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ABSTRACT

Understanding genotype-phenotype links are important in determining 
underlying mechanisms involved in the life history of organisms. Gaining 
insight in early life history strategies and physiological processes enabling 
optimal progressions between important processes like maturation can help 
elucidate responses to the environment and how organisms allocate energy. 
In this thesis, we reared Atlantic salmon during early stages to understand 
energy allocation strategies and possible vgll3 genotype effects on its two 
alleles, E and L associated with early and late maturation, respectively. First, 
we reared Atlantic salmon with two lipid level diets and looked at muscle lipid 
profiles between males and females through quantifying important lipid classes. 
Lipid concentration differences were detected with males having a higher lipid 
class concentration of TG, C, PC and SM than females showing a sex-specific 
lipid strategy potentially helping males reach maturation at an early stage. 
Furthermore, we reared Atlantic salmon for two years until the occurrence of 
maturation in males under varying temperature treatments to look for links 
between vgll3 genotypes, temperature treatment and energy status. We found 
a seasonal vgll3 genotype effect on the direction of change of condition factor. 
The early maturation allele individuals had a more stable body condition over 
the length of the experiment compared to late maturation allele individuals 
showing greater seasonal changes. This could be one potential factor allowing 
for individuals with the early maturation allele to reach maturation during 
early stages. Lastly, lipidomics methods were used to obtain lipid profiles from 
a subset of reared individuals from liver and muscle to ascertain physiological 
status in immature males and females and mature males from a common garden 
experiment. We found a vgll3 effect on membrane lipid concentrations, PC and 
PE, in the liver with early maturation allele individuals showing an increase from 
spring to autumn while late maturation allele individuals showed a decrease. 
This vgll3 effect could be explained through two scenarios 1) vgll3 specific effect 
on endoplasmic reticulum volume and 2) vgll3 specific effect on lipid droplet 
storage in the liver. Together, these results show sex and vgll3 effects on early 
life history lipid strategies. Furthermore, this hints at the mechanisms of early 
life stages implanting strategies to reach major life history stages and the role 
of vgll3 in lipid metabolism in juvenile Atlantic salmon and age-at-maturity.
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TIIVISTELMÄ

Organismien genotyypin ja fenotyypin välisten yhteyksien selvittäminen 
on tärkeässä asemassa määritettäessä eliöiden elinkiertoon liittyviä meka-
nismeja. Tieto varhaisista elinkiertostrategioista ja fysiologisista prosesseista, 
jotka mahdollistavat optimaalisen kehityksen tärkeiden prosessien, kuten 
sukukypsyysiän määräytymisen, taustalla auttaa selventämään eliöiden 
reak-tioita niiden ympäristöön sekä eliöiden energia-allokointitapoja. Tässä 
väitöskirjatutkimuksessa kasvatimme Atlantin lohia niiden elämän alku–
vaiheessa tutkiaksemme energiaresurssien allokointistrategioita ja vgll3-
genotyypin varhaiseen (E-alleeli) ja myöhäiseen (L-alleeli) sukukypsyysikään 
liitettyjen alleelien vaikutuksia tähän allokointiin. Ensiksi kasvatimme lohia 
kahdessa eri ravintokäsittelyssä, jotka erosivat toisistaan rasvapitoisuudel–taan 
ja mitta-simme koiras- ja naaraslohien lihasten lipidiprofiilit määrittämällä 
tärkeim-mät lipidiluokat. Koiraiden ja naaraiden lihaksen lipidipitoisuudessa 
havait-tiin eroja: koiraiden lihaksissa oli korkeampi TC-, C-, PC- ja SM-
pitoisuus verrattuna naaraisiin. Tämä sukupuolisidonnainen lipidistrategia 
saattaa osaltaan mahdollistaa koiraiden varhaisemman sukukypsyysiän. Lisäksi 
kasvatimme lohia kahdessa eri lämpötilassa kahden vuoden ajan, kunnes osa 
koiraslohista saavutti sukukypsyyden tarkastel–laksemme vgll3-genotyypin, 
lämpötilan ja energiastatuksen välisiä vuorov–aikutuksia. Tutkimuksessa 
ha-vaitsimme vuodenajasta riippuvaisen vgll3-genotyypin vaikutuksen 
kuntokertoimen muutossuunnassa. Varhaiseen sukukypsyysikään liitetyn 
alleelin omaavien yksilöiden kuntokerroin oli vakaampi tutkimuksen aikana 
verrat-tuna myöhäisempään sukuky–psyysikään liitetyn alleelin yksilöihin, 
joiden kuntokertoimessa havaittiin enemmän vaihtelua vuodenaikojen mukaan. 
Tämä voisi olla yksi selittävä mekanismi, miksi varhaisen sukukypsyysiän 
alleelin yksilöt saavuttavat sukukypsyyden aikaisemmin. Lopuksi käytimme 
lipidomiikkaanalyysi–metodeja mitataksemme maksan ja lihaksen lipidiprofiilit 
osalta kontrolloiduissa laboratorio-olosuhteissa kasvaneilta tutkimuslohilta, 
jotta pystyimme selvittämään ei vielä sukukypsien koiraiden ja naaraiden 
sekä sukukypsien koiraiden fysiologisen tilan. Vgll3-genotyyppin havaittiin 
vaikuttavan maksan PC- ja PE-kalvolipidien pitoisuuksiin. Yksilöillä, joilla 
oli varhaisempaan sukukypsyysikään liitetty alleeli, näiden kalvolipidien 
pito–isuus kasvoi siirryttäessä keväästä syksyyn, kun taas myöhäisen suku–
kypsyysiän alleelin yksilöillä pitoisuudet laskivat. Tämä vgll3-genotyypin 
vaikutus voi selittyä kahden eri mekanismin kautta: 1) vgll3-genotyyppistä 
riippuvainen vaikutus solulimakalvoston tilavuuteen ja 2) vgll3-genotyypistä 
riippuvainen vaikutus maksan lipidipisaravarastoihin. Kokonaisuudessaan 
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tutkimuksen tulokset osoittavat sukupuolella ja vgll3-genotyypillä olevan 
vaikutuksia lohen elämän alkuvaiheiden lipidistrate-gioihin. Lisäksi tulokset 
vihjaavat lohen elämän alkuvaiheissa vaikuttavien mekanismien vaikuttavan 
merkittäviin elinkiertovaiheisiin myöhemmin elämässä sekä vgll3-genotyypin 
vaikuttavan lohenpoikasten lipidiaineen-vaihduntaan ja sukukypsyysikään.
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1	 INTRODUCTION

Translating genotypes into phenotypes is a fundamental goal in understanding 
evolutionary outcomes. Developmental and physiological processes are key to 
understanding genotype functionality and its contribution in the evolution-
ecology discipline. Organisms must adequately use energy and resources 
throughout their entire life history, from birth to death, while navigating 
changing environments and resource availability to sustain growth, survival 
and maturation processes (Post & Parkinson, 2001). Age at maturity can be 
highly variable due to ecological and genetic factors and their interactions 
within and among species and populations (Reznick et al. 2006). Understanding 
genetic and environmental influences on phenotypic responses and their change 
during life-history phases can give a deeper understanding into the underlying 
mechanisms involved in regulating physiological processes. This thesis gives 
insight in understanding key topics such as resource allocation strategies used 
in early development, energy production mechanisms involved in major early 
life-history stage progressions, environmental effects on lipid phenotypes, 
and lastly, genotype-phenotype links with lipid resources in indivdiduals. By 
combining genetic factors with environmental influences, there is a possibility 
to ascertain interactions and mechanistic understanding contributing to early 
life-history success.
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2	 LITERATURE REVIEW

2	 LITERATURE REVIEW

2.1	 ENERGY REQUIRMENTS OF FISH 

Energy is required for organisms to undergo developmental changes, life-history 
processes and ultimately survival. Energy, affected by biotic and abiotic factors, 
is passed down through trophic levels in the environment. Organisms manage 
energy stores coming from dietary sources or de novo synthesis to achieve 
reproductive success. High-energy demands of mobility and somatic growth 
can limit physiological and morphological development at the earliest life-
history stages (Wieser, 1991; Post & Parkinson, 2001). Trade-offs exist between 
somatic growth and energy storage, as the production of energy for storage 
is more physiologically costly than for development of structural components 
creating a limitation for other energy dependent processes when needing 
to allocate energy for storage (Brett and Groves, 1979; Mogensen and Post, 
2001). However, organisms will allocate surplus energy to maximize survival, 
reproduction and fitness when resources are limited and energetic costs are 
conflicting (Mcnamara and Houston, 2008; Varpe et al, 2009). These conflicting 
demands pose a constraint on an organism’s ability to acquire, expend, and 
store energy from early development to survival to age at maturity and for 
reproduction.

2.1.1	 LIFE-HISTORY TRADE-OFFS AND THE ENVIRONMENT

Resource allocation strategies are the ways in which organisms prioritize and 
distribute energy. These strategies play a critical role in determining growth, 
reproduction, and survival throughout one’s life history (Manor et al., 2014; 
Tocher, 2003). Trade-offs in fishes are particularly strong when the two main 
causes of mortality in juveniles are predation and starvation (Post and Parkinson 
2001; Post et al. 1999; Biro et al. 2004). Lipid energy reserves are the main 
energy source utilized during major physiological and life-history progressions 
such as sexual maturation (Jonsson Jonsson 2005; reviewed in Wang, Hung, 
and Randall 2006). Sexual maturation is a dominant physiological process that 
causes a shift from somatic growth to gonadal growth (Taranger et al., 2010) 
with visceral fat mobilized first to supply energy for gonadogenesis (Jonsson et 
al., 1997; Manor et al, 2014; Nassour and Leger, 1989). During times of limited 
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resource availability, mortality risk declines in organisms as lipid reserves 
increase allowing the individual to meet metabolic requirments. (Mogensen 
and Post, 2012). Species have a wide range of lipid storage patterns giving rise 
to a variation in life-history decisions varying within the same species (Kadri 
et al., 1996; Simpson et al., 1992; Jonsson and Jonsson, 2005). Fish mostly 
store resources in the muscle myosepta and in the visceral cavity along the 
intestine as adipose tissue, however, some fish can store lipids in the liver, the 
organ controlling lipid synthesis and metabolism (Henerson & Tocher, 1987; 
Jensen-Urstad & Semenkovich., 2012; Morgan et al., 2002; Sheridan, 1988; 
Sissner et al., 2017; Yeo & Parrish, 2022). Many factors can affect lipid storage 
and allocation strategies including body size (Simpson, 1992; Sogard & Spencer, 
2004; Post and Parkinson 2001), temperature (Morgan et al., 2002; Cunjak, 
1988; Metcalfe & Thorpe, 1992), food availability and quality (reviewed in Wang, 
Hung, and Randall 2006), and life history strategy (Mangel & Satterthwaite, 
2008; Morgan et al., 2000; Rinke et al., 2008).  

In fish, the physiological processes involved in using and storing energy 
throughout the body are mainly affected by diet and temperature (Geissinger 
et al. 2021; Mogensen and Post 2012; Post and Parkinson 2001). For example, 
fluctuating environmental conditions affect the quantity and quality of the food 
available for individuals living in seasonal environments, and this variability 
in the dietary supply of different nutrients influences how energy is allocated 
within their body (Post & Parkinson, 2001).  Individuals and populations 
inhabiting seasonal environments must solve several problems to survive to 
reproduction. These organisms must cope with fluctuations in food supply 
and the often-substantial risk of predation associated with foraging, yet still 
accumulate sufficient energy stores for reproduction. A key component of energy 
allocation in pre-reproductive organisms is allocation to energy storage during 
periods of energy deficit such as metamorphosis (Scott et al. 2007) or low 
temperatures (Biro et al. 2004; Gurney et al., 2003; Mogensen and Post 2012) 
which requires pre-allocated lipid stores for survival. Therefore, maintaining 
optimal allocation of energy between activity, growth and storage in variable 
environments are crucial for reaching key life stages. Survival to reproduction 
is one of the primary determinants of success. Moreover, resource allocation 
patterns affect the probability of survival to reproductive age as well as the 
probability of maturation at a given age (Post and Parkinson 2001).

2.1.2	 MEASURING ENERGETIC STATUS

Measuring energy levels can give an indication of an individual’s physiological 
status and an estimate of its fitness. Morphometric indices can be used to make 
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these assumptions about energy levels in an organism. The most common is 
Fulton’s condition factor defined as the relative weight of an individual given its 
length that gives an estimate of the relative lipid stores in an individual. CF has 
been applied in a range of different species including amphibians (Cogălniceanu 
et al., 2021), mammals (Bright Ross et al., 2021), birds (Balbontín et al., 2012), 
and fishes (Haraldstad et al., 2018; Mozsár et al., 2015; Sutton et al., 2000) 
as proxy for the level of lipid reserves. There have been studies finding a 
strong positive correlation between CF and total lipid content (Herbinger and 
Friars 1991; Schulte-Hostede et al., 2005; Sutton et al., 2000), however, this 
relationship seems to be highly variable among different fish species (Mozsar 
et al, 2015). Lipid reserves are among the most important energy resources in 
fish. They are essential for maintaining growth, reproductive fitness and overall 
survival, thus serving as critical indicators of overall health (Tocher, 2003). 

Detailed lipid profiles can allow for gaining a wider scope of an individual’s 
physiological status at given time point (reviewed in Rey et al., 2022). Instead 
of getting a proxy of the level of lipid reserves, one can obtain specific lipid 
class levels to infer individual lipid status. Energy is mainly stored in the 
form of triacylglycerol (TG), which has a higher density of energy than other 
biomolecules (Sheridan, 1988; Yeo & Parrish, 2022).  The structure consists of 
three fatty acyl chains esterified to the glycerol backbone in which total carbon 
number, the length and degree of unsaturation of fatty acids, and the position 
of fatty acyl chains dictate the physical and chemical properties of individual 
TG species. Further, phospholipids accounts for 60 mol% of lipids in eukaryotic 
cells playing key roles in maintaining the cellular longetivity (Han and Gross 
2001) and in the construction of cell membranes (Yeo & Parrish, 2022). These 
structurally diverse membrane phospholipids support the functions of integral 
proteins and serve as precursors for different lipid mediators modulating 
numerous signaling pathways (Moessinger et al., 2014; Næsje et al., 2006; 
Sheridan, 1988). In addition to forming the actual energy reserve, lipids have 
a variety of other important biological roles. When released into circulation, 
lipids and their derivatives act as signaling molecules informing body organs 
and tissues on the energy status of the individual for physiological maintenance 
(Dupont et al., 2013; Koyama et al., 2020; Mangel and Satterthwaite, 2008; 
Parker and Cheung, 2020; Shalitin and Phillip, 2003; Thorpe et al., 1998) 
potentially allowing for the progression between life history stages.

Through obtaining lipid profiles using methods such as high-performance 
thin-layer chromatography (HPTLC) and liquid chromatography-mass 
spectrometry (LC-MS), one can get a more detailed assessment of detected 
lipid classes and species, allowing for a more accurate view into the individuals 
physiological status,  to help us understand their contribution to the biological 
roles on an individual or species level. By determining an individual’s lipid 
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profile, inferences can be made into one’s physiological capacity and ability at a 
given time. Overall, measuring total energy levels or specific lipid composition 
can allow for the assessment of lipid metabolic changes occurring in fishes 
in addition to the understanding of any changes or alterations with differing 
temperatures and life-history stages (reviewed in Rey et al., 2022). This could 
give insight in how successful individuals can be later in life and understanding 
variation in lipid metabolic capabilities in response to environmental instability 
such as climate change. 

2.2	ATLANTIC SALMON AND MATURATION

Atlantic salmon (Salmo salar) are anadromous organisms inhabiting a range 
of differing environments. Embryonic development takes place in freshwater 
where juveniles can spend a number of years before making a transition and 
migrating to saltwater environments. Due to this life cycle, Atlantic salmon 
must rapidly transition between energy usage and storage to survive necessary 
physiological changes for the transition from freshwater to saltwater, and for 
sexual maturation at a variety of ages and sizes demanding sufficient energy 
(Jonsson et al., 1997). Lipid storage in salmon is mainly located in the muscle and 
viscera as adipocytes; in the skeletal muscle storage resides in the myospeta, i.e., 
in the connective tissue between muscle fibers (Zhou et al., 1996). Maturation 
in salmon has been hypothesized to start soon after fertilization (Thorpe et 
al., 2007). Therfore, individuals could be undergoing life-history strategies 
readying for maturation long before an individual has the capability to mature 
or be reproductively successful.  It has been recognized that energy allocation 
during salmon juvenile phases can have important implications for future sex-
specific reproductive strategies (Rowe et al., 1991) requiring different energy 
resource allocation patterns.  

2.2.1	 SEX-SPECIFIC STRATEGIES

It is well known that there are sex-specific life-history strategy differ–ences 
as Atlantic salmon males and females can mature at different sizes and ages 
(Fleming, 1996). Thus, sex-specific lipid strategies are detected in adult Atlantic 
salmon. Both males and females use lipid reserves for gamete production and 
also for other sex-specific reproductive activity: males for mate guarding and/
or territory defense and females for nest digging (Jonsson et al., 1997). As 
the production of large lipid-rich eggs is energetically more costly for females 
than milt production for male salmon, a sex difference exists in the energy 



16

2	 LITERATURE REVIEW

allocated for reproduction. More specifically, males can invest 3-9% of pre-
breeding weight while females invest 20-25% (Fleming, 1996; Jonsson et al., 
1991). Additionally, females that spend an increased time in freshwater may 
show reduced pre- and post-smoltification growth (Einum et al. 2002), and a 
reduction in reproductive success (reviewed in Mobley et al., 2020). This can 
signify a sex-specific trade-off between time spent in freshwater, growth after 
marine migration, and reproductive fitness.

Interestingly, the occurrence of maturation in males before smolt–ification 
and migration adds additional complexity to resource allocation strategies. 
These individuals need to reach a certain lipid threshold in order to mature 
and be able to retain and manage energy usage during early development 
and growth. Male Atlantic salmon parr appear to have a physiological link 
between lipid accumulation in the body during the spring and the initiation 
of maturation (Rowe et al., 1991). Additionally, faster growth and larger size 
at hatching potentially increasing the probability to mature at the parr stage 
(Aubin-Horth and Dodson 2004; Thorpe 1986). However, growth can decrease 
by two-fold compared to immature parr once the maturation process is initiated 
in males start that can lead to delayed smoltification and marine migration 
(Thorpe, 1986; Whalen & Parrish, 1999). These mature male parr can spawn 
in the autumn and go through smoltification and migrate to sea during the 
subsequent spring (Hansen et al. 1989; Jonsson and Jonsson, 2005) showing 
a need to allocate energy efficiently and maintain a sustained physiological 
capacity to undergo and survive important life-history stage progressions and 
times of high energy use.

2.2.2	LARGE-EFFECT MATURATION LOCUS

Atlantic salmon initiating maturation require high energetic demands to go 
through physiological changes needed to be reproductively viable. While the age 
at maturity is well characterized, the connection between lipids and energy levels 
and the maturation process is still unknown. The genetic basis of age at maturity 
in salmon has been well characterized, with a single genome region, including 
the vgll3 gene, explaining 39% of the variation in the age at maturity (Ayllon 
et al., 2015; Barson et al., 2015; Czorlich et al., 2018) and supported in several 
common garden experiments associating vgll3 and salmon maturation timing 
(Åsheim et al., 2023; Ayllon et al., 2019; Debes et al., 2021; Sinclair-Waters, 
Nome, et al., 2022; Sinclair-Waters, Piavchenko, et al., 2022). This genomic 
region encoding vgll3 has been found to be linked to Atlantic salmon maturation 
age with two alleles, E and L, associating with earlier or later maturation, 
respectively. Vgll3 encodes a transcription cofactor and has been associated with 
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adipocyte differentiation in mice (Halperin et al., 2013) and pubertal timing 
(Elks et al. 2010), body condition (Tu et al. 2015) and sex-specific autoimmune 
diseases (Cousminer et al. 2013) in humans. Additionally, it has been found 
to be play a role in mediating maturation timing via CF (Debes et al., 2021) 
adding more knowledge of the effect of vgll3 on lipid storage and metabolism.  

Even with progress in understanding mechanisms involved with age at 
maturity in salmon, more research needs to focus on the functional pathways 
of vgll3 and its role in lipid metabolism and storage. By using environmental 
and seasonal effects during common garden experiments this knowledge 
gap identifying lipid allocation strategies can be shortened to gain a better 
understanding of life-history stages and their progression. Additionally, 
understanding maturation processes, lipid metabolism and any interaction 
with vgll3 in juvenile Atlantic salmon.
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3	 AIMS OF THESIS 

1)	 To identify resource allocation strategies during early life-history stages 
of Atlantic salmon and implications for maturation

2)	 To investigate temperature and genetic influences on resource allocation 
and maturation in Atlantic salmon

3)	 To characterize lipid profiles and elucidate resource usage and storage 
capacity in juvenile Atlantic salmon
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4	 METHODS

4.1	 ANIMAL MATERIAL AND EXPERIMENTAL DESIGN 

Atlantic salmon juveniles used in this study were derived from a first-generation 
hatchery stock of Atlantic salmon maintained by the Natural Resources Institute 
Finland (LUKE) (62°24′50″N, 025°57′15″E, Laukaa, Finland). The parents of 
the juveniles were caught from the Kymijoki river in southeast Finland and 
had been crossed in partial factorial manner. 

For Chapter 1, fertilization took place in November 2016 and eggs were 
incubated in a flow-through incubation system at the hatchery until hatching in 
May 2017. Two weeks after hatching, around 2000 individuals were transferred 
to the Lammi Biological Station (61°04′45″N, 025°00′40″E, Lammi, Finland) 
for the duration of this common-garden experiment. These juveniles were 
reared in equal numbers in 10 flow-through tanks (63cm x 63cm x 30cm) 
under the local natural light cycle at Lammi Biological Station and water was 
sourced from the nearby Lake Pääjärvi (temperature range: 6.3-17.7 °C).

 For Chapter 2 and 3, fertilization took place in late October 2017 when 
unrelated parents with homozygous vgll3 genotypes were crossed as six 
2 × 2 factorials resulting in 24 families. Each factorial included a vgll3*EE 
male and female and a vgll3*LL male and female, where E and L refer to 
the alleles previously associated with earlier or later maturation, respectively 
(Barson et al. 2015). Eggs of the 24 families were divided into four batches 
and incubated in two vertical incubators at two temperatures (2°C difference, 
hereafter referred to as the warm and cold larval treatments), i.e., with two 
replicates per family and temperature treatment. A difference of 2°C water 
temperature was maintained by using a combination of water chillers and 
room heating. At first feeding, juveniles from the two replicates were pooled 
and transported to the Lammi Biological Station (61°04′45′′N, 025°00′40′′E, 
Lammi, Finland) on 10.03.2018 and 24.04.2018 for the warm- and cold-larval 
treatments, respectively. Half of the individuals of each larval temperature 
treatment were placed into the same temperature treatment for the juvenile 
phase (warm and cold juvenile treatments; maintaining a 2°C difference), and 
the other half of the individuals were transferred to the opposite temperature 
treatment, thus resulting in a total of four different larval phase-juvenile phase 
temperature treatment groups, Warm-Warm (WW), Warm-Cold (WC), Cold-
Warm (CW), and  Cold-Cold (CC) as shown in Figure 1A. Each treatment was 



20

4	 METHODS

replicated in five flow-through circular tanks (diameter 90 cm), and juveniles 
of each family were allocated to their respective replicate treatment tanks in 
roughly equal numbers and subsequently reared under a controlled photoperiod 
set to the local latitude (61.05°N, 25.04°E). Water was sourced from a nearby 
lake, Lake Pääjärvi, and thus followed the natural annual water temperature 
cycle with the cold and warm water treatment maintained via a heat-exchange 
system ranging from 1.30-18.53°C and 1.35-19.04°C, respectively, with an 
average difference of 1.76°C (Figure 1B). 

Fish in Chapter 1 were fed ad libitum a diet consisting of fine-ground 
commercial fish food that differed in lipid content (high-lipid:19.9 % and low-
lipid 12.6 %; Raisio Baltic Blend; Raisio Oy) and Chapter 2 and 3 ad libitum 
a diet with commercial fish food pellet size matched for size distribution of 
the individuals (Raisio Baltic Blend; Raisio Oy).
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Figure 1: A) Experimental design for temperature treatments for larval and juvenile 
Atlantic salmon (red = warm temperature, blue = cold temperature) with each temperature 
group as outlined above (WW, WC, CW, CC) presented as the proportion of total days 
post-fertilization across the duration of the experiment. B) Temperature curve for the 
larval (dotted line) and juvenile (solid line) phases of the experiment with the warm 
temperature treatment water in red and the cold temperature treatment water in blue 
with gray representing the difference between warm and cold termpartures. 0.A and 
0.B indicate transport date of juveniles to Lammi Biological station for the warm and 
cold larval treatment individuals, respectively. 1, 2 and 3 indicate the times of routine 
measurements for length and mass of 464-580 individuals at the Summer0, Autumn0 
and Spring1 time points, respectively. 4 and 5 indicate the final two time points with 
routine measurements of length and mass of 464 and ~1205 individuals, respectively, 
and maturation status check in males.

4.2	MEASUREMENT AND TISSUE COLLECTION 

For Chapter 1, wet mass (± 0.01 g) and fork length (± 1mm) fish were measured, 
and fin clips of each individual were taken. During the latter sampling, all fish 
were euthanized with an overdose of MS-222. A standardized muscle tissue 
sample from below the dorsal fin and above the lateral line was sampled and 
weighed for lipid extraction for 49 fish. These 49 samples were flash-frozen 
in liquid nitrogen and stored in -80 °C until analysis. In addition, the mass 
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of total visceral fat tissue from the body cavity was measured (± 0.001 g) by 
scraping all visible fat carefully with a scalpel.

 For Chapter 2, wet mass (± 0.01 g) and fork length (± 1 mm) fish were 
measured. A fin clip sampled for genetic analysis, for a sub-set of individuals 
at time points 1-4 (464-580 per time point) and 1205 inviduals at the 5th time 
point when the experiment was terminated at 24 months post-fertilization 
(Figure 1B). 

For Chapter 3, tissue samples from individuals from the CW temperature 
treatment group at the 3rd and 4th time points (Figure 1B) were dissected. 
Muscle and liver were dissected and frozen in liquid nitrogen and stored in 
-80 °C until analysis. Gill tissue was placed in RNAlater all for later laboratory 
analysis. Weight and length measurements taken at these two time points were 
also used for later analysis. 

4.3	SNP GENOTYPING

For Chapter 1, 2 and 3, DNA was extracted from the fin clip samples using 
standard chelex or salt extraction methods and genotyped for 141 SNPs and a 
sexing marker as in Aykanat et al., (2016), and assigned the family of origin 
as outlined in Debes et al. (2021).  

4.4	LIPID EXTRACTION, HPTLC AND LC-MS 

Total lipids were extracted from 49 muscle tissue samples in Chapter 1 and 
from 38 muscle and 30 liver tissue samples in Chapter 3. All samples were 
homogenized in Milli-Q water and the total lipids were extracted into chloroform 
according to Folch et al. (1957), and the extract solvent was evaporated with 
nitrogen stream. Immediately, the lipids were dissolved in 1.5 ml chloroform/
methanol (1:2 vol/vol) and the sample solution was stored at -80 °C until 
analysis. 

For Chapter 1, High Performance Thin Layer Chromatography 
(HPTLC) was used to separate and quantify concentrations of polar lipids: 
phosphatidylcholine (PC), phosphatidylethanolamine (PE), phosphatidyl–
serine  (PS) and phosphatidylinositol (PI) and sphingomyelin (SM) eluted with 
a chloroform/methanol/acetic acid/water (25:17.5:3.8:1.75) solvent, and neutral 
lipids: cholesterol (C), triacylglycerol (TG), and cholesterol ester (CE) eluted 
with a hexane/diethyl ether/acetic acid/water (26:6:0.4:0.1) solvent according 
to Lehti et al. (2018). 
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For Chapter 3, lipidomics was conducted employing Liquid Chromatograph-
Mass Spectrometry (LC-MS). The chromatographic separation was conducted 
in a gradient mode using an Agilent 1290 Infinity HPLC system equipped with 
a Luna Omega C18 100 Å (50 x 2.1 mm, 1.6 µm) column (Phenomenex), and 
employing acetonitrile/water/isopropanol-based solvent system (Breitkopf et al., 
2017) with the flow rate of 0.200 ml/min and 25°C as the column temperature. 
Internal standards (TG 14:0/14:0/14:0, PC 14:1/14:1 and PE 14:0/14:0) were 
spiked into each sample. The column eluent was infused into the electrospray 
source of an Agilent 6490 Triple Quad LC/MS with iFunnel Technology and 
spectra were recorded using both positive and negative ionization modes. TG 
species were detected as [M+NH4]+ ions from MS+ scan. PC species were 
identified from a Precursor ion 184 scan and detected from an MS+ scan. 
Additionally, PE species were identified from a Neutral loss 141 scan and 
detected from an MS- scan. Spectra were extracted from the chromatogram 
window according to expected TG, PE, and PC elution times for lipids to be 
identified using LIMSA software on Excel according to Haimi et al. (2006).

4.5	STATISTICAL ANALYSIS 

For Chapter 1, we fitted a series of multivariate linear animal models for focal 
traits [PC, PE, PS, PI, SM, C, CE, TG, Condition, Visceral Fat Index (VFI)] 
as responses to simultaneously test for fixed effects and estimate phenotypic 
correlations among response traits, adjusted for fixed and random effects, under 
REML using ASReml-R v. 3 (Butler et al., 2009) in R v. 3.0.2. Animal effects 
were included to account for the complex relatedness among the hatchery 
crossed individuals and thus possible genetic correlation for each trait. To 
test for fixed effects, we used F-test with denominator degrees of freedom 
approximated according to Kenward and Roger (1997). 

For Chapter 2, we fitted a generalized animal model with probit-link 
function to maturation status at age 2 years (coded as binaries) using Bayesian 
MCMC simulations implemented in MCMCglmm v. 2.32 (Hadfield 2010). To 
conduct maturation and general animal models with normally distributed 
residuals for body condition or length records, REML was used as imple–
mented in ASReml-R v. 4.1.0.176 (Butler et al. 2018) for growth and condition. 

For Chapter 3, exploratory principal component analyses (PCA) analyses 
were carried out first for both tissues separately using molar % of lipid species 
to assess the relationship between independent variables. Linear mixed effects 
models were used to test response variable (TG, PC, PE) interactions with 
fixed effects including sex (male/female), vgll3 genotype (vgll3*EE/vgll3*LL), 
time point (spring/autumn), maturation status (immature/mature), and fitting 
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random terms for tank and family. All analysis was done using R version 4.2.0 
with RStudio 2022.07.2 with lme4, lmertest and factoextra packages.
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5.1	 SEX AND BODY SIZE EFFECTS ON LIPID PROFILES 

We identified sex-specific lipid class profiles with HPTLC in Chapter 1.  
The lipid profiles of muscle tissue of juvenile Atlantic salmon were different 
between males and females and there was an observed general decrease in lipid 
concentrations with increasing body length (Figure 2). Male juvenile Atlantic 
salmon had on average a higher concentration of several major lipid classes 
compared to females. The levels of storage lipids, composed of TG, C, and CE, 
also decreased with body size. Lipid content can change based on multiple factors 
including body size, feed and dietary fat level and during major processes such 
as maturation or smoltification timing (Hillestad and As, 1998; Nordgarden et 
al., 2003; Rowe et al., 1991; Sheridan, 1989; Storebakken and Austreng, 1987). 
These factors can help explain the observed sex-specific differences in lipid class 
concentrations in these individuals. Males and females can mature at different 
sizes and ages creating sex-specific life-history differences (Fleming, 1996). For 
example, the potential of maturation before sea migration is increased with 
a faster growth rate which is much more common in males than in females 
(Fleming, 1996).
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Figure 2. Sex effects and covariance with length for the seven lipid class concentrations 
(mol/g of tissue), CF and VFI as labelled in the Y-axis vs. individual length (A-I). When 
sex effects were detected, the regression line is presented for males and females with 
95% confidence intervals, otherwise commonly for both sexes.

Maturation and reproductive processes are energetically costly during the 
juvenile phase (Myers, 1984; Whalen and Parrish, 1999). Thus, the lipid profiles 
observed in Chapter 1 could show that juvenile males require larger deposition 
of slowly mobilized energy such as TG in muscle than juvenile females. This 
observation could show an early life-history stage resource allocation strategy 
that is needed to maintain a higher physiological capacity enabling the potential 
of early maturation. In many salmonid species, including Atlantic salmon, an 
increase in the β-oxidation capacity in muscle tissues results in lower lipid 
levels during periods of increased growth (Nordgarden et al., 2003). It has been 
found that once males start maturing, growth decreases by two-fold compared 
to immature parr which is due to the energetical costly process of developing 
mature gonads (Aksnes et al., 1986; Thorpe, 1986; Whalen & Parrish, 1999). 

Additionally, fish that fed the high-fat diet had stored slightly more visceral 
fat as measured by VFI than those on the low-fat diet. This result is in line 
with precious studies as it has been found that fish store more fat in the viscera 
with increasing lipid and carbohydrate levels in feed while muscle fat can be 
reduced with increasing protein levels in feed (Aksnes, 1995; Hillestad and 
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As, 1998; Weihe et al., 2019). Interestingly, no significant correlation between 
VFI and any muscle lipid class was detected, nor were there significant VFI 
differences detected between the diet treatments in Chapter 1.

5.2	SEASONAL VGLL3 SPECIFIC VARIATION IN ENERGY STATUS 

In Chapter 2, we found a vgll3 genotype effect on the direction of seasonal 
change in body condition in both males and females with no difference in 
length during the 1.5-year study period (seen below in Figure 3). We observed 
vgll3*LL individuals having lower body condition than vgll3*EE individuals in 
the spring prior to the breeding season, however these individuals had a higher 
body condition in the autumn. These vgll3 genotype specific seasonal changes 
in body condition adds further additions to previous studies that vgll3 has a 
potential role in the control of resource allocation (Debes et al. 2021; Halperin 
et al. 2013). Moreover, vgll3 effects can express as an effect on average body 
condition at a given time point but also express as an effect on the direction of 
body condition change through time. Our vgll3 genotype findings suggest that 
the general assumption that individuals with higher body condition are more 
likely to mature earlier due to having higher lipid levels (Good & Davidson, 
2016; Rowe et al., 1991; Taranger et al., 2010) may be more complex. Chapter 
2 adds further evidence backing up previous statements that adequate energy 
storage are vital at critical life-history timepoints, which for salmon is thought 
to be in the spring prior to maturation (Rowe et al, 1991). This is indeed the 
timepoint at which juveniles carrying the vgll3*EE genotype exhibited higher 
body condition than individuals carrying other vgll3 genotypes (Figure 3a), 
even though body condition was recorded at its lowest point for all genotypes 
of the five timepoints measured. 
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Figure 3.  Body condition and length values of vgll3 genotypes  in 3177  juvenile Atlantic 
salmon across 1.5 years (colors: gold = LL, gray = EL, blue = EE, shape: circle = female, 
triangle = immature male, square = mature male). Sample time point represent 5 sampling 
time points throughout the experiment (1 – Summer age 0, 2 – Autumn age 0, 3 - Spring 
age 1, 4 - Autumn age 1 and 5 – Autumn age 1) with mature males only occurring at 
time point 4 and 5. 

Our finding that the body condition of vgll3*EE individuals was more stable 
across seasons than in vgll3*LL individuals is in line with recent studies 
investigating the links between juvenile vgll3 genotypes and phenotypes 
(Bangura et al. 2022, Prokkola et al. 2022). These studies observed vgll3 
genotype effects with aggressive behavior and aerobic scope, both of which 
could potentially have an effect on CF in Atlantic salmon. It was found that 
vgll3*LL juveniles were more aggressive compared to vgll3*EE individuals 
(Bangura et al. 2022). This could result in vgll3*LL individuals allocating 
energy for aggressive behaviour instead of allocating energy to lipid storage. 
Additionally, it was found that vgll3*EE individuals had higher aerobic 



29

scope than vgll3*LL individuals. Therefore, greater resource acquisition or 
assimilation via higher aerobic scope can be a potential mechanism by which an 
increased CF in vgll3*EE individuals could be achieved (Prokkola et al. 2022). 
Our findings in Chapter 2 suggest that this vgll3 genotype influence may 
be particularly important during winter months, when vgll3*LL individuals 
lost body condition much faster than vgll3*EE individuals. This observed 
phenomenon may be derived from vgll3*EE individuals having higher CF at the 
critical point in the spring when physiological processes related to maturation 
are being determined.

Lastly, differing larval or juvenile temperature did not appear to alter 
growth, length or body condition nor vgll3 effects on maturation as full growth 
compensation was detected during the length of the experiment. This leads 
us to expect a temperature consistency with vgll3 effects on maturation and a 
vgll3-effect consistency to either natural or artificial selection. This finding is 
based off a relatively narrow range of temperatures so a broader temperature 
range should be explored in future research. 

5.3	TISSUE-SPECIFIC LIPID PROFILES AND SEASONAL VGLL3 
EFFECTS 

In Chapter 3, tissue specific lipid profiles were investigated between seasons 
and between vgll3 gentotypes. Unlike in Chapter 1, no sex-specific differences 
were detected in lipid profiles in muscle tissue in Chapter 3 (Figure 4.1). As 
individuals in Chapter 3 were year older and mature, they may have potentially 
utilized the higher lipid concentrations from an earlier life-history stage.
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Figure 4: Scaled A) triacylglycerol (TG) B) phosphatidylethanolamine (PE) and C) 
phsphatidylcholine (PC) concentrations of 1) muscle and 2) liver in immature males, 
immature females and mature males between the spring  and autumn 2019.

Perhaps the most noteworthy finding of Chapter 3 is the stark contrast in 
the direction of membrane lipid (PC and PE) concentration changes between 
seasons in the liver of vgll3*EE individuals compared to vgll3*LL individuals 
(seen above in Figure 4.2). This change between seasons can be explained by two 
scenarios, one involving genotype-specific differences in lipid synthesis, and 
another involving genotype- specific differences in lipid storage mechanisms. 
The first scenario could reflect variation in endoplasmic reticulum (ER) 
volume in liver of differing vgll3 genotype individuals. Higher membrane lipid 
concentrations increasing from spring to autumn in vgll3*EE individuals could 
be vital for maintaining a more stable capacity of ER functions compared to 
the vgll3*LL individuals showing a decrease in membrane lipid concentrations 
from spring to autumn. The ER is one of the major sites of protein synthesis 
and fatty acid and lipid metabolism where de novo synthesis of phospholipids 
and TG take place.  This site also produces lipoprotein particles for transport of 
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diverse biomolecules, including TGs that are largely carried to the main storage 
sites, muscle myosepta and visceral adipose tissue in salmon (Jensen-Urstad 
& Semenkovich, 2012; Alves-Bezerra & Cohen, 2017). Therefore, vgll3*EE 
individuals showing an increase of membrane lipid concentrations may allow 
for an increase or retained capability for ER functions across seasons compared 
to vgll3*LL individuals  that elicit decreasing membrane lipid levles from spring 
to autumn.

In the second scenario, individuals could be storing lipid droplets in the 
liver and other tissues in a genotypic-specific manner. This would result 
in the observed contrast in the membrane lipid (PC and PE) concentration 
changes from spring to autumn in vgll3*EE individuals compared to vgll3*LL 
individuals. Specifically, the main storage organelles for metabolic energy in 
most cells are lipid droplets stored in the cytoplasm (Prévost et al., 2018). 
vgll3*LL individuals showing a decrease of the membrane lipid concentration 
from spring to autumn could be due to them storing larger lipid droplets in 
the liver compared to vgll3*EE individuals, and thus showing a tradeoff  of 
increasing the mass of storage lipid at the expense of ER network mass. However, 
additional research is required to gain a more complete understanding of these 
genotype-based differences. This additional work could include identifying 
vgll3 genotype specific differences in transcriptomic data focusing on lipid 
metabolism genes, such as elongases of very long chain fatty acids and fatty 
acyl desaturases, known to be involved in fatty acid structural modifications 
(Colombo et al., 2022; Datsomor et al., 2022; Kabeya et al., 2018), and variation 
in fatty acid metabolism (Twining et al., 2021). Moreover, the investigation of 
histological patterns would help to elucidate vgll3 genotype specific differences 
in lipid droplets and potentially underlying hyperplasic or hypertrophy through 
histological patterns (Caballero et al., 2002).  

Our findings in Chapter 3 provide first hints at mechanisms by which 
vgll3 contributes to the maintenance of lipid reserves and metabolic capability 
across seasons in Atlantic salmon. If vgll3*EE individuals with an increased 
concentration of membrane lipids from to spring to autumn do indeed have 
increased ER metabolic activity compared to the opposite trend in vgll3*LL 
individuals, it would imply an increased capacity for protein synthesis and 
thereby a better capability for production of phospholipids and TGs across 
seasons. This phenomenon would explain why vgll3*EE individuals maintained 
a higher body condition in the spring  found in Chapter 2, which increases 
the probability to mature in the autumn.
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6	 CONCLUSION 

All together, this thesis shows a potential mechanism in Atlantic salmon that 
further links vgll3 with lipid storage and metabolism. Additionally, sex-specific 
strategies in lipid metabolism seem to exist allowing individuals to go through 
major physiological processes. The main findings in this thesis are 1) Sex-specific 
lipid profiles that potentially allow for early life-history stage progressions to 
be successful, 2) Genotype association with seasonal change in body condition 
allowing for adequate lipid storage to be achieved at a critical time point for the 
inititation of maturation and lastly, 3) Genotype association with tissue specific 
lipid profiles showing mechanistic roles for maintaining improved metabolic 
capabilities. These results reveals more information why the vgll3 genotypes 
may differ in the age of maturation and further linking vgll3 genotypes in 
early life stages preparing for maturation processes. We also give insight on 
of how vgll3 and environmental effects contribute to maturation probability. 
This thesis contributes to gaining a better knowledge of energy allocation and 
physiological capacity allowing for a better understanding of maturation and 
survival through early life-history stages in juvenile Atlantic salmon.
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