene result is 

challenging to explain, given that up-regulation of the CRF gene has been previously 

found to suppress appetite during stress (Denver, 2009; Conde-Sieira et al., 2018). 

Despite its main role in organismal stress response, CRF gene expression also has a role 

in the regulation of food intake in fish, increased CRF expression has been found to lead 

to increased metabolic rate (Rothwell, 1990), which has been found to be positively 

related to growth rates (brown trout, Salmo trutta, Álvarez & Nicieza, 2005; Sockeye 

salmon, Jobling, 1981). Surprisingly, we did not find support for metabolism and appetite 

genes directly impacting mass. However, appetite is controlled through multiple systems 

(Bernier & Craig, 2005), and the genes we selected may not be reflective of these 

additional processes.  

We also found, in certain instances, genes from the early-neural development and 

growth functional groups interact with treatment to influence mass. For instance, with 

increasing Auts2 gene transcription, diploid individuals experience increased mass, while 

triploid individuals have lower mass. Again, the role of increased Auts2 expression on 

mass is still not fully understood (Oksenberg & Ahituv, 2013); however, our results may 

indicate that diploid individuals have an increased sensitivity to changing Auts2 

transcription levels since there is a relatively greater increase in mass with increasing 

Auts2 transcription than found in triploids. Furthermore, probiotics were found to interact 

with growth gene p53, where individuals on a probiotic diet had increased mass at high 
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levels of p53 gene transcription. Alternatively, those on a regular diet were less 

responsive to changes in gene transcription and subsequent mass increases. Probiotics 

have previously been found to increase growth performance (Dawood & Koshio, 2016), 

and in our study, this finding could indicate that the enhanced mass, as a result of 

probiotic therapies, occurs via a genetic mechanism (i.e., regulation of cellular growth 

(Bhaskaran et al., 1999)). As p53 transcription was furthermore associated with mass 

independent of food treatments, it is plausible that the probiotic therapy is enhancing the 

existing mass impact of increased p53 expression. 

2.4.7 Behavioural Effects on Mass 

 Unexpectedly, we found no direct behavioural effects on mass. Instead, although 

not universal, the bold/aggressive profile influenced mass through interaction effects. In 

the p53 mass model (growth genes functional group), a triploid individual had the 

greatest mass when exhibiting a shy or non-aggressive behavioural profile, possibly due 

to lower investment in this energetically costly behaviour (Dehnen et al., 2021). 

Regardless of the degree of boldness/aggression, diploids did not experience the same 

change in mass as triploids. With similar energy utilization between diploid and triploid 

individuals (Wiley & Wike, 1986), it is possible that the triploid individuals displaying 

aggressive behaviours in our study may have a reduced mass due to these aggressive 

behaviours being more energetically costly for them than diploid counterparts.   

2.4.8 Behavioural Transcriptomics Effects on Mass 

 Behavioural genomics allows us to identify genes and behavioural associations 

(Wong & Hoffmann, 2010), while determining how these interactions might influence 

another somatic trait (e.g., mass) (Rittschof & Hughes, 2018). When taking a behavioural 
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genomics approach to examining mass, we found one significant interaction: Shh 

transcription interacted with boldness/aggression to influence fish mass. Fish with a 

highly bold/aggressive behavioural profile were generally more sensitive to differences in 

transcription of Shh than shy, non-aggressive individuals, and exhibited increased mass 

when coupled with high Shh transcription levels. Shh is necessary for the maintenance, 

proliferation, differentiation, and migration of neural stem cells in an adult (Sasai, 

Toriyama, & Kondo, 2019). When paired with low Shh transcription levels, 

bold/aggressive individuals were lighter in mass. While the main function of Shh is for 

normal patterning of the body during embryonic development (i.e., neural crest migration 

and formation of the dorsal-ventral patterning) (Boyd et al., 2015), Shh also plays a role 

in cell growth (Araújo et al., 2014), which is likely the aspect of increased Shh gene 

transcription contributing to mass effects. However, the exact mechanisms linking 

bold/aggressive behavioural types with Shh transcription are unknown and further 

research is necessary to explore this connection.    

2.5.9 Time of Day Effects on Mass 

 Finally, time of day was found to impact mass (Dclk1: neural function group 2, 

p53: growth, and CRF: stress response gene models) where individuals sampled later in 

the day had a greater mass than those sampled at earlier time points. This finding could 

be reflective of the time points in which individuals were fed, as the first feeding in a day 

occurred prior to trials. Fish sampled first would have been examined immediately after a 

regular nighttime period of fasting.  



 

92 
 

2.4.10 Dam, Sire, and Family Effects 

 We found no significant maternal effect on any measure of gene transcription, 

behaviour, or body mass across the tested models; however, these effects would most 

likely be detected in early egg/larval (Berg et al., 2001). Maternal effects would likely not 

persist into the fry life stage, since maternal effects decline with developmental stage 

(i.e., prevalent during the egg and alevin stage in Chinook salmon) (Heath et al., 1999; 

Venney et al., 2019). Sire effects, in turn, have been shown to be prevalent later in life 

(Falica & Higgs, 2013). We found sire effects on mass (only in the stress response gene 

MR), indicative of the paternal genetic contribution on offspring size at the 8-month post-

fertilization stage. Finally, for mass models, there was no significant family effect 

indicating no presence of an interaction between dam and sire. No overall dam, sire, or 

dam by sire effects were found, which may be a result of few individuals bred for this 

study (i.e., three females crossed with three males, and two females crossed with three 

males) for a total of 15 unique families. The goal of this study was not to explore the role 

of genetic architecture on our variables, but rather to correct for any confounding genetic 

effects. 

2.5 Conclusions 

 In our study, we did not find universal treatment effects (ploidy, probiotics) on 

juvenile Chinook salmon growth performance. Instead, an interesting outcome of our 

study is the emergence of non-linear effects, with ploidy interacting with both gene 

transcription (Auts2, an early neural development gene) and a behavioural phenotype 

(boldness and aggression); and probiotic therapy interacting with gene transcription (p53, 

a growth gene) to ultimately influence mass in both expected and unexpected ways. With 

regards to aquaculture practices, our use of probiotics as a therapy to address the 
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drawbacks observed in triploid fish did not produce the required results, and that our 

particular mixture of probiotics was not successful in improving the mass of individuals. 

Nonetheless, other probiotics could still be a potential avenue; however, more research is 

still needed.  

 With regards to predicting mass outcomes for triploid fish (regardless of feed) 

using behaviour as a screening tool is also not straightforward. While a shy and non-

aggressive triploid may be larger compared with other triploid counterparts, a bold and 

aggressive triploid is also more likely to be larger, but only if their phenotype is 

associated with a high shh-expression genotype. This study therefore underscores the 

importance of behavioural genomics as an analytical approach since the interactions 

between gene transcription and behaviour provide mechanistic and possibly predictive 

information about whole-animal phenotype (i.e., mass in this study). Behavioural 

transcriptomics, as applied here, also highlights important relationships and interactions 

that remain to be described. 
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Tables 

Table 2.1. Table of candidate genes and their functions. Functional group indicated 

above genes in italics.  

Gene  Main Function  

Synaptic Plasticity 

Sonic hedgehog (Shh) Embryonic development, cell growth, specialization 

and normal patterning of the forming body 

C-FOS Immediate early response gene involved in cell 

proliferation and differentiation  

Autism susceptibility 

candidate 2 (Auts2) 

Neurodevelopment, regulates neuronal migration  

5-hydroxytryptamine 

(serotonin) receptor 1A a 

(Htr1aa) 

Serotonin receptor involved in neuromodulation and 

behavioural plasticity  

Tryptophan 5-

monooxygenase (TPH2) 

Catalyzes the synthesis of serotonin  

Neurogenesis/Synaptogenesis 

Doublecortin (DCX) Neural migration and neurite outgrowth 

Neurogenic differentiation 

factor (NeuroD1) 

Neural cell cycle regulation  

Cellular retinoic acid 

binding protein 1a 

(Crabp1a) 

Neurogenesis/regulate transport/metabolism in the 

developing embryo and throughout life  

Synaptic Plasticity & Neurogenesis/Synaptogenesis 

Dihydropryimidinase-

related protein 2 (Dpsyl2) 

Neural development of axonal growth and cell 

migration  

Synaptysomal-associated 

protein 25-a (SNAP-25a) 

Release of neurotransmitters at the end of synaptic 

terminals, post-synaptic receptors, and synaptic 

plasticity  

Brain-derived neurotrophic 

factor (BDNF) 

Neuronal survival and synaptic plasticity  

Double cortin like kinase 1 

(Dclk1) 

Involved in the calcium-signalling pathway controlling 

neuronal migration in the developing brain and may 

participate in functions of the mature nervous system  

Metabolism & Appetite 

Cholecystokinin (CCK) Satiation signals and influences digestion/feeding 

processes and suppresses food intake  

Orexin/hyoicretin receptor 

2 (hcrtr 2) 

Regulates feeding behaviour (predicted) by enabling 

orexin receptor activity  

Proopiomelanocortin 

(POMC) 

POMC neurons may exert a tonic inhibitory effect on 

feeding and energy storage  

Neuropeptide Y Receptor 

Type 1-like (NPY) 

Involved in regulation of food intake (stimulates) 
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Growth 

Growth hormone (GH) Necessary for normal growth of the body’s 

bones/tissues  

Early growth response 

protein 1 (EGR-1) 

Regulates response of growth factors, DNA damage 

and ischemia  

Insulin-like growth factor 1 

(IGF-1) 

stimulating the start of the cell cycle for other growth 

factors  

Insulin-like growth factor 

binding protein (IGFBP2b) 

Receptor to bind and regulate IGF actions in controlling 

growth, development, reproduction, and aging  

Tumor suppressor p53 

(p53) 

Tumor suppressor which regulates cell growth/division  

Stress Response 

Mineralcorticoid receptor 

(MR) 

Ion/water transport regulation during stress  

Glucocorticoid receptor 1 

(GR1) 

Bind glucocorticoids to initiate a stress response in the 

CS to stressful situations  

Glucocorticoid receptor 2 

(GR2) 

Bind glucocorticoids to initiate a stress response in the 

CS to stressful situations  

Cortcotropin-releasing 

factor (CRF) 

Regulation of stress response/maintaining homeostasis 

during stress, and can suppress food intake  

Arginine vasotocin (AVT) important for coping with changing environmental 

salinity  
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Table 2.2. Results from the principal component analysis loadings for factors from 

individual principal component tests (open field, novel object, predator, mirror and 

behavioural sensitivity/responsiveness tests). Bold values were loadings that were 

considered significant (>0.55). Components from this test revealed four different 

behavioural profiles: reactionary, activity, boldness/aggression, and laterality and 

extremes. 

Behavioural 

Measurement 

PCA 

Component 

Reactionary 

PCA 

Component 

Activity 

PCA 

Component 

Boldness 

and 

Aggression 

PCA 

Component 

Laterality 

and 

Extremes 

Exploration (Novel 

Object) 

0.700 -0.036 -0.216 -0.277 

Startle Response 

(Predator) 

0.752 -0.019 0.258 0.153 

Sensitivity to Novelty 

(Behavioural 

Flexibility) 

0.935 -0.068 -0.026 -0.007 

Activity (Open Field 

Test) 

0.218 0.626 -0.054 0.281 

Activity (Novel Object) -0.079 0.730 -0.069 -0.182 

Activity (Predator) -0.021 0.695 -0.083 0.013 

Activity (Mirror) -0.149 0.584 0.123 -0.054 

Boldness (Open Field 

Test) 

0.006 0.193 0.645 -0.164 

Aggression (Mirror) -0.019 -0.011 0.506 0.098 

Response to Habituated 

Stimuli (Behavioural 

Flexibility)  

-0.041 0.289 -0.618 0.010 

Extremes (Open Field 

Test) 

0.096 0.153 -0.109 -0.657 

Laterality (Mirror) 0.032 0.112 -0.125 0.720 
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Table 2.3. Gene transcription GLMM results by functional group, with t-values and significance values (indicated in parentheses) for 

each variable included in the model indicated. Sequential Bonferroni corrections were done within each functional gene group. 

Accepted significance values indicated next to gene model and significant values after corrections are indicated in bold. 

Gene Model Ploidy Feed Tank-Rearing 

Densities 

Time of Day Ploidy * Feed Model Sample 

Size 

Early Neural Development 

Shh (p < 0.025) 0.90 (0.37) 1.86 (0.06) -0.62 (0.54) -1.43 (0.15) -0.78 (0.43) 196 

Auts2 (p < 0.05) 0.35 (0.72) 0.36 (0.72) 0.14 (0.89) -0.86 (0.39) 0.25 (0.80) 240 

Htr1aa (p < 0.0125) 0.84 (0.40) 0.81 (0.42) -0.69 (0.49) -0.28 (0.78) 0.09 (0.93) 208 

DCX (p < 0.017) 1.30 (0.20) 0.80 (0.43) -1.26 (0.21) -0.79 (0.43) 0.29 (0.77) 171 

Long-Term Neural Development 

NeuroD1 (p < 

0.017) 

-0.03 (0.98) 0.80 (0.42) -1.24 (0.22) -1.26 (0.21) -0.06 (0.95) 316 

Crabp1a (p < 0.025) -0.37 (0.71) 0.29 (0.77) -1.12 (0.26) -0.01 (0.99) 0.56 (0.58) 332 

Dpysl2 (p < 0.05) 0.15 (0.88) 1.45 (0.15) -0.84 (0.40) -0.06 (0.95) 0.18 (0.86) 341 

SNAP-25a (p < 

0.01) 

0.47 (0.64) 1.14 (0.26) -1.48 (0.14) -1.56 (0.12) -0.04 (0.97) 350 

BDNF (p < 0.008) 0.05 (0.96) 1.49 (0.14) -0.85 (0.40) -2.22 (0.03) 0.03 (0.98) 114 

Dclk1 (p < 0.0125) 0.36 (0.72) 0.63 (0.53) -1.67 (0.11) -2.31 (0.02) 0.44 (0.66) 308 

Metabolism and Appetite 

POMC (p < 0.05) 0.36 (0.72) 0.63 (0.53) -1.67 (0.11) -2.31 (0.02) 0.44 (0.66) 137 

NPY (p < 0.025) 1.06 (0.29) 2.38 (0.02) 0.84 (0.41) -1.55 (0.12) -0.94 (0.35) 135 

Growth 

IGF-1 (p < 0.05) 0.65 (0.52) 0.25 (0.81) 0.38 (0.70) -2.22 (0.03) 0.64 (0.52) 263 

p53 (p < 0.025) 1.51 (0.14) 1.36 (0.18) -0.48 (0.63) -2.53 (0.01) -0.92 (0.37) 235 

GH (p < 0.017) -0.33 (0.74) 0.85 (0.40) 0.40 (0.69) -1.41 (0.16) 0.94 (0.35) 88 

EGR1 (p < 0.0125) 

 

-1.20 (0.24) -1.34 (0.19) -0.06 (0.96) 0.13 (0.90) 1.27 (0.21) 82 
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Stress Response 

MR (p < 0.025) 0.19 (0.85) 0.56 (0.58) -0.12 (0.91) -0.50 (0.62) 0.25 (0.80) 318 

GR2 (p < 0.05) -0.48 (0.63) 0.34 (0.74) -0.48 (0.63) -1.10 (0.27) 0.45 (0.65) 258 

CRF (p < 0.017) 1.59 (0.11) 2.41 (0.017) -1.67 (0.10) -1.07 (0.29) -0.72 (0.48) 235 

AVT (p < 0.0125) 1.05 (0.29) 1.74 (0.08) -0.16 (0.88) -1.26 (0.21) -0.19 (0.85) 176 
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Table 2.4.1. Results of behavioural profile GLMMs with early neural development genes 

as explanatory variables, with t-values and significance values (indicated in parentheses) 

for each variable included in the model indicated. Sequential Bonferroni corrections were 

done for each behavioural profile, with accepted significance values indicated in brackets 

with the behavioural model. Significant values after corrections are indicated in bold. 

Behavioural 

Variable 

Reactionary 

(p < 0.0125) 

Activity 

(p < 0.05) 

Boldness and 

Aggression 

(p < 0.0125) 

Laterality 

and 

Extremes (p 

< 0.017) 

Ploidy 0.94 (0.35) 1.94 (0.06) 0.19 (0.85) 0.67 (0.50) 

Feed -0.14 (0.89) 1.22 (0.23) -0.64 (0.53) 0.97 (0.34) 

Shh 0.17 (0.87) -0.08 (0.94) 0.76 (0.45) -1.12 (0.27) 

Auts2 -0.11 (0.92) 0.28 (0.78) -0.22 (0.83) 0.82 (0.41) 

Htr1aa 1.20 (0.23) -0.58 (0.57) 0.80 (0.43) -1.36 (0.18) 

DCX -0.71 (0.48) 0.98 (0.33) -0.74 (0.46) 0.83 (0.41) 

Morphometric 

Component 

1.52 (0.13) -0.46 (0.65) -0.96 (0.34) -1.19 (0.24) 

Tank-Rearing 

Densities 

-0.78 (0.44) -1.97 (0.054) 1.65 (0.11) 0.16 (0.87) 

Time of Day 0.47 (0.64) 0.89 (0.38) 0.50 (0.62) 0.85 (0.40) 

Ploidy * Feed -0.38 (0.70) -0.96 (0.34) 0.24 (0.81) -1.77 (0.08) 

Early Neural Development Model Sample Size n = 87 
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Table 2.4.2. Results of behavioural profile GLMMs with long-term neural development 

genes as explanatory variables, with t-values and significance values (indicated in 

parentheses) for each variable included in the model indicated. Sequential Bonferroni 

corrections were done for each behavioural profile, with accepted significance values 

indicated in brackets with the behavioural model. Significant values after corrections are 

indicated in bold. 

Behavioural 

Variable 

Reactionary 

(p < 0.025) 

Activity (p < 

0.017) 

Boldness and 

Aggression (p 

< 0.05) 

Laterality 

and 

Extremes (p 

< 0.025) 

Ploidy 0.35 (0.73) 2.27 (0.03) 0.55 (0.59) -0.34 (0.73) 

Feed -0.88 (0.38) 0.09 (0.93) -1.35 (0.18) 0.68 (0.50) 

NeuroD1 2.82 (0.006) 2.05 (0.04) 0.63 (0.53) -0.56 (0.58) 

Crabp1a 1.26 (0.21) -0.62 (0.53) -0.64 (0.52) -1.33 (0.19) 

Dpysl2 0.68 (0.50) -0.69 (0.49) -1.13 (0.26) 0.20 (0.84) 

SNAP-25a -2.57 (0.01) -1.78 (0.08) -0.36 (0.72) 0.69 (0.49) 

BDNF -0.12 (0.90) 1.76 (0.08) 0.18 (0.86) 2.09 (0.04) 

Dclk1 -0.73 (0.47) 0.40 (0.69) 1.40 (0.16) -1.46 (0.15) 

Morphometric 

Component 

1.24 (0.22) -0.14 (0.89) -0.78 (0.43) 0.08 (0.93) 

Tank-Rearing 

Densities 

-0.73 (0.46) -3.79 (2.71e-4) 2.33 (0.02) 1.19 (0.24) 

Time of Day 1.96 (0.05) 0.45 (0.65) -0.09 (0.93) 1.62 (0.11) 

Ploidy * Feed 0.95 (0.34) 0.02 (0.98) 0.38 (0.71) -0.40 (0.69) 

Long-Term Neural Development Model Sample Size n = 174 
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Table 2.4.3. Results of behavioural profile GLMMs with metabolism and appetite genes 

as explanatory variables, with t-values and significance values (indicated in parentheses) 

for each variable included in the model indicated. Sequential Bonferroni corrections were 

done for each behavioural profile, with accepted significance values indicated in brackets 

with the behavioural model. Significant values after corrections are indicated in bold. 

Behavioural 

Variable 

Reactionary (p 

< 0.05) 

Activity (p < 

0.01) 

Boldness and 

Aggression (p 

< 0.025) 

Laterality 

and 

Extremes (p 

< 0.05) 

Ploidy -0.35 (0.73) 1.65 (0.11) 0.73 (0.47) -0.22 (0.83) 

Feed 0.35 (0.72) 1.67 (0.10) -0.19 (0.85) 0.97 (0.34) 

POMC 0.39 (0.70) 1.27 (0.21) -0.29 (0.78) 0.45 (0.65) 

NPY 0.51 (0.61) 1.81 (0.08) 0.28 (0.78) 0.00 (1.00) 

Morphometric 

Component 

-0.86 (0.40) -2.46 (0.02) -1.60 (0.12) -0.17 (0.87) 

Tank-Rearing 

Densities 

-0.04 (0.97) -0.92 (0.36) 0.49 (0.63) -0.09 (0.93) 

Time of Day 2.08 (0.04) 0.06 (0.95) -0.59 (0.56) -0.33 (0.74) 

Ploidy * Feed -0.58 (0.57) -1.38 (0.18) -0.45 (0.66) -0.42 (0.68) 

Metabolism and Appetite Model Sample Size n = 57 

 

Table 2.4.4. Results of behavioural profile GLMMs with growth genes as explanatory 

variables, with t-values and significance values (indicated in parentheses) for each 

variable included in the model indicated. Sequential Bonferroni corrections were done for 

each behavioural profile, with accepted significance values indicated in brackets with the 

behavioural model. Significant values after corrections are indicated in bold. 

Behavioural 

Variable 

Reactionary (p 

< 0.01) 

Activity (p < 

0.0125) 

Boldness and 

Aggression (p 

< 0.01) 

Laterality 

and 

Extremes (p 

< 0.01) 

Ploidy 0.77 (0.48) 0.47 (0.66) -0.31 (0.77) -0.36 (0.73) 

Feed 0.94 (0.39) 1.27 (0.26) 0.02 (0.99) -0.19 (0.86) 

IGF-1 -0.01 (0.99) -0.30 (0.78) 1.05 (0.34) -2.13 (0.09) 

p53 -1.55 (0.18) -0.54 (0.61) 2.23 (0.08) 0.68 (0.53) 

GH -0.08 (0.94) -1.09 (0.33) 1.70 (0.15) 0.29 (0.78) 

EGR1 0.54 (0.62) 2.37 (0.06) 0.98 (0.37) -1.77 (0.14) 

Morphometric 

Component 

2.19 (0.08) -0.23 (0.83) -3.28 (0.02) -1.03 (0.35) 

Tank-Rearing 

Densities 

-0.87 (0.43) 1.09 (0.32) 1.15 (0.30) 0.95 (0.39) 

Time of Day 0.09 (0.93) -2.77 (0.04) -0.58 (0.58) -0.72 (0.50) 

Ploidy * Feed 0.42 (0.69) -0.26 (0.80) -1.70 (0.15) -0.25 (0.81) 

Growth Model Sample Size n = 16 
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Table 2.4.5. Results of behavioural profile GLMMs with stress response genes as 

explanatory variables, with t-values and significance values (indicated in parentheses) for 

each variable included in the model indicated. Sequential Bonferroni corrections were 

done for each behavioural profile, with accepted significance values indicated in brackets 

with the behavioural model. Significant values after corrections are indicated in bold. 

Behavioural 

Variable 

Reactionary (p 

< 0.017) 

Activity (p < 

0.025) 

Boldness and 

Aggression (p 

< 0.017) 

Laterality 

and 

Extremes (p 

< 0.0125) 

Ploidy 0.40 (0.69) 2.61 (0.01) 1.44 (0.15) -0.12 (0.91) 

Feed 0.41 (0.68) 1.74 (0.09) 0.04 (0.97) 0.17 (0.87) 

MR 1.58 (0.12) -0.79 (0.43) 0.98 (0.33) -1.26 (0.21) 

GR2 -1.30 (0.20) 1.92 (0.06) 0.00 (1.00) 1.02 (0.31) 

CRF -0.50 (0.62) -0.34 (0.73) 0.05 (0.96) 0.04 (0.97) 

AVT -0.09 (0.93) 0.10 (0.92) -1.70 (0.09) 0.81 (0.42) 

Morphometric 

Component 

-0.7 (0.95) -1.13 (0.26) -0.04 (0.97) 0.15 (0.88) 

Tank-Rearing 

Densities 

-0.53 (0.60) -3.62 (5.56e-4) 0.88 (0.38) -0.74 (0.46) 

Time of Day 1.49 (0.14) 0.47 (0.64) -0.16 (0.87) 1.63 (0.11) 

Ploidy * Feed 0.43 (0.67) -1.40 (0.17) -0.65 (0.52) -0.81 (0.42) 

Stress Response Model Sample Size n = 106 
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Table 2.5.1. Results from mass GLMMs with early neural development genes added as 

an explanatory variable, with t-values and significance values (indicated in parentheses) 

for each variable included in the model indicated. Accepted significance values indicated 

separately for each gene model, and bold values indicate significant values after 

Bonferroni-Holm corrections. 

Variables Shh t-value 

(p < 0.017) 

Auts2 t-

value 

(p < 0.05) 

Htr1aa t-

value 

(p < 0.012) 

DCX t-

value 

(p < 0.025) 

Ploidy -1.90 (0.06) -2.10 

(0.037) 

-0.11 (0.91) -0.78 (0.44) 

Feed 0.44 (0.66) -0.08 (0.94) 1.77 (0.08) -0.54 (0.59) 

Gene 1.59 (0.11) 1.99 (0.038) 0.67 (0.51) 1.47 (0.14) 

Reactionary -0.22 (0.83) -0.23 (0.82) 0.45 (0.65) 1.81 (0.07) 

Activity 0.74 (0.46) 0.53 (0.60) -0.80 (0.42) 0.65 (0.51) 

Boldness/Aggression 0.49 (0.62) 1.12 (0.26) -1.47 (0.14) 0.42 (0.68) 

Laterality/Extremes -0.21 (0.83) -0.53 (0.26) -0.14 (0.89) 0.65 (0.52) 

Tank-Rearing Density -0.33 (0.75) -0.61 (0.54) 0.59 (0.56) 0.24 (0.81) 

Time of Day 2.31 (0.02) 1.71 (0.09) 1.38 (0.17) 2.00 (0.05) 

Ploidy*Feed -0.92 (0.36) -0.74 (0.47) -1.13 (0.26) 0.00 (1.00) 

Ploidy*Gene -1.31 (0.19) -2.03 (0.04) -0.53 (0.59) -0.13 (0.89) 

Ploidy*Reactionary 1.09 (0.19) 0.28 (0.78) -0.71 (0.48) -1.93 (0.06) 

Ploidy*Activity -0.74 (0.46) -0.65 (0.52) -0.29 (0.77) -1.48 (0.14) 

Ploidy*Boldness/Aggression -1.18 (0.24) -0.74 (0.46) -0.86 (0.39) -0.99 (0.32) 

Ploidy*Laterality/Extremes 0.99 (0.32) -0.18 (0.86) -0.33 (0.74) -1.01 (0.32) 

Feed*Gene -0.90 (0.37) -0.64 (0.52) 0.09 (0.93) -1.07 (0.29) 

Feed*Reactionary -0.13 (0.90) 0.08 (0.94) 0.60 (0.55) -1.66 (0.10) 

Feed*Activity -0.48 (0.63) 0.81 (0.42) -0.03 (0.97) -0.14 (0.89) 

Feed*Boldness/Aggression 1.09 (0.28) 0.54 (0.59) 1.29 (0.20) 0.76 (0.45) 

Feed*Laterality/Extremes -1.13 (0.26) 0.08 (0.94) -0.52 (0.61) -0.16 (0.88) 

Gene*Reactionary -0.43 (0.67) -0.27 (0.79) -1.48 (0.14) 0.29 (0.78) 

Gene*Activity -0.69 (0.49) 0.60 (0.55) 0.57 (0.57) -0.10 (0.92) 

Gene*Boldness/Aggression 3.53  

(6.04e-4) 

1.16 (0.25) 0.39 (0.70) 1.51 (0.14) 

Gene*Laterality/Extremes 1.18 (0.24) -0.37 (0.71) 0.20 (0.84) 0.50 (0.62) 

Model Sample Size (n) 143 179 152 131 
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Table 2.5.2. Results from mass GLMMs with long-term neural development genes added 

as an explanatory variable, with t-values and significance values (indicated in 

parentheses) for each variable included in the model indicated. Accepted significance 

values indicated separately for each gene model, and bold values indicate significant 

values after Bonferroni-Holm corrections. 

Variables NeuroD

1 t-value 

(p < 

0.008) 

Crabp1a 

t-value 

(p < 

0.025) 

Dpysl2 

t-value 

(p < 

0.017) 

SNAP-

25a t-

value (p 

< 0.012) 

BDNF t-

value (p 

< 0.01) 

Dclk1 t-

value (p 

< 0.05) 

Ploidy -1.05 

(0.30) 

-1.22 

(0.23) 

0.01 

(0.99) 

0.99 

(0.32) 

0.11 

(0.91) 

-0.51 

(0.61) 

Feed 0.45 

(0.66) 

1.25 

(0.21) 

-0.30 

(0.76) 

2.12 

(0.04) 

-0.78 

(0.43) 

-0.31 

(0.75) 

Gene 1.08 

(0.28) 

1.54 

(0.12) 

-0.01 

(0.99) 

1.90 

(0.06) 

1.93 

(0.06) 

0.85 

(0.40) 

Reactionary -0.56 

(0.58) 

0.04 

(0.97) 

-0.48 

(0.63) 

0.52 

(0.60) 

-0.45 

(0.65) 

-0.83 

(0.41) 

Activity 1.66 

(0.10) 

1.93 

(0.06) 

-0.91 

(0.36) 

0.94 

(0.35) 

0.01 

(0.99) 

0.46 

(0.65) 

Boldness/ 

Aggression 

1.39 

(0.17) 

-0.24 

(0.81) 

0.68 

(0.50) 

-2.01 

(0.046) 

0.62 

(0.53) 

1.32 

(0.19) 

Laterality/ 

Extremes 

-0.60 

(0.55) 

-0.68 

(0.50) 

0.99 

(0.32) 

-0.96 

(0.34) 

-0.64 

(0.52) 

-0.20 

(0.84) 

Tank-Rearing 

Density 

-0.15 

(0.88) 

-0.12 

(0.90) 

-0.00 

(1.00) 

-0.22 

(0.83) 

-0.46 

(0.65) 

-0.39 

(0.70) 

Time of Day 1.97 

(0.05) 

1.96 

(0.05) 

1.78 

(0.08) 

2.06 

(0.042) 

1.45 

(0.15) 

2.44 

(0.027) 

Ploidy*Feed -0.44 

(0.66) 

-0.50 

(0.62) 

-0.88 

(0.38) 

-0.63 

(0.53) 

-1.02 

(0.31) 

-0.92 

(0.36) 

Ploidy*Gene -0.56 

(0.57) 

-1.16 

(0.25) 

0.23 

(0.82) 

-1.51 

(0.13) 

0.35 

(0.73) 

-0.23 

(0.82) 

Ploidy* 

Reactionary 

-0.06 

(0.95) 

0.07 

(0.94) 

0.04 

(0.97) 

0.27 

(0.79) 

-1.71 

(0.09) 

-0.31 

(0.76) 

Ploidy*Activity -1.64 

(0.10)  

-1.18 

(0.24) 

-0.85 

(0.40) 

-1.34 

(0.18) 

-0.97 

(0.33) 

-0.57 

(0.57) 

Ploidy*Boldness

/ Aggression 

-0.73 

(0.47) 

-0.87 

(0.38) 

-0.57 

(0.57) 

-0.60 

(0.55) 

-0.84 

(0.40) 

-1.27 

(0.21) 

Ploidy* 

Laterality/ 

Extremes 

0.27 

(0.79) 

0.24 

(0.81) 

0.83 

(0.41) 

0.61 

(0.54) 

0.47 

(0.64) 

0.40 

(0.69) 

Feed*Gene -0.34 

(0.74) 

-0.79 

(0.43) 

-0.95 

(0.34) 

-1.57 

(0.12) 

-1.85 

(0.07) 

-1.46 

(0.15) 

Feed* 

Reactionary 

0.27 

(0.79) 

0.40 

(0.69) 

0.41 

(0.68) 

0.44 

(0.66) 

0.10 

(0.92) 

0.30 

(0.76) 
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Feed*Activity -1.28 

(0.20) 

-1.44 

(0.15)  

-1.15 

(0.25) 

-1.55 

(0.12) 

-0.81 

(0.42) 

-0.90 

(0.37) 

Feed*Boldness/ 

Aggression 

0.69 

(0.49) 

0.94 

(0.35) 

0.74 

(0.46) 

1.08 

(0.28) 

0.85 

(0.40) 

0.70 

(0.48) 

Feed*Laterality/ 

Extremes 

1.05 

(0.29) 

0.04 

(0.97) 

-0.34 

(0.74) 

0.03 

(0.98) 

0.85 

(0.40) 

0.46 

(0.64) 

Gene* 

Reactionary 

-1.11 

(0.27) 

-0.61 

(0.54) 

-0.56 

(0.57) 

-0.58 

(0.57) 

-1.51 

(0.13) 

-1.42 

(0.16) 

Gene*Activity 0.57 

(0.57) 

-0.33 

(0.74) 

-1.58 

(0.12) 

0.15 

(0.88) 

-0.48 

(0.63) 

-0.28 

(0.78) 

Gene*Boldness/ 

Aggression 

2.06 

(0.04) 

0.88 

(0.38) 

0.98 

(0.33) 

1.81 

(0.07) 

0.77 

(0.44) 

1.49 

(0.14) 

Gene*Laterality/

Extremes 

0.37 

(0.71) 

1.20 

(0.23) 

1.44 

(0.15) 

0.43 

(0.67) 

-0.13 

(0.90) 

0.50 

(0.62) 

Model Sample 

Size (n) 

233 242 249 256 179 227 
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Table 2.5.3. Results from mass GLMMs with mass and appetite genes added as an 

explanatory variable, with t-values and significance values (indicated in parentheses) for 

each variable included in the model indicated. Accepted significance values indicated 

separately for each gene model, and bold values indicate significant values after 

Bonferroni-Holm corrections. 

Variables POMC t-value (p < 0.025) NPY t-value (p < 0.05) 

Ploidy -0.21 (0.83) -0.62 (0.54) 

Feed 0.94 (0.35) -0.28 (0.78) 

Gene 0.72 (0.48) 1.92 (0.06) 

Reactionary 0.16 (0.87) 0.21 (0.83) 

Activity -0.82 (0.41) -0.04 (0.97) 

Boldness/Aggression 1.53 (0.13) -0.43 (0.67) 

Laterality/Extremes -1.74 (0.09) 0.53 (0.60) 

Tank-Rearing Density -0.52 (0.61) -0.79 (0.43) 

Time of Day 1.20 (0.23) 1.20 (0.23) 

Ploidy*Feed -0.79 (0.44) -0.52 (0.61) 

Ploidy*Gene -0.80 (0.43) -0.90 (0.37) 

Ploidy*Reactionary -0.27 (0.79) -1.28 (0.21) 

Ploidy*Activity -1.59 (0.12) -1.44 (0.15) 

Ploidy*Boldness/Aggression -1.42 (0.16) -0.20 (0.84) 

Ploidy*Laterality/Extremes 1.07 (0.29) 0.34 (0.73) 

Feed*Gene -0.22 (0.82) -1.59 (0.12) 

Feed*Reactionary -0.68 (0.50) -0.28 (0.78) 

Feed*Activity 0.41 (0.68) 0.68 (0.50) 

Feed*Boldness/Aggression -1.83 (0.07) 1.98 (0.052) 

Feed*Laterality/Extremes 0.33 (0.75) -0.06 (0.95) 

Gene*Reactionary 0.30 (0.77) -0.41 (0.68) 

Gene*Activity -0.63 (0.53) 0.47 (0.64) 

Gene*Boldness/Aggression 0.41 (0.68) 0.93 (0.35) 

Gene*Laterality/Extremes -1.95 (0.05) 0.88 (0.38) 

Model Sample Size (n) 107 104 
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Table 2.5.4. Results from mass GLMMs with growth genes added as an explanatory 

variable, with t-values and significance values (indicated in parentheses) for each variable 

included in the model indicated. Accepted significance values indicated separately for 

each gene model, and bold values indicate significant values after Bonferroni-Holm 

corrections. 

Variables IGF-1 t-

value (p < 

0.025) 

p53 t-

value (p < 

0.05) 

GH t-

value (p < 

0.0125) 

EGR1 t-

value (p < 

0.017) 

Ploidy -1.54 

(0.13) 

-1.86 

(0.07) 

0.24 (0.81) 2.20 (0.04) 

Feed -0.33 

(0.74) 

-1.5 (0.14) 1.00 (0.33) -1.56 

(0.13) 

Gene 2.39 

(0.018) 

2.98 

(0.003) 

0.65 (0.52) 0.68 (0.50) 

Reactionary -0.67 

(0.50) 

-0.74 

(0.46) 

1.48 (0.15) 0.20 (0.84) 

Activity 1.86 (0.06) 0.35 (0.73) 0.63 (0.53) 0.30 (0.77) 

Boldness/Aggression -0.32 

(0.75) 

1.10 (0.27) 1.22 (0.23) -1.62 

(0.11) 

Laterality/Extremes 0.17 (0.87) -0.53 

(0.60) 

-0.86 

(0.40) 

1.47 (0.15) 

Tank-Rearing Density -0.86 

(0.39) 

0.80 (0.43) 0.37 (0.71) 0.45 (0.66) 

Time of Day 0.97 (0.34) 2.59 

(0.012) 

-0.05 

(0.96) 

1.64 (0.11) 

Ploidy*Feed -0.74 

(0.46) 

-0.28 

(0.78) 

0.26 (0.79) -0.39 

(0.70) 

Ploidy*Gene -1.49 

(0.14) 

-1.44 

(0.15) 

-1.37 

(0.18) 

-0.14 

(0.89) 

Ploidy*Reactionary 0.12 (0.90) -0.60 

(0.55) 

-1.40 

(0.17) 

0.15 (0.88) 

Ploidy*Activity -0.19 

(0.85) 

-0.16 

(0.88) 

-2.56 

(0.015) 

-0.81 

(0.42) 

Ploidy*Boldness/Aggression -0.92 

(0.36) 

-2.31 

(0.023) 

-1.35 

(0.19) 

-1.62 

(0.12) 

Ploidy*Laterality/Extremes -0.27 

(0.79) 

0.31 (0.76) 0.59 (0.56) 0.04 (0.97) 

Feed*Gene -0.96 

(0.34) 

-2.13 

(0.04) 

-0.34 

(0.73) 

-1.52 

(0.14) 

Feed*Reactionary 1.00 (0.32) 0.04 (0.97) -2.02 

(0.05) 

0.77 (0.45) 

Feed*Activity -1.33 

(0.19) 

-0.33 

(0.74) 

-0.68 

(0.50) 

-0.01 

(0.99) 

Feed*Boldness/Aggression 1.81 (0.07) 0.76 (0.45) -1.79 

(0.08) 

0.64 (0.53) 
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Feed*Laterality/Extremes 0.14 (0.89) -0.45 

(0.65) 

-0.27 

(0.79) 

-0.08 

(0.94) 

Gene*Reactionary -0.94 

(0.36) 

-1.40 

(0.17) 

-0.23 

(0.82) 

0.50 (0.62) 

Gene*Activity 1.94 

(0.054) 

0.13 (0.90) -0.34 

(0.74) 

-0.11 

(0.92) 

Gene*Boldness/Aggression -0.22 

(0.83) 

1.51 (0.13) -0.84 

(0.41) 

-2.08 

(0.04) 

Gene*Laterality/Extremes 0.25 (0.81) -0.29 

(0.78) 

0.65 (0.52) 1.49 (0.15) 

Model Sample Size (n) 190 170 71 61 
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Table 2.5.5. Results from mass GLMMs with stress response genes added as an 

explanatory variable, with t-values and significance values (indicated in parentheses) for 

each variable included in the model indicated. Accepted significance values indicated 

separately for each gene model, and bold values indicate significant values after 

Bonferroni-Holm corrections. 

Variables MR t-

value (p < 

0.05) 

GR2 t-

value (p < 

0.0125) 

CRF t-

value (p < 

0.017) 

AVT t-

value (p < 

0.025) 

Ploidy -1.65 

(0.10) 

-0.88 

(0.38) 

-1.30 

(0.20) 

-0.88 

(0.38) 

Feed -0.55 

(0.58) 

-1.94 

(0.30) 

-1.43 

(0.15) 

-1.28 

(0.20) 

Gene 1.89 (0.06) 0.75 (0.46) 2.87 

(0.004) 

2.18 (0.03) 

Reactionary -0.11 

(0.92) 

0.14 (0.89) 0.11 (0.91) -0.09 

(0.93) 

Activity 1.16 (0.25) -0.16 

(0.88) 

0.93 (0.35) 0.87 (0.39) 

Boldness/Aggression 1.01 (0.32) -0.23 

(0.82) 

0.48 (0.63) -0.96 

(0.34) 

Laterality/Extremes 0.37 (0.71) -0.07 

(0.95) 

0.74 (0.46) 0.89 (0.38) 

Tank-Rearing Density -0.19 

(0.85) 

-0.83 

(0.41) 

-0.54 

(0.59) 

-0.52 

(0.61) 

Time of Day 1.92 (0.06) 2.30 

(0.024) 

2.92 

(0.005) 

0.70 (0.49) 

Ploidy*Feed -0.48 

(0.64) 

-0.76 

(0.45) 

-0.53 

(0.60) 

-0.89 

(0.38) 

Ploidy*Gene -1.25 

(0.21) 

-0.83 

(0.41) 

-1.06 

(0.29) 

-1.32 

(0.19) 

Ploidy*Reactionary 0.02 (0.99) -0.97 

(0.33) 

-0.80 

(0.42) 

-0.62 

(0.54) 

Ploidy*Activity -0.99 

(0.32) 

-0.90 

(0.37) 

-0.56 

(0.58) 

-0.74 

(0.46) 

Ploidy*Boldness/Aggression -0.66 

(0.51) 

-0.68 

(0.50) 

-0.80 

(0.43) 

-1.68 

(0.10) 

Ploidy*Laterality/Extremes 0.19 (0.85) 0.14 (0.89) 0.21 (0.83) 1.21 (0.23) 

Feed*Gene -1.22 

(0.22) 

-1.24 

(0.22) 

-2.09 

(0.04) 

-2.12 

(0.04) 

Feed*Reactionary 0.58 (0.56) -0.05 

(0.96) 

0.51 (0.61) -0.05 

(0.96) 

Feed*Activity -1.45 

(0.15) 

-0.27 

(0.79) 

-0.09 

(0.93) 

-0.97 

(0.33) 

Feed*Boldness/Aggression 0.92 (0.36) 0.73 (0.47) 0.60 (0.55) 2.10 

(0.038) 
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Feed*Laterality/Extremes -0.02 

(0.98) 

-0.08 

(0.94) 

-1.26 

(0.21) 

0.37 (0.71) 

Gene*Reactionary -0.30 

(0.76) 

-0.01 

(0.99) 

-0.30 

(0.76) 

-0.08 

(0.93) 

Gene*Activity 0.40 (0.69) -0.28 

(0.78) 

1.02 (0.31) 0.91 (0.36) 

Gene*Boldness/Aggression 1.37 (0.17) -0.28 

(0.78) 

0.84 (0.40) -0.72 

(0.47) 

Gene*Laterality/Extremes 0.78 (0.44) 0.07 (0.95) 0.76 (0.45) 0.89 (0.37) 

Model Sample Size (n) 233 189 170 142 
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Figures 

Figure 2.1. Schematic diagram of the behavioural arena set up. A total of 30 trials were 

run, four-tank numbers tested (individuals assigned A-D based on tank number), with 

three individuals from a given tank tested at a given time (assigned a number of 01-03). 

Each behavioural trial consisted of four assays: an open field test (acclimation period), 

novel object test, predator response test, and a mirror test. Predator silhouettes were 

moved across arenas at a steady pace, and mirrors were placed on the opposite side of 

where predator movement was initiated.  
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Figure 2.2. Schematic diagram of the measurements taken of Chinook salmon using 

ImageJ software. Seven body measurements were taken in millimeters for 

morphometrics: standard length (SL), fork length (FL), gape (G), eye width (EW), body 

depth (BD), caudal peduncle width (CPW), caudal fin width (CFW). 
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Figure 2.3. Summary diagram of findings (significant interactions), incorporating gene transcriptional profiles, behavioural profiles 

and mass results. Time of day and rearing tank density not included in this summary. Significant interactions of direct effects indicated 

by solid (black) lines with directionality indicated, and interactions between variables indicated by dashed lines (grey). Final effect of 

interactions is always on mass output. Where genes are directly involved, gene is indicated in black text, while genes included in the 

mass model, but not directly driving the impact are indicated in grey. 
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Figure 2.4. Significant model-predicted results of regression analysis of food treatment 

effects on gene transcription. Probiotic therapies had a significant effect on gene 

expression for NPY (A) (n = 135) and CRF (B) (n = 235) genes, where those on probiotic 

diets had decreased gene expression compared to regularly fed counterparts. Model-

predicted relationships are plotted; data points show predicted-model data.  

 

 

  



 

136 
 

Figure 2.5. Significant model-predicted results of regression analysis of ploidy treatment 

effects on active behavioural profile. Triploidization had a significant effect on the 

activity levels of individuals, with triploids more active than diploid counter parts when 

the stress response gene functional group (n = 106) was incorporated into the behavioural 

profile models.  Triploidization did not have a significant effect on reactionary, 

boldness/aggression or the laterality/extremes of locomotor behaviours. Model-predicted 

relationships are plotted, data points show the model-predicted data. 
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Figure 2.6. Significant model-predicted results of regression analysis of gene 

transcription effects on behavioural profiles. Significant gene effects on behavioural 

profiles. Reactionary profiles showed gene effects, particularly for NeuroD1(A) and 

SNAP-25a (B) transcription (n = 174). Individuals exhibiting greater NeuroD1 

expression also showed an increased level of reactionary behaviours, while those with an 

increased level of SNAP-25a expression had a decrease in level of reactionary 

behaviours. Model-predicted relationships are plotted, data points show the predicted-

model data.
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Figure 2.7. Significant model-predicted results of regression analysis of treatment, gene 

transcription, and behaviours on mass. A significant effect of ploidy was found on mass 

through the Auts2 (early neural) gene model (n = 179). Triploid individuals had lower 

mass compared to diploid counterparts. Model-predicted relationships are plotted, with 

data points showing the predicted -model data. 
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Figure 2.8. Significant model-predicted results of regression analysis of treatment, gene 

transcription, and behaviours on mass. Interaction effects between ploidy and 

transcription, and ploidy and behavioural profiles. Diploid (blue solid) individuals 

exhibited greatest mass at high Auts2 (early neural gene) transcription compared to 

triploid (orange dashed) individuals (A) (n = 179).  Triploid individuals had lowest mass 

with a higly bold/aggressive profile in the p53 mass model (B) (n = 170). Model-

predicted relationships are plotted, with data points showing the predicted-model data. 

  

 

  



 

140 
 

Figure 2.9. Significant model-predicted results of regression analysis of treatment, gene 

transcription, and behaviours on mass models. Interaction effects of probiotics and p53 

gene expression (growth gene model, n = 170). Individuals on a probiotic diet (blue, solid 

line) were heavier than regular fed individuals at high p53 transcription levels. Model-

predicted relationships are plotted, with data points showing the predicted-model data. 
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Figure 2.10. Significant model-predicted results of regression analysis of treatment, gene 

transcription, and behaviours on mass models. Gene expression levels with a direct 

significant effect on mass. Individuals with increased Auts2 (A) (n = 179), IGF-1 (B) (n = 

190), p53 (C) (n = 170) and CRF (D) (n = 170) transcription all exhibited increases in 

mass. Model-predicted relationships are plotted, data points show the predicted-model 

data. 
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Figure 2.11. Significant model predicted results of regression analysis of treatment, gene 

transcription, and behaviours on mass models. Behavioural genomic interactions were 

found between Shh gene trascription and a bold/aggressive behavioural profile on mass 

of individuals. Fish displaying a more bold/aggressive behavioural profile (solid-dark 

blue line) were larger with increasing Shh transcription, while those that were less 

bold/aggressive (small dashed-light blue line) did not exhibit mass changes to increasing 

Shh transcription.  Model-predicted relationships are plotted, with data points showing 

the predicted-model data. 
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Figure 2.12. Mass model heatmap with the gene included indicated on the x-axis, and the variables included indicated on the y-axis. 

Significance values for variables incorporated into mass models for each gene indicated in cells. Values significant after sequential 

Bonferroni corrections are bolded. Significance level of each variable with a brighter blue indicating a significant, or a marginally 

significant result. Bright pink values indicate no significant impact of the indicated variable on mass for a given model. 
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CHAPTER 3 – GENERAL CONCLUSION 

 

3.1 Mass as an Integrator Between Genotype, Phenotype, and Environment  

 An individual’s growth (shown through mass outputs) – as with any phenotypic 

trait – can be influenced by many factors, such as multiple gene interactions, behaviours, 

and the environment (Benfey & Mitchell-Olds, 2008, Zuk & Balenger, 2014). In my 

thesis, I primarily focused on the impact of an individual’s genotype (with gene 

transcription levels dictating the degree to which a phenotype is expressed; Chen, 2020) 

coupled with behavioural phenotypes to determine how mass was impacted. While many 

studies have examined the link between behavioural phenotypes and underlying genetic 

drivers (e.g., Sadoul et al., 2022; Demin et al., 2020; Eastman et al., 2020; Kim et al., 

2015; Renn et al., 2008), few have investigated how behavioural- and gene expression 

profiles interact to explain growth performance (i.e., mass) in individuals who differ 

phenotypically. My research is unique as it integrates behavioural profiles and 

transcriptional profiles, by examining the interactions between these profiles, to 

determine their combined impact on mass.  

A classic example of combining gene differences and behaviours on performance 

can be found in transgenic coho salmon (Oncorhynchus kisutch), where the GH-

transgenic genotype has been studied in relation to its courtship/competition and feeding 

behaviours to examine effects on the morphological phenotype and fitness (Bessey et al., 

2004) and growth rate (Devlin et al., 2004; Devlin et al., 1999). However, these studies 

focus on GH-transgenic fish, where growth hormone treatments were induced (Devlin et 

al., 1999), while my study examines gene profiles, to determine those which were 
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impacted by our treatments. In another study, Zhang et al. (2021), examined the 

behavioural profiles of black rockfish (Sebastes schlegelii) in terms of aggression, 

locomotion, and spatial distribution, along with transcriptional analyses (primarily genes 

related to stress response, metabolism, organismal systems, and synaptic plasticity); they 

found an impact of gene expression (198 differentially expressed genes) when comparing 

individuals from different environments (i.e., barren and complex environments), with no 

environmental effects (i.e., a more complex environment with their housing tanks fitted 

with plastic plants to be used as shelters) observed on swimming behaviours, rotary 

behaviour nor growth performance. Comparatively, the environmental difference in my 

study is that of the feed type administered (i.e., probiotic therapy) which was found to 

impact gene transcription for two of our 26 candidate genes (NPY and CRF). Similarly, 

we did not find an impact of the environmental differences on behaviour of our 

individuals; however, our probiotic therapies were found to influence the growth 

performance of individuals, dependent on the gene transcription exhibited. In zebrafish 

(Danio rerio), exercise/locomotive behaviours were positively associated with the 

(muscle) growth marker gene expression (e.g., IGF-1, IGF-1ra, GHra, GHrb, and foxo5) 

resulting in swimming-enhanced growth (Palstra et al., 2010). Our results indicated that 

other gene groups (i.e., long-term neural function) were instead associated with 

reactionary behavioural changes between individuals, rather than the growth genes found 

by Palstra et al. (2010). We also found no other gene groups to impact the behavioural 

profiles (i.e., activity, boldness/aggression, and laterality/extremes of locomotor 

behaviour). We did find that some growth genes (IGF-1 and p53), in addition to an early 

neural development (Shh) and stress response (CRF) gene, were responsible for 
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increasing mass of individuals with increased transcription levels. Velando et al. (2017) 

furthermore found that the integration of transcriptional profiles (i.e., of pgc1a, cox4, 

sod2, and gpx1 genes) with activity phenotypes in three-spined sticklebacks 

(Gasterosteus aculeatus) reflected differential investment in growth during development, 

where the relationship between body size and gene expression and activity levels was 

more prominent in female individuals than males. Rather than activity, we found 

boldness/aggression was an important behavioural profile in altering growth performance 

of individuals when in collaboration with genes or our treatments. Bernier et al. (2004), 

examined the expression of genes responsible for appetite control (i.e., CRF and NPY) in 

goldfish (Carassius auratus), which can mediate effects of cortisol on food intake and the 

association with growth. Researchers found that increases in plasma cortisol stimulated 

food intake; however, with large doses of glucocorticoids, food appetite stimulation 

effects were hampered, and excess cortisol was associated with poorer growth, even 

when feed intake levels were normal (Bernier et al., 2004). Interestingly, in our study the 

metabolism and appetite gene NPY did not directly impact mass; instead, CRF gene 

transcription was found to have a positive influence on mass of individuals (even though 

probiotics decreased transcription). While CRF was considered a stress response gene in 

our study, given its primary function of coordinating various responses (i.e., 

neuroendocrine, autonomic, and behavioural) to stress (Bernier, 2006), this gene also 

regulates food intake (i.e., suppresses) (Volkoff & Peter, 2006). Lastly, Trainor and 

Hofmann (2006, 2007) explored how gene expression of somatostatin – a 

neuromodulator that effects GH secretion and regulates motor activities – was related to 

aggressive behaviours, and subsequently growth rates. Nonetheless, mass was not 
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explored in terms of the interaction between genes and behaviours – rather the impacts of 

gene expression of somatostatin on both behaviours and growth independently of one 

another. Our results did not find the GH gene to directly impact mass or behavioural 

profiles; however, another growth gene (i.e., p53) was an important variable in explaining 

the interaction between ploidy treatments and aggressive behavioural profiles; and Shh, 

an early neural-development gene, interacted with boldness/aggression to affect mass.  

Additionally, as shown in Chapter 2, behavioural genomics can assist in parsing 

out variation in mass observed between individuals when both behavioural profiles and 

gene differences are incorporated into performance models. My mass results show that 

some variables (i.e., ploidy, ploidy by boldness/aggression, probiotics by p53 gene 

transcription, ploidy by Auts2 gene transcription, and Shh by boldness/aggression) were 

significant within specific gene models but were not found to be a universal finding 

across all of the mass models. However, some variables (i.e., Auts2, IGF-1, p53 and CRF 

gene transcription, and time of day) were found to be significant across multiple models, 

indicating these are more universal contributors to variation in growth performance. In 

typical behaviour-genomic studies (e.g., MacKenzie et al. 2009), behavioural profiles can 

be used as an explanatory variable to determine genetic mechanisms that may drive 

variables of interest. In contrast, in my study, I examined behavioural profiles as they 

were driven by genes (i.e., the mechanism driving behaviours; Wong & Hoffmann, 

2010). I also used an integrated phenotype approach to explain performance in terms of 

mass, with behavioural types, and their interaction with genes, being used as explanatory 

variables. This is a powerful approach, since when examining size, both gene and 

behaviours can independently and interact with one another to drive growth performance.  
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3.2 Thesis Objectives, Findings, and Interpretations 

 The overall goal of my thesis was to examine i) the impacts of ploidy and 

probiotic therapy on neural transcription and behavioural profiles, and ii) the interactions 

between these profiles (i.e., behavioural genomics) to determine the impact on growth 

performance of hatchery-reared juvenile Chinook salmon (Oncorhynchus tshawytscha).  

 Through examining ploidy and probiotic therapies on gene transcription and 

behavioural profiles, we found some impact of probiotics on gene transcription, 

particularly relating to appetite and feed control; however, no impact on behavioural 

profiles. We also found impacts of triploidization on the activity levels of Chinook 

salmon, but no impact of probiotic therapies. Independent of treatment and gene 

transcription, behavioural profiles were not a main driver of mass variation. Interestingly, 

our research sheds light on the importance of interactions between traits within an 

organism (i.e., the mass phenotype exhibited), in terms of gene by behaviour, treatment 

by behaviour, and treatment by gene. However, with treatment by behaviour interactions, 

variables that were significant were not found to be universal across all mass models that 

incorporated one gene at a time, indicating that genes served as an underlying mechanism 

promoting these mass changes observed.  

 Of the behavioural profiles found in our fish (i.e., reactionary, active, 

bold/aggressive, and exhibiting greater left laterality/reaching the extremes of locomotive 

behaviours), only boldness/aggression levels were found to impact mass. For triploidy to 

improve growth performance, individuals need to exhibit a behavioural profile reflective 

of the low end of the bold/aggressive spectrum for those fed with probiotics. 

Additionally, we found that triploid individuals did not experience the same increase in 
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mass with increasing Auts2 transcription as their diploid counterparts did. This could 

indicate that triploids are internally experiencing dysregulation between gene 

transcription and gene function. Furthermore, probiotic therapies may be beneficial in 

improving growth performance, potentially through greater effects of growth gene 

mechanisms. Interestingly, of the transcriptional functional groups explored in our fish, 

mass was impacted by the early development neural (Auts2), growth (IGF-1, p53), and 

the stress response (CRF) functional groups. 

 If probiotic therapies compensated for the drawbacks of triploidy, we would have 

expected to see an interaction between the treatments in terms of gene transcription, 

behaviour, and/or mass. No interaction was found between the treatments, which could 

indicate that when there is a treatment impact, these treatments do not work through the 

same mechanisms, nor do they produce changes to the same phenotypes (i.e., probiotics 

altered appetite genes whereas ploidy only influenced activity levels). However, as we 

did not examine simultaneous interactions between ploidy, probiotics, behaviour, and 

gene transcription, there may be interactions that are as of yet undiscovered.  

 Probiotic therapy directly influenced gene transcription (i.e., NPY and CRF), and 

indirectly influenced growth performance (i.e., mass). These findings may lend support 

the gut-brain axis. However, we cannot extend this to behaviour (gut-brain-behaviour 

axis), as no behavioural profiles were impacted by probiotics. Gut microbiota 

composition impacts growth, gene expression, and brain function (Butt & Volkoff, 2019), 

and our study adds to this axiom by also including growth. Mechanistically, there may 

also be an underlying appetite gene effect (i.e., NPY and CRF) driven by probiotics; 

however, the behaviours studied were not directly related to feed consumption 
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differences between individuals. While there was a relationship between probiotic feed 

and appetite/metabolic gene transcription, a greater link between growth and behaviour 

may have been present if these genes were examined from gut tissue rather than neural 

tissue as there may be a more direct link with feeding present here.    

With my study, we examined a myriad of mechanisms that may be driving mass 

differences in fish of differing ploidies and food treatments. As such, this particular 

approach may increase the difficulty in finding a strong, independent directional result 

driving these differences; however, it also allowed for us to examine possible interactions 

of interest between behavioural profiles and gene transcription. Combining 

transcriptional and behavioural profiles to determine how these variables interact 

internally, in terms of mass output has not previously been accomplished to my 

knowledge, making my approach novel. By using mass as the ultimate integrator, we 

highlight that this phenotypic trait is driven not by a single factor within an organism, but 

rather through many different internal mechanisms.  

3.3 Future Directions 

 Triploidization may not have produced the expected behavioural, genetic, and/or 

mass, impacts (i.e., benefits and drawbacks) in the Chinook salmon studied here. This 

could indicate that these individuals do not experience the same effects of triploidization 

as other species (e.g., Atlantic salmon, Salmo salar, Carter et al., 1994; rainbow trout, 

Oncorhynchus mykiss, Cleveland & Weber, 2013), or the process of triploidization may 

not have been effective. In some instances, non-hybrid triploids are morphometrically 

similar, where size of individuals and their organs are equal to those of diploid 

counterparts (Tiwary et al., 2004; Maxime, 2008). Additionally, other studies have not 
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shown a growth effect of triploidization on organisms (brook trout, Salvelinus fontinalis, 

O’Keefe & Benfey, 1999; zebrafish Danio rerio, Van De Pol et al., 2020). Alternatively, 

any growth benefit that may occur may also have not been present until later in life for 

the organism, specifically around the stage of sexual maturation (Benfey, 1999), as 

energy reallocation due to sterility would be crucial at this life stage. However, we only 

examined individuals at the juvenile life stage. As an individual matures and develops 

reproductive organs, energy from nutrients is allocated away from somatic growth and 

instead invested into gonadal development (Jobling & Baardvik, 1991). Preventing sexual 

maturation is then expected to allow for enhanced growth (Fraser et al., 2022). Typically, 

sexual maturation for salmonids does not occur until after a growth period which lasts 

anywhere between one and three years (Fjelldal et al., 2018). Due to the early-life 

somatic growth observed in our study, any growth benefit that triploidy may provide may 

not become apparent until after sexual maturation begins and there is a decline in somatic 

growth rates.  

 In our study, however, we did not confirm the effectiveness of the triploidization 

(pressure-shocking) process, which could potentially serve as a drawback to our work. 

Failure of triploidization is unlikely as previous studies conducted at Yellow Island 

Aquaculture Ltd. (YIAL) have also undergone the process of triploidization successfully, 

and expressed ploidy effects (e.g., greater phenotypic variance for growth/survival traits: 

Johnson et al., 2007; reduced growth performance multiple time points: Shrimpton et al., 

2007, 2012; reduced O2 carrying capacity and thus performance: Bernier et al., 2004; and 

reduced survival and performance levels: Johnson et al., 2004). Our study also found 

some effects of ploidy (i.e., activity levels independently and when coupled with mass); 
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therefore, the effectiveness of the triploidization procedure cannot be altogether ruled out. 

Triploidization isn’t 100% effective (Katayama et al., 2016), and in some instances, fish 

triploidization may be effective in some cells while other cells remain diploid, referred to 

as mosaic ploidy (Benfey, 2015). Future studies should consider confirming success of 

triploidization as well as in different tissues to determine if the gene transcription in the 

sampled tissues appropriately reflects triploidization effects.  

 Additionally, probiotics did not have the expected effects, with some changes to 

gene transcription (for metabolism/appetite and stress response genes) observed, and an 

impact on mass through transcriptional mechanisms. Our research did not confirm the 

success of probiotic colonization within the gut for the individuals studied here, which 

future research could further examine. However, colleagues confirmed that probiotics 

were annealed to the feed pellets (via coating with the sodium alginate binder) (B. Dixon, 

pers. comm.). In addition, previous research conducted by Sadeghi (2022) did indeed 

confirm that probiotics influenced the composition of the gut microbiota in juvenile 

Chinook salmon compared to individuals on a regular feed. Probiotics can improve 

growth performance when coupled with greater growth gene transcription. Due to the 

impact of our probiotic mixture on metabolism/appetite gene transcription, it would be 

interesting for future research to explore how these probiotics directly impact feeding 

behaviours (i.e., through examining behaviours at feed times in terms of approach to their 

normal feed, rather than a novel object to simulate a new food item). In the present study, 

a probiotic mixture was used, with fourteen different bacterial strains included. It may be 

of interest to determine which bacterial strains are impacting mass through studies with 

probiotics focused on a single bacterial strain, to determine if there is one strain, in 
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particular, giving rise to this finding, or if bacterial strains are working together to alter 

growth performance for those on a probiotic diet. As mentioned previously, specific 

impacts of probiotics are dependent on the strain(s) of bacteria the probiotic is composed 

of (Ouwehand et al., 2002; Das et al., 2008; Shi et al., 2016), dosage concentration of 

probiotics administered (Nayak, 2010; Butt & Volkoff, 2019), and environmental factors 

(e.g., temperature, water pH, and oxygen concentration) (Das et al., 2008). These factors 

should also be accounted for when selecting a probiotic to use in an aquaculture setting. 

Furthermore, future research could also focus on other diet additives, such as antibiotics, 

prebiotics, or acidifiers that have been useful in altering fish performance/quality 

(Dawood et al., 2015; Ng & Koh, 2017; Koshio & Angeles, 2018). For example, Nile 

tilapia (Oreochromis niloticus) fed diets higher in orange pulp resulted in increased 

expression of growth genes (i.e., IGF-1) and altered expression of metabolic genes (i.e., 

increased expression of FAS; decreased expression of LPL), and resultant increased 

growth performance; however, feed intake was decreased with both high- and low-pulp 

diets (20% and 10% respectively) (Tawfik et al., 2022). Mass of tilapia in Tawfik et al.’s 

(2022) study was significantly decreased for the high-pulp diet, while insignificantly 

increasing on a low-pulp diet.  

3.4 Conclusions 

 Biomass produced in aquaculture can be improved upon for human consumption. 

While we did find that our ploidy treatments did influence mass independently, these 

findings were not universal across the gene models. More interestingly is that both feed 

type and ploidy interacted with transcriptional profiles, while ploidy interacted with 

behavioural types to influence mass. Triploidization should continue to be performed by 
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aquaculture managers as there are still benefits to fish being sterile (i.e., inability to breed 

with wild populations; Carter et al., 1994). Triploid individuals may also not be at a mass 

deficit, given that aquaculture managers can behaviourally screen for shy/non-aggressive 

profiles. While our probiotic therapy did not show direct results for improving mass, 

other probiotic therapies may be more effective since there is an impact on mass via a 

growth gene transcription mechanism. The results from our study highlight the 

importance of taking a behavioural genomics approach to studying performance variables 

in organisms; without examining the interactions between treatments and gene 

transcriptional/behavioural profiles, and between gene transcription and behaviour, 

findings of the mechanisms driving mass changes would have remained undiscovered. 

While we did not find overarching impacts of environment on behavioural nor 

transcriptional profiles across all behaviours and genes studied, there were some 

important effects on appetite and stress genes from probiotic therapies and an active 

behavioural profile from triploidization. The interactions found between probiotic 

therapies and transcriptional profiles to produce an effect on mass may support the gut-

brain axis in Chinook salmon. These findings may also prove to be useful for enhancing 

the biomass of fish produced in aquaculture. Overall, ploidy of individuals in our study, 

independent of behaviours, reduced the mass of triploid individuals produced and 

provides a detriment, especially for very bold and aggressive individuals. These findings 

may also aid in determining if longer-term probiotic therapies are necessary, especially if 

future research isolates the bacterial strains responsible for growth benefits, as some mass 

benefit was gained through transcriptional mechanisms. However, overall (independent 
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of genes) our probiotic mixture did not provide a growth benefit that would enhance 

biomass produced.  
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APPENDICES  

Appendix A – Tables for Chapter 2 

Appendix A1. Table with the strains of bacteria and number of colony-forming units 

(CFU) in the Jamieson brand probiotics used in this study. Used as the probiotic feed 

treatment in juvenile Chinook salmon. 

Bacterial Strain Probiotic Complex in 10 

Billion Colony-Forming 

Units (CFU) 

Bifidobacterium animalis subsp. lactis (UABla-12) 2.0 

Lactobacillus paracasei (UALpc-04) 1.5 

Bifidobacterium breve (UABbr-11) 1.0 

Lactobacillus gasseri (UALg-05) 1.0 

Lactobacillus rhamnosus (UALr-06) 1.0 

Lactobacillus rhamnosus (UALr-18) 1.0 

Lactobacillus acidophilus (DDS®-1) 0.5 

Lactobacillus plantarum (UALp-05) 0.5 

Bifidobacterium longum subsp. longum (UABl-14) 0.39 

Bifidobacterium bifidum (UABb-10) 0.3 

Lactobacillus casei (UALc-03) 0.3 

Lactobacillus reuteri (UALre-16) 0.3 

Lactococcus lactis (UALI-08) 0.2 

Bifidobacterium longum subsp. infantis (UABi-13) 0.01 
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Appendix A2. Table with full list of target genes, with accension numbers, functions and sequences used for the study. Functional 

group each of each gene indicated above the grouping.  

Gene Forward Primer Reverse Primer Probe Amplicon 

Length 

(bp) 

Accession 

Number 

Endogenous Control 

Elongation factor 1-a (EF-

1a) 

aataccctcctcttggtcgtttc cttgtcgacggccttgatg tgcgtgacatgaggc 80 AF498320.1 

Acidic ribosomal 

phosphoprotein (ARP) 

aggaccacgtggaagtccaa cgccgacaatgaaacatttg tatgaaaatcatccaat

tgc 

108 AY685220.1 

Synaptic Plasticity 

Sonic hedgehog (Shh) actccctggcgatctctg gcccttccctcgtagtg tcaccgagggctggg 115 AY584236.1 

C-FOS ccgcaacaggaggaaggaa ctccagctcgtcggtttca acgagctggaggac

g 

58 AB111053.1 

Autism susceptibility 

candidate 2 (Auts2) 

cagggaagtggtgtgctatgc cagcttcactttcttctgatgtctta

g 

cgtgtggcgtggat 71 XM_024387481.

1 

5-hydroxytryptamine 

(serotonin) receptor 1A a 

(Htr1aa) 

gagcggtgctgctgatcag tgggcgggatggagatt acttggctgattgggtt 60 XM_021606534.

2 

Tryptophan 5-

monooxygenase (TPH2) 

catctgacgaggacgtacag

aaacta 

tgcacaagccgaactcaatg ccacctgttatttcttca 66 XM_021576444.

2 

Neurogenesis/Synaptogenesis 

Doublecortin (DCX) 

 

cggaatgcgcaagagatca cggacgcacagacgtagct catggacgaactgga

g 

67 XM_024394565 

Neurogenic differentiation 

factor (NeuroD1) 

tccgcccttcctcgataat caatggtttacccatgccaat taccagcaccaccgtt 59 XM_024389605 

Cellular retinoic acid 

binding protein 1a 

(Crabp1a) 

gccggtacctggaaaatgaa gccaagggctttgagaagttc agcagtgagaatttt 60 KU925875.1 
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Neurogenesis & Synaptic Plasticity 

Dihydropryimidinase-

related protein 2 (Dpsyl2) 

tttggagctgcggttctttc ggagtcgtgcgtcctaaagc ctagattctgcgagtg

gtg 

67 XM_021602553 

Synaptysomal-associated 

protein 25-a (SNAP-25a) 

cccggagcacgttgctt tgtttgcgccttgtgacaa tcccgcaagcgcag 52 NM_001173949.

1 

Brain-derived neurotrophic 

factor (BDNF) 

aaaaggtccctgtccccaat tccttataaaccgccagcca aatgcaggacaaccc

agt 

195 GU108576.1 

Double cortin like kinase 1 

(Dclk1) 

ctggaggggaaacaggtgac tatttctccggtccacacgc tctccaggacttcttc 106 XM_014198361.

1 

Metabolism/Appetite 

Cholecystokinin (CCK) agcctgtgtggactgactgaa

g 

cgcagccagcagtacacatac tgaatgcaggcatctg 63 NM_001124345 

Orexin/hyoicretin receptor 2 

(hcrtr 2) 

gcccctcaccgccagta tttgacattggtttggcaccta aggagtgcatgaggc 79 XM_024388301 

Proopiomelanocortin 

(POMC) 

tctccctgggcatcctgtt ggtcagcatccagtgctctct agccctgacctctgg

a 

60 LOC100136772 

Neuropeptide Y Receptor 

Type 1-like (NPY) 

atggaggtgtcccatgtgaac cgccccaaggcatctctt atagcagtcatcacgc

ct 

64 XM_024440610.

1 

Growth 

Growth hormone (GH) gtaccctagccagaccctg cccgtgatgagcaggttg agcgacctcaaagtg 111 S50867.1 

Early growth response 

protein 1 (EGR-1) 

cgaacatctgaatggagatac

attacc 

caggctccagggtgaacct ctatcggctgtgacaa

gt 

128 NM_001141824.

1 

Insulin-like growth factor 1 

(IGF-1) 

atttcagtaaaccaacgggct

atg 

cgtccacaataccacggttatg ccagttcacgacggt

c 

66 U14536.1 

Insulin-like growth factor 

binding protein (IGFBP2b) 

caactgtcccgaggaacctaa

g 

ctccagctcctgtgcacaag cccagcagcccatga 64 HM358881.1 

Tumor suppressor p53 (p53) 

 

 

 

cagtccagcacagccaagtc cgccaactggcagaacaact acttgcacatactcgc 72 AF071574.1 
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Stress Response 

Mineralcorticoid receptor 

(MR) 

cctccatctgcagcgtgtt tgttgtcgtagcccgcaaa agctgattgagccag

agg 

63 AF209873 

Glucocorticoid receptor 1 

(GR1) 

gttggaggcgagtattgcag agcctctcgttgacatccaa caacaccccaggga

g 

 NM_001124730.

1 

Glucocorticoid receptor 2 

(GR2) 

agcaccgtgccaaaagatg gccttccccaactccttga 

  

ctcatcaaacactgcc

tg 

83 AY495372.1 

Cortcotropin-releasing 

factor (CRF) 

ttgatccatcactcgtggaa atagcgcggtaagaaagcaa atccagggacacaac

g 

157 NM_001124286.

1 

Arginine vasotocin (AVT) tggccccaatatctgctgtg ggtagttctcctccacgcag acgtgggctcgccag 78 FJ555241.2 
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Appendix A3 Full list of behaviours analyzed in the behavioural trials within this study. Behavioural trial is broken down by assay. 

Within each assay multiple behaviours were recorded, and a more detailed description of behaviours examined is included. 

Assay Behaviour Recorded Description of Behaviour 

Open Field Test Maximum distance moved (arena) 

Total distance moved (arena) 

Mean velocity (arena) 

Maximum velocity (arena) 

 

Cumulative duration moving (arena) 

Cumulative duration moving (peripheral) 

Cumulative duration moving (centre) 

Cumulative duration not moving (arena) 

Cumulative duration not moving 

(peripheral) 

Cumulative duration not moving (centre) 

Frequency in peripheral zone  

Frequency in centre zone 

Latency to first in zone arena (centre) 

Distance moved within the whole arena in a given swim burst 

Total amount of distance covered in the whole arena 

Average swim speed within the arena 

Maximum swim speed reached in a given swim burst over the 

whole arena 

Duration of time moved in the arena 

Duration of time moved in the periphery  

Duration of time moved in the centre 

Duration of time immobile in the arena 

Duration of time immobile in the periphery  

 

Duration of time immobile in the centre 

Amount of times that individuals entered the peripheral zone 

Amount of times that individuals entered the centre zone 

Time before first entering the centre of the arena 

Novel Object (NO) 

Test 

NO response 

Binomial NO response 

Change in NO behaviour 

 

Latency to resume pre-disturbance 

behaviour 

NO number of approaches 

NO latency to first approach 

 

Highly mobile duration 

Mobile duration 

Mobility response once bead enters the arena 

If an individual had responded to the bead 

Mobility change in behaviour (e.g., going from immobile to 

mobile) 

Time taken before resuming behaviours prior to the bead 

being added 

Amount of time the bead was approached within one fish 

length 

Time taken before the first approach of the bead 

Time spent being highly active 

Time spent being active 



 

167 
 

Immobile duration Time spent not moving 

Predator Stimulus 

Test 

Predator response  

Binomial predator response 

Change in predator behaviour 

Latency to resume pre-disturbance 

behaviour 

Highly mobile duration 

Mobile duration 

Immobile duration 

Mobility response once predator has passed the arena 

If an individual had responded to the predator stimulus 

Mobility change in behaviour (e.g., immobile to mobile) 

Time taken before resuming behaviours prior to the predator 

being present 

Time spent being highly active 

Time spent being active 

Time spent not moving 

Mirror/Conspecific 

Stimulus Test* 

Researcher response  

Binomial researcher response 

Change in researcher behaviour 

 

Latency to resume pre-disturbance 

behaviour 

Highly mobile duration in mirror zone* 

Mobile duration in mirror zone* 

Immobile duration in mirror zone* 

Laterality* 

Mobility response once researchers have left the arena 

If an individual had responded to the researchers presence 

Mobility change in behaviour (e.g., going from immobile to 

mobile) 

Time taken before resuming behaviours prior to the predator 

being present 

Time spent being highly active while in the mirror zone 

Time spent being active while in the mirror zone 

Time spent not moving while in the mirror zone 

Body orientation to the mirror, coded as a separate variable 

for ever 45o angle (i.e., forward-facing, forward-right, right, 

backward-right, backward facing, backward-left, left, 

forward-left) 

Additional 

Behavioural 

Components for 

Behavioural 

Flexibility/Sensitivity 

Cumulative Binomial Response  

Cumulative Graded Response  

 

Cumulative Graded Response (absolute) 

Number of times that a fish responded to stressors 

Sum of the changes in behaviours across all stimulus periods 

(negatives taken as negatives) 

Sum of the absolute values of changes in behaviours across all 

stimulus periods  

*Given a 5-minute rest period before measuring the behavioural variables excluding change in behaviour and latency to resume pre-

disturbance behaviour. 
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Appendix A4. Values of factor loadings for the morphometric principal component 

analysis. Meaningful loadings (> 0.55) for each component indicated in bold.  

Morphometric Measurement PCA Component  

Standard Length (mm) 0.994 

Fork Length (mm) 0.992 

Gape (mm) 0.679 

Eye Width (mm) 0.514 

Body Depth (mm) 0.757 

Caudal Peduncle (mm) 0.834 

Caudal Fin (mm) 0.592 

 

Appendix A5.1. Values of factor loadings for the gene transcription principal component 

analysis for the neural functional groups (neurogenesis and synaptic plasticity) of genes. 

Meaningful loadings (> 0.55) for each component indicated in bold. Component 1 

includes long-term neural development genes, and component 2 includes early neural 

development genes. 

Gene PCA Component 1 PCA Component 2 

Shh 0.217 0.558 

Auts2 0.425 0.643 

Htr1aa 0.272 0.778 

DCX 0.278 0.819 

NeuroD1 0.771 0.292 

Crabp1a 0.716 0.432 

Dpysl2 0.819 0.190 

SNAP-25a 0.777 0.364 

BDNF 0.707 0.426 

Dclk1 0.798 0.329 

 

Appendix A5.2. Values of factor loadings for the gene transcription principal component 

analysis for the metabolism and appetite functional group of genes. Meaningful loadings 

(> 0.55) for each component indicated in bold. Both genes were included in a single PCA 

component relating to metabolism and appetite. 

Gene PCA Component 

POMC 0.342 

NPY 0.342 
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Appendix A5.3. Values of factor loadings for the gene transcription principal component 

analysis for the growth functional group of genes. Meaningful loadings (> 0.55) for each 

component indicated in bold. All genes were included in a single PCA component 

relating to growth. 

Gene PCA Component 

EGR-1 -0.770 

IGF-1 0.915 

p53 0.825 

GH 0.765 

 

Appendix A5.4. Values of factor loadings for the gene transcription principal component 

analysis for the stress response functional group of genes. Meaningful loadings (> 0.55) 

for each component indicated in bold. All genes were included in a single PCA 

component relating to stress response. 

Gene PCA Component 

MR 0.886 

GR 0.742 

CRF 0.630 

AVT 0.800 
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Appendix A6.1. Values of factor loadings for the open-field test principal component 

analysis. Meaningful loadings (>0.55) for each component indicated in bold. 

Behavioural Measurement 

PCA 

Component 

Activity 

PCA 

Component 

Extremes of 

Behaviour 

PCA 

Component 

Boldness 

and 

Exploration 

Total Distance Moved* 0.856 0.379 0.051 

Mean Velocity* 0.837 0.423 0.093 

Cumulative Duration Moving 

(Peripheral)* 

0.776 0.506 0.017 

Cumulative Duration in Centre* -0.630 0.101 -0.252 

Maximum distance moved* 0.200 0.950 0.101 

Max Velocity* 0.207 0.950 0.100 

Cumulative Duration Not Moving 

(Peripheral)** 

0.353 0.213 -0.723 

Frequency in Periphery* 0.497 0.359 0.640 

Frequency in Centre* 0.588 0.110 0.619 

Cumulative Duration in 

Periphery** 

-0.184 -0.092 -0.914 

* Behavioural variables were log transformed prior to PCA 

**Behavioural variables were 1/log transformed prior to PCA; results were converted to 

reflect the directionality of the relationship. 

 

Appendix A6.2. Values of factor loadings for the novel object test principal component 

analysis. Meaningful loadings (>0.55) for each component indicated in bold. 

Behavioural Measurement 

PCA Component 

Exploration 

PCA Component 

Activity 

Novel Object Response 0.856 -0.124 

Latency to First Approach -0.929 -0.132 

Number of Approaches* 0.830 0.333 

Duration Highly Mobile* 0.909 -0.079 

Duration Immobile** 0.018 -0.976 

* Behavioural variables were log transformed prior to PCA 

**Behavioural variables were 1/log transformed prior to PCA; results were converted to 

reflect the directionality of the relationship. 
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Appendix A6.3. Values of factor loadings for the predator test principal component 

analysis. Meaningful loadings (>0.55) for each component indicated in bold. 

Behavioural Measurement 

PCA Component Startle 

Response/Extreme Activity 

PCA Component 

Activity 

Predator Response 0.903 -0.101 

Duration Immobile** -0.913 0.178 

Duration Mobile* 0.317 0.822 

Duration Highly Mobile*  -0.197 0.863 

* Behavioural variables were log transformed prior to PCA 

**Behavioural variables were 1/log transformed prior to PCA; results were converted to 

reflect the directionality of the relationship. 

 

Appendix A6.4. Values of factor loadings for the mirror test principal component 

analysis. Meaningful loadings (>0.55) for each component indicated in bold. 

Behavioural 

Measurement 

PCA Component 

Aggression 

PCA Component 

Activity 

PCA 

Component 

Laterality 

Duration Immobile 

(Mirror Zone)** 

-0.918 0.016 0.151 

Laterality Forward 

Perpendicular  

0.644 -0.042 -0.092 

Duration Highly Mobile 

(Mirror Zone)* 

-0.134 0.795 -0.014 

Duration Mobile (Mirror 

Zone)* 

0.109 0.811 0.036 

Laterality Left Parallel 0.339 0.151 0.838 

Laterality Right Parallel 0.406 0.137 -0.729 

* Behavioural variables were log transformed prior to PCA 

**Behavioural variables were 1/log transformed prior to PCA; results were converted to 

reflect the directionality of the relationship. 
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Appendix A6.5. Values of factor loadings for the behavioural variables across sensitivity 

and responsiveness to disturbances principal component analysis. Meaningful loadings 

(>0.55) for each component indicated in bold. 

Behavioural Measurement 

PCA Component 

Reactive to Novelty 

PCA 

Component 

Response to 

Habituated 

Stimuli 

Cumulative Responses 0.849 0.463 

Cumulative Graded Response (Absolute) 0.915 0.202 

Latency to Resume Novel Object 

Behaviour 

0.680 0.074 

Latency to Resume Predator Behaviour 0.745 -0.216 

Latency to Resume Researcher Behaviour 0.056 0.972 
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Appendix B – Figures for Chapter 2 

Appendix B1. Significant model-predicted results of regression analysis of gene 

transcription profiles. Time of day fish were sampled negatively influenced the gene 

expression for POMC (A), IGF-1 (B), and p53 (C). Model-predicted relationships are 

plotted, data points show the predicted-model data. 
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Appendix B2. Significant model-predicted results of regression analysis of behavioural 

profiles. Tank-rearing densities had an impact on the activity levels (A – long-term neural 

gene, B – stress response gene functional groups) of individuals, where those from higher 

density tanks were less active. Tank-rearing densities had an impact on bold/aggressive 

behavioural profiles as well (C – long-term neural development), where those from a 

higher density tank were more bold/aggressive. As the sampling day progressed, 

individuals sampled had increased levels of reactionary behaviours (D – metabolism and 

appetite gene functional group). Model-predicted relationships are plotted, data points 

show the predicted-model data. 
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Appendix B3. Significant model-predicted results of regression analysis of mass models. 

As time of day progressed, masses of individuals was found to increase when 

incorporated into Dclk1 (A), p53 (B), and CRF (C) gene models. Model-predicted 

relationships are plotted, data points show the predicted-model data. 
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