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ABSTRACT 

Triploid Atlantic salmon are a valuable part of production in Tasmania. In fact, not undergoing 

sexual maturation, triploids are used to ensure appropriately sized harvest fish all year round. 

Nevertheless, triploids tend to develop a higher prevalence of skeletal anomalies than diploids 

affecting mainly the lower jaw and the vertebral column and impacting fish performance, 

welfare and value deleteriously. The general intent of this PhD research project was to make a 

useful contribution to Atlantic salmon industry in order to understand and find a possible 

solution or mitigate the problem of skeletal anomalies of obvious relevance to economic 

efficiency as well as animal welfare in Tasmania and worldwide. This research explored the 

occurrence of several skeletal anomalies in farmed diploid and triploid Atlantic salmon in 

freshwater that represent a critical phase in development. The aims were to improve our 

knowledge on occurrence and causative factors of skeletal anomalies in triploids (and diploids) 

and in particular of lower jaw deformity (LJD), a skeletal anomaly mainly affecting triploid 

Atlantic salmon, and to understand the molecular mechanisms underlying it. Two experiments 

(the first containing two sub-experiments) and an extensive molecular investigation have been 

undertaken during this PhD research project in order to produce valuable information and fulfil 

the predetermined aims. 

In the first experiment, diploids and triploids were maintained in controlled conditions 

for nine months (from incubation to 60 g) and repeatedly screened (visually and by x-ray) for 

the occurrence of several categories of skeletal anomalies (i.e. lower jaw anomalies, opercular 

shortening, spinal anomalies) and the effect of standard and elevated temperature regimes (14 

and 18 °C) on prevalence of skeletal anomalies was tested in the pre-smolt stage (8-60 g). This 

experiment showed that LJD started to be displayed at 8-10 g and the prevalence increased 

only in triploids up to 11% at 60 g implying that occurrence can be at any time in development. 

In diploids, LJD prevalence was approaching to zero throughout the experiment. A high 
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prevalence of opercular shortening was observed (average prevalence in both ploidies 85.8%) 

and shortened lower jaw (SJ) was common in both ploidies (highest prevalence observed 11%). 

In triploids, the change in prevalence over time of LJD and SJ indicated a possible 

developmental link between the two jaw anomalies. No effect of temperature was observed on 

prevalence of lower jaw skeletal anomalies. A radiological assessment (n = 240 individuals) 

showed that at both temperature regimes tested triploids had a significantly (P < 0.05) lower 

number of vertebrae and higher prevalence of deformed individuals and that elevated 

temperature resulted in more regions of the vertebral column affected irrespective of the ploidy. 

Our findings confirmed that LJD occurs predominantly in triploids and at any time during 

freshwater phase and overall ploidy was more influential than temperature on development of 

skeletal anomalies. 

The second experiment, developed following the results of the first experiment, focused 

on LJD developmental patterns in triploids and LJD concurrence with another lower jaw 

anomaly affecting Atlantic salmon, shortened lower jaw (SJ). Triploid individuals (~12 g) only 

were collected and selected at a commercial hatchery, allocated into two separate groups 

according to their lower jaw condition (normal -NOR- or affected by SJ -SJ-), grown out in 

controlled conditions and assessed (visually and by image analysis) over three months for 

concurrence of SJ and LJD. The main aim of the experiment was to verify concurrence of lower 

jaw skeletal anomalies in the two groups and understand through their developmental patterns 

independency or dependency of the conditions. Furthermore, effect of lower jaw anomalies on 

growth and recovery from opercular shortening was tested. Prevalence of jaw anomalies 

increased in both groups over time (NOR group 0 to 24.5%; SJ group 17 to 31%). SJ and LJD 

occurred both independently and concurrently whereas another lower jaw anomaly, misaligned 

lower jaw (MA), concurred exclusively with them. All three anomalies could be concurrent. 

Severity of both LJD and SJ increased in the SJ group only. Opercular shortening recovery was 
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observed in both groups but at a slower rate in the SJ group. The SJ group specific growth rate 

(SGR) was significantly (P < 0.05) lower than the NOR group. This study demonstrated the 

concurrence of SJ, LJD (and MA) in triploids and showed possible deleterious consequences 

deriving from the condition/s. 

The last research chapter, describes the first molecular analysis ever undertaken on fish 

affected by LJD. Two independent sample sets of triploid Atlantic salmon, experiment-sourced 

(60 g) (from the first experiment) and commercially produced (100 g) displaying LJD and with 

a normal lower jaw were used to delineate multigenicity of the condition. The main aim was to 

investigate, by using transcriptome analysis, real-time qPCR and in-situ hybridization, 

molecular mechanisms underlying the condition and to detect possible candidate genes 

providing clues on tissue/s responsible for the trait. The use of two independent sample sets at 

different developmental stages helped to strengthen the outcome of the analyses and verify 

differential gene expression consistency. The effect of temperature on gene regulation was also 

tested. A total of eleven genes, some detected through transcriptome analysis (fbn2, gal and 

gphb5) and others known to be related to skeletal physiology (alp, bmp4, col1a1, col2a1, fgf23, 

igf1, mmp13, ocn), were tested in the two independent sample sets. Gphb5, a recently 

discovered hormone, was significantly (P < 0.05) down-regulated in LJD affected fish in both 

sample sets suggesting a possible hormonal involvement. In-situ hybridization detected gphb5 

expression in oral epithelium, teeth and skin of the lower jaw. Col2a1 showed the same 

consistent significant (P < 0.05) down-regulation in LJD suggesting a possible cartilaginous 

impairment as a distinctive feature of the condition. Significant (P < 0.05) differential 

expression of other genes found in either one or the other sample set highlighted the possible 

effect of stage of development or condition progression on transcription and showed that 

anomalous bone development, likely driven by cartilage impairment, is more evident at larger 

fish sizes. The present study improved our understanding of LJD suggesting that a cartilage 
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impairment likely underlies the condition and col2a1 may be a marker. In addition, the 

involvement of gphb5 urges further investigation of a hormonal role in LJD and skeletal 

physiology in general. 
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CHAPTER 1: GENERAL INTRODUCTION 
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1.1 Atlantic salmon life history 

Atlantic salmon (Salmo salar L. 1758) belongs to the Salmonidae family and is one of the most 

known and studied species of fish. The species is found in the North Atlantic Ocean on the 

coasts of both Europe and North America between 40° and 70°N (Gross, 1998; Jobling et al., 

2010). An essential feature of the species is the anadromous life cycle: it spends a part of the 

life cycle in freshwater (spawning, initial growth and feeding) and a part in seawater (further 

feeding and growth until sexual maturity) before returning to freshwater to spawn (Fig. 1.1) 

(Gross, 1998; Marschall et al., 1998; Jobling et al., 2010). Atlantic salmon, like other salmonids, 

displays homing behaviour, which means that individuals return to spawn in the rivers where 

they were born or previously spawned (Gross, 1998; Marschall et al., 1998; Jobling et al., 

2010). In addition, Atlantic salmon is iteroparous meaning that after the first spawning 

individuals do not die and are able to spawn again the following year (Klemetsen et al., 2003). 

Sexual maturity is reached at 3-6 kg and 1-3 years spent in the seawater (Jobling et al., 2010). 

A female salmon generally produces about 1500 eggs kg-1 body weight although the number 

is variable (Jobling et al., 2010). Immediately after fertilisation, the females bury the eggs in 

gravel for incubation into a nest called ‘redd’ (Jobling et al., 2010). Eggs measure 5-6 mm in 

diameter and hatch after several months depending on water temperature, usually two months 

post-fertilisation (Jobling et al., 2010). Hatched individuals are called alevins (15-25 mm total 

length) and have a large yolk-sac that provides endogenous energy requirements. Once the 

yolk-sac has been resorbed alevins are ready to feed and leave the redd. This stage is called the 

‘swim-up’ phase and the individuals are identified now as fry. From the fry stage, individuals 

develop into parr. Parr stage can last for several years until fish are ready to become smolts 

(smoltification process), acquiring the adequate physiological and morphological 

characteristics (e.g. changes in osmoregulation and body colour) to live in the saltwater (Gross, 

1998; Jobling et al., 2010).  
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1.2 Atlantic salmon aquaculture 

During the last part of the 20th century Atlantic salmon aquaculture thrived and is currently 

spread in numerous parts of the world such as northern Europe, North and South America and 

Australasia (Gross, 1998; Jobling et al., 2010; FAO, 2016a). The cultivation techniques are 

similar in all the countries where the industry is established (Gross, 1998; Jobling et al., 2010). 

Briefly, the general production cycle includes the following phases: incubation of eggs, early 

rearing and smolt production in both freshwater hatcheries and smolt production units, transfer 

to seawater and on-growing to market size (3-7 kg), a phase that is dominated by sea-cage 

culture (Gross, 1998; Jobling et al., 2010). For a more comprehensive description of the 

production cycle refer to Fig. 1.2. The production of farmed Atlantic salmon in 2013 was 

2,087,111 tonnes and valued at around USD 13 billion (FAO, 2016b). Norway is the most 

Fig. 1.1. Atlantic salmon (Salmo salar) lifecycle                                                                                           

(modified from http://www.miramichisalmon.ca/education/atlantic-salmon/ and Jobling et al., 2010) 
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important producer with 1,168,324 tonnes (~60% of total production) followed by Chile 

492,329 tonnes (~24%), United Kingdom 154,200 tonnes (~7%), Canada 100,027 tonnes 

(~5%), Australia 42,776 tonnes (~2%) and United States of America 18,685 tonnes 

(~1%) (FAO, 2016b). 

1.2.1 Atlantic salmon aquaculture in Tasmania 

Atlantic salmon farming started in Tasmania at the end of 1984 (Jungalwalla, 1991; Ovenden 

et al., 1993). The first fertilised eggs shipped to Tasmania came from a landlocked broodstock 

kept in Gaden, New South Wales, where between 1963 and 1965 Atlantic salmon were 

imported into Australia from Nova Scotia, Canada for the first time (Jungalwalla, 1991). Soon 

after the first attempts at farming, Tasmania was identified as a favourable place for Atlantic 

salmon due to the relatively high seawater temperatures that enhanced growth (Jungalwalla, 

1991). An additional advantage for farming Atlantic salmon in Tasmania was that the species, 

not being farmed in its natural range, would not have any contact with wild strains, avoiding 

infectious disease problems and possible ecological and negative biological interactions 

(Benfey, 2015b; Benfey, 2015a; Glover et al., 2016).  

Currently, the Tasmanian salmon industry is Australia’s largest and most valuable 

aquaculture industry. According to the latest data available, it produced ~40,000 tonnes in 

2013-14 (AUD 531.3 million, including exports AUD ~14 million) (Stephan and Hobsbawn, 

2015). Salmonids aquaculture, predominantly Atlantic salmon from Tasmania, represents ~55% 

of the total value of Australian aquaculture production and ~22% of the total value of fisheries 

and aquaculture production (Stephan and Hobsbawn, 2015), with plans to expand further in the 

future (TSGA - Tasmanian Salmonid Growers Association, unpublished data). Nevertheless, 

numerous challenges confront the industry including control and management of disease 

(including skeletal anomalies), suitable locations to farm, competition with foreign producers 
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and climate change that may limit the growth of the Atlantic salmon industry (Battaglene et al., 

2008; Hobday et al., 2008; Carter et al., 2010). 

Fig. 1.2. Production cycle of Atlantic salmon (Salmo salar) 
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1.3 Triploid Atlantic salmon  

A crucial obstacle for the continuity of the Atlantic salmon production cycle is presented by 

early sexual maturation (Sadler, 2000; Fraser et al., 2012a; Benfey, 2015b). In fish 

development, maturation represents a critical phase having several deleterious effects relevant 

to aquaculture: fish usually display slower growth because energy is depleted due to the high 

metabolic costs of gametogenesis, they are more susceptible to diseases and flesh quality is 

reduced (Benfey, 1999; Sadler et al., 2000b; Oppedal et al., 2003; Piferrer et al., 2009; 

Taranger et al., 2010; Benfey, 2015b).  

In order to avoid sexual maturation, the practice of triploidy induction was chosen in 

fish farming, including salmonid production, as a method to sterilise a large number of fish 

without the use of chemicals, and subsequently to obtain a product more acceptable by the 

market (Benfey, 2001; 2015b). In regions where there are wild populations the use of sterile 

Atlantic salmon also has the advantage of preventing possible interbreeding between wild and 

farmed populations, and associated effects on the ecosystem deriving from accidental escapes 

(Sadler et al., 2000b; Benfey, 2001; Oppedal et al., 2003; Taylor et al., 2011; Benfey, 2015b). 

Nevertheless, triploid Atlantic salmon are currently, as they have for many years, used for 

commercial production only in Australia (Tasmania) (Benfey, 2015b) although  only recently 

(May 2016) the production of the first triploid populations was approved in Norway 

(http://www.reuters.com/article/idUSO9N17G00Y). However, in both Scotland and Norway, 

triploids are still under investigation for utilisation in the production cycle due to the reasons 

described in the following paragraphs (Leclercq et al., 2011; Fraser et al., 2013; Taylor et al., 

2013; Taylor et al., 2014; Benfey, 2015b; Fjelldal et al., 2016). It should be noted that in this 

thesis Atlantic salmon will be referred to as diploid (as the normal genome situation) to improve 

the readability although it has been recently shown that the species is actually pseudotetraploid 
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due to a genome duplication event occurring ~ 80 million years ago in the salmonid lineage 

(Lien et al., 2016). 

Triploidy is artificially achieved by applying a shock (chemical, thermal or pressure) to 

eggs during meiosis II that suppresses cell division and prevents the extrusion of a polar body 

interfering with the regular movements of the chromosomes (Benfey, 2001; Piferrer et al., 2009; 

Fraser et al., 2012a; Benfey, 2015b). In particular for Atlantic salmon, pressure shock has been 

preferred to thermal shock to induce triploidy due to insufficient results with the latter method 

(i.e. variable results of triploidy effectiveness and higher mortality rates) (Sutterlin et al., 1987; 

Jungalwalla, 1991) relative to better results obtained using pressure shock (Benfey and 

Sutterlin, 1984b; Johnstone et al., 1991; Jungalwalla, 1991; Benfey, 2015b). Therefore, to 

produce triploid Atlantic salmon, the pressure shock is usually delivered at 30 minutes post 

fertilisation, when eggs are kept at 10 °C, at 9500 psi (655 Bar) and lasts 5 minutes (Johnstone 

et al., 1991; Jungalwalla, 1991; Johnstone and Stet, 1995; Benfey, 2015b). Nevertheless, 

induction time and length may vary depending on water temperature and consequent 

embryonal stage of development (Benfey, 2015b). Chemical triploidy induction has not been 

considered for Atlantic salmon because of the method’s unreliability and, as said above, the 

possible negative consequences related to market acceptance (Jungalwalla, 1991; Benfey, 

2015b). Interestingly, in Norway it has been recently shown that triploidy can occur 

spontaneously in diploid populations at an average rate of ~2% as a consequence of husbandry 

practices (Glover et al., 2015). 

Triploid organisms have, in each somatic cell of the body, three sets of chromosomes 

instead of two (Benfey, 2001). In Atlantic salmon, there are several biological effects that 

originate from artificial triploidy (Allendorf and Leary, 1984; Benfey, 2001), in light of the 

above, first and most important is that the fish are sterile due to gametogenic impairment and 

its effects on gonadal development. Second, the individuals display larger cells (increased 
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cellular volume to contain extra genetic material) and a smaller number of cells (and 

consequently, not a larger body size). Third, triploids have increased heterozygosity compared 

to diploids. 

There are several possible biological consequences of triploidy induction. Among them, the 

increased cellular volume could have effects on some fundamental physiological processes, 

such as nutrients and metabolites exchange, passive and active ion exchange, and membrane 

binding of hormones and other messengers due to a decrease in the ratio of surface area to 

volume (as reviewed by Benfey, 1999; 2015b). In addition, the lower cell numbers combined 

with a decrease in ratio of surface area to volume may represent a problem not only for the 

functions of the single cell but also for tissues and organs. Another relevant effect, caused by 

an increase in size of the cells and the nuclei, could be on the transport and diffusion rates 

across membranes and in particular on signal transduction (e.g. involving RNA and protein 

production and movement) (Benfey, 1999; 2015b). Nevertheless, according to Maxime (2008) 

there is still no certainty whether an increased cellular volume and a decrease in ratio of surface 

area to volume may effectively lead to the physiological dysfunctions mentioned above. 

1.3.1 Triploid Atlantic salmon in Tasmania 

In Tasmania, the Atlantic salmon industry has applied sterilisation to inhibit earlier sexual 

maturation, caused by higher temperatures compared to the northern hemisphere, leading to a 

reduction in duration of the harvest period (Sadler, 2000; Benfey, 2001; Benfey, 2015b). The 

total amount of triploid fish in Tasmanian production is estimated to be less than 10% according 

to Sadler (2000), but recently it has increased to 20% with the possibility of increasing further 

due to industry expansion in Macquarie Harbour on the west coast of Tasmania, where all-

female triploids are the primary stock type (unpublished data). 

Three different population types of Atlantic salmon are produced in Tasmania: normal 

or mixed sex diploids, all-female diploids and all-female triploids (Sadler et al., 2000b). In 
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addition, photoperiod-manipulated fish are also produced (Sadler, 2000). All-female 

populations are produced using milt from masculinised females, functional males with the XX-

genotype (also known as neomales or sex-reversed females), for fertilisation in order to obtain 

female zygotes (Benfey, 2015b). The sex reversal process is achieved by dietary addition of 

17α-methyltestosterone during the fry/parr stage and these hormone-fed fish are never destined 

for harvest and human consumption, only as the source of gametes (Jungalwalla, 1991; Benfey, 

2001; Benfey, 2015b). The industry uses all-female populations in order to avoid early 

maturation and secondary sexual characteristics of salmon males (compared to females) that 

are not suitable for the market due to aesthetic reasons and substantially reduced flesh qualities 

(Sadler et al., 2000b; Benfey, 2015b). In fact, the male counterparts, also when sterile, undergo 

the normal process of sexual maturation  (Benfey, 2001; Benfey, 2015b). As mentioned above, 

these different populations are used to extend the period of harvest or fill the gaps in between 

(Sadler, 2000). The role of all-female triploid populations of Atlantic salmon is crucial for 

production cycle continuity in Tasmania providing a year-round supply of fresh product 

(Jungalwalla, 1991; Sadler, 2000).  

1.3.2 Diploids vs Triploids: differences and similarities 

According to Benfey (2001), triploid fish should be considered a ‘different species’ from the 

diploid counterparts due to differences in performance under farming conditions. 

Comprehensive reviews have been published on the differences and similarities in physiology 

and culture requirements between diploids and triploids (Benfey, 1999; Maxime, 2008; Piferrer 

et al., 2009; Fraser et al., 2012a; Benfey, 2015b). With regards to triploid Atlantic salmon, an 

extensive literature has accumulated over the last 25 years investigating several aspects 

concerning triploid use in the production cycle.  

Survival rate of triploid Atlantic salmon has been shown to differ between countries, 

years, populations, stage of development (freshwater or seawater) and if reared communally 
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with diploids or in isolation. For instance, diploids and triploids showed no difference in 

survival rate when reared separately (Carter et al., 1994; Oppedal et al., 2003; Fjelldal and 

Hansen, 2010; Leclercq et al., 2011; Taylor et al., 2011; Taylor et al., 2012; Taylor et al., 2013; 

Taylor et al., 2014) or in cohabitation (Carter et al., 1994; McGeachy et al., 1996; O'Flynn et 

al., 1997; Taylor et al., 2014), while in other cases triploids showed either reduced (Cotter et 

al., 2002) or increased (Fraser et al., 2015) survival rates compared to diploids when reared 

separately. Nevertheless, generally triploids showed reduced survival rates relative to diploids 

when reared together likely due to differences in beahviour and feed utililisation (Quillet and 

Gaignon, 1990; Galbreath et al., 1994; Galbreath and Thorgaard, 1995; McCarthy et al., 1996; 

O'Flynn et al., 1997; Fjelldal and Hansen, 2010).  

Similar variable results have been reported with regards to growth. Several studies 

found that triploids grew similarly (Benfey and Sutterlin, 1984a; Quillet and Gaignon, 1990; 

Jungalwalla, 1991; Carter et al., 1994; Galbreath et al., 1994; McGeachy et al., 1995; Cotter et 

al., 2002) or faster (O'Flynn et al., 1997; Oppedal et al., 2003; Leclercq et al., 2011; Fraser et 

al., 2013; Taylor et al., 2013) compared to diploids being reared separately in freshwater. 

Similar growth rates among ploidies have also been observed by several authors in seawater 

(Jungalwalla, 1991; Galbreath and Thorgaard, 1995; O'Flynn et al., 1997; Cotter et al., 2002; 

Leclercq et al., 2011; Sacobie et al., 2012; Taylor et al., 2013). Only recently triploids have 

been shown to have reduced growth in seawater at harvest compared to diploids (Taylor et al., 

2014; Fraser et al., 2015) but the opposite occurred when triploids were fed a diet with higher 

content of dietary proteins and phosphorous (Smedley et al., 2016). 

Other similarities between the two ploidies have also been found regarding performance 

under stressful conditions (i.e. fish subjected to confinement both in freshwater and seawater) 

in particular in the haematological response (e.g. same levels of plasma glucose, lactate and 

cortisol), in oxygen carrying capacity (Sadler et al., 2000b; Sadler et al., 2000a) and in the 
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smolting rate under normal conditions (Quillet and Gaignon, 1990; Cotter et al., 2002; Taylor 

et al., 2014).  

Differences between ploidies have been found in the smolting rate only in studies with 

“out-of-season” smolts (produced by photoperiod manipulation) in which triploid smolts 

completed smoltification four weeks earlier than diploids reared separately (Leclercq et al., 

2011; Taylor et al., 2012). Furthermore, triploids perform inadequately compared to diploids 

when reared in suboptimal conditions. In particular Quillet and Gaignon (1990) and Johnstone 

et al. (1991) found that triploid salmon subjected to low level of dissolved oxygen performed 

inadequately compared to diploids, and Galbreath and Thorgaard (1995) found a lower 

condition factor and growth rate in triploids compared to diploids farmed in seawater net-pen. 

Cotterell and Wardle (2004) found differences between ploidies in the anaerobic capacity, 

lower in triploids, but not in the aerobic capacity during forced swimming. On the other hand, 

triploid Atlantic salmon displayed a better recovery than diploids considering the oxygen 

consumption after exercise (Lijalad and Powell, 2009). In addition, significant differences were 

found in metabolic rates: triploids showed higher rates than diploids at lower temperatures 

(12 °C) and the opposite occurred at higher temperatures (18 °C) (Atkins and Benfey, 2008). 

In support of that, Hansen et al. (2015) reported poorer performance of triploids relative to 

diploids exposed to high temperature (19 °C) for an extended period and subjected to moderate 

hypoxia.  

Recently, other critical differences between ploidies have been discovered. Fraser et al. 

(2012b), analysing the size of different parts of the brain in triploids and diploids, found a 

smaller olfactory bulb and a larger cerebellum and telencephalon in triploids relative to diploids 

implying behavioural differences between ploidies. Taylor et al. (2015) showed that triploids 

have higher requirements of histidine that plays a fundamental role in preventing ocular 

cataracts. Finally, Fjelldal et al. (2016) and Smedley et al. (2016) have shown that triploids 
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have different requirements of dietary phosphorus (P) relative to diploids, during both 

freshwater and seawater phase, impacting both growth (lower in triploids than diploids) and 

occurrence of skeletal anomalies (higher in triploids than diploids). These results urge industry 

and feed producers to take into consideration these factors in order to avoid repercussions on 

triploids welfare and more specifically skeletal development in the case of P requirements.  

Finally, one of the most critical differences between ploidies, that is currently limiting  

the use of triploid fish in other countries, is the higher incidence and prevalence of skeletal 

anomalies in triploids compared to diploids (Benfey, 2001; Maxime, 2008; Piferrer et al., 2009; 

Fraser et al., 2012a; Fraser et al., 2013; Taylor et al., 2013; Benfey, 2015b). 

1.4 Skeletal anomalies in Atlantic salmon 

During the last twenty years, due to the high growth in production volume and geographical 

expansion of Atlantic salmon aquaculture, and the concurrent increase in demand, the principal 

aims of industry have been to improve the rearing conditions in conjunction with the reduction 

of costs and production time (Kristensen et al., 2012; Ytteborg et al., 2012). In all countries in 

which aquaculture is practised, skeletal anomalies (also referred to as deformities, 

abnormalities or malformations) represent one of the main issues affecting the production of 

high quality juveniles and leading to significant economic losses (Fjelldal et al., 2012c; 

Boglione et al., 2013a; Cobcroft and Battaglene, 2013). The development of new strategies to 

optimize rearing conditions (in particular temperature/light regimes and diets) is necessary in 

order to obtain, in the case of Atlantic salmon, smolts of high quality which grow rapidly, 

avoiding the economic loss deriving from the culling of deformed fish, and enhancing animal 

welfare (Kristensen et al., 2012; Ytteborg et al., 2012; Boglione et al., 2013a; Cobcroft and 

Battaglene, 2013).  

The importance of Atlantic salmon to aquaculture has led to the publication of an 

extensive amount of research regarding skeletal anomalies aiming to understand the causative 
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factors and the underlying mechanisms. Several factors have been shown to have an effect on 

normal skeletal development and growth, and these factors, that are routinely manipulated 

during the production of farmed fish, represent a significant risk to fish of developing 

anomalies (Fjelldal et al., 2012c; Boglione et al., 2013b). As reviewed by Fjelldal et al. (2012c), 

the two most important factors indicated as causative in Atlantic salmon are photoperiod 

manipulation (usually 24-h of light for most of the freshwater phase) and the use of high 

temperature to accelerate the growth. Photoperiod has a fundamental effect on physiological 

processes in Atlantic salmon such as smoltification, growth and sexual maturation and 

according to Fjelldal et al. (2012b) photoperiod influences vitamin D system functionality, 

which plays a crucial role in phosphorus absorption (Lock et al., 2010), and osteoclast (bone 

resorbing cells) activity. The use of high temperature regimes can induce impairments in gene 

transcription of osteoblasts (bone forming cells) and chondrocytes (cartilage forming cells) and 

affect structure and composition of skeletal tissues (Ytteborg et al., 2010b). Furthermore, 

deficiency of fundamental nutrients, especially phosphorus in specific stages, has been 

identified as another major causative factor (Fjelldal et al., 2012c; 2016). Phosphorus, together 

with calcium, is the main component of bone in vertebrates and fish can assimilate it mostly 

through the diet. As reviewed by Lall and Lewis-McCrea (2007) osteoclasts activity may be 

related to phosphorus homeostasis and inadequate levels (above or below the standard 

requirements) of phosphorus in the body can lead to an imbalance in calcium to phosphorus 

ratio and consequent disorders in skeletal development. In light of the above, interactions 

between all these causative factors and likely other factors involved in Atlantic salmon 

aquaculture (e.g. genetic), enhance the probability to generate imbalances in growth and 

skeletal development/mineralisation time leading to the occurrence of anomalies. 

The most common skeletal anomalies in farmed Atlantic salmon reported in the 

literature are spinal anomalies (column or vertebral bodies) (Gjerde et al., 2005; Witten et al., 
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2005; Witten et al., 2006; Fjelldal et al., 2007b; Fjelldal et al., 2012c). As reviewed by Gjerde 

et al. (2005) vertebral anomalies (generally referred to as vertebral deformities) were reported 

as a problem for the first time by McKay and Gjerde (1986) and considered the cause of 

considerable economic losses due to the high prevalence (Asgard et al., 1996; Vagsholm and 

Djupvik, 1998). In farmed Atlantic salmon several types of vertebral anomalies occur at all life 

stages and the most frequent are fusions or compressions of the vertebral bodies (Witten et al., 

2005; Witten et al., 2006; Fjelldal et al., 2007b; Witten et al., 2009; Fjelldal et al., 2012c). 

Many factors have been suggested to cause vertebral anomalies, including inflammatory 

processes (Kvellestad et al., 2000; Gil-Martens, 2010), poor mineralisation of vertebral bodies 

(Fjelldal et al., 2007a; Fjelldal et al., 2009), malfunction of osteoblasts due to mechanical 

overload (Kvellestad et al., 2000; Witten et al., 2005; Witten et al., 2006), increase in tartrate-

resistant acid phosphatase (TRAP) enzyme activity in vertebral bone (Fjelldal et al., 2012b), 

high incubation temperatures (Takle et al., 2005; Wargelius et al., 2005; Ytteborg et al., 2010c; 

Fraser et al., 2015), deficiency of vitamin C (ascorbic acid) (Waagbø, 2010; Moren et al., 2011), 

low dietary phosphorus (Baeverfjord et al., 1998; Fjelldal et al., 2011), fast smolt production 

with continuous light and elevated temperature (Fjelldal et al., 2006), hyperthermic conditions 

from fertilisation until after the juvenile stage (Ytteborg et al., 2010b), rearing location 

combined with low dietary phosphorus (Sullivan et al., 2007b), and vaccination (Berg et al., 

2006; Aunsmo et al., 2008; Berg et al., 2012). Other studies demonstrate that vaccination has 

no effect (Gil-Martens et al., 2010; Grini et al., 2011). Further causative factors are sub-optimal 

dietary phosphorus during the post-smolt stage (Fjelldal et al., 2009; Smedley et al., 2016), 

high water temperature during the post-smolt stage (Grini et al., 2011), diets with a high 

inclusion level of marine feed resources and/or fast growth (Fjelldal et al., 2010), photoperiod 

(Fjelldal et al., 2005; Wargelius et al., 2009; Fjelldal et al., 2012b), low level of dietary 

phosphorus during juvenile rearing (Fjelldal et al., 2012a; Fjelldal et al., 2016), low light 
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intensity (Handeland et al., 2013), heritability (Gjerde et al., 2005), and triploidy (Sutterlin and 

Collier, 1991; McGeachy et al., 1996; Sadler et al., 2001; Fjelldal and Hansen, 2010; Leclercq 

et al., 2011; Fraser et al., 2013; Taylor et al., 2013; Taylor et al., 2014; Fjelldal et al., 2016; 

Smedley et al., 2016). In fact, the aforementioned physiological differences and consequent 

different requirements deriving from triploidy has led to the hypothesis that triploidy itself is 

another main causative factor of the occurrence of skeletal anomalies in Atlantic salmon 

(Benfey, 2015b). 

1.4.1 Triploidy and skeletal anomalies 

As mentioned above, the higher occurrence of skeletal anomalies in triploids relative to 

diploids represents the biggest concern for their commercial use. In Atlantic salmon, several 

authors observed the occurrence of different anomalies in relation to ploidy as shown below in 

a chronological description. First studies reporting a higher prevalence in triploids of a 

particular deformation of the lower jaw (identified now as LJD – lower jaw deformity, see 

below for further details) were Sutterlin et al. (1987), Jungalwalla (1991) and McGeachy et al. 

(1996). O'Flynn et al. (1997) observed again a prevalence of LJD together with spinal 

anomalies (scoliosis and lordosis) affecting more triploid individuals. Later, Sadler et al. (2001) 

found again LJD and other types of anomalies (i.e. short opercula and gill filament deformity) 

with a significant higher prevalence in triploids. Cotter et al. (2002), found different types of 

anomalies (i.e. spinal, caudal, jaw) during the freshwater phase, although at low prevalence, 

and during the seawater phase found a higher number of triploids with cataracts. Furthermore, 

they observed spinal anomalies (mainly hump-back type) affecting more triploids before the 

harvest and the opposite at the harvest. On the other hand, Oppedal et al. (2003) observed the 

same types of anomalies as the previous study (again at low prevalence) but with no differences 

between ploidies. Fjelldal and Hansen (2010) found higher prevalence of spinal anomalies in 

in triploids. Leclercq et al. (2011) reported mostly LJD and spinal anomalies in higher 
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prevalence in triploids. More recently, different types of anomalies, mainly LJD and spinal 

anomalies but also cataracts and opercular shortening, were described as affecting more triploid 

individuals than diploids (Fraser et al., 2013; Taylor et al., 2013; Taylor et al., 2014; Fjelldal 

et al., 2016; Smedley et al., 2016). In particular, it has been shown that inadequate culture 

conditions can result in triploids developing a higher prevalence of skeletal anomalies than 

diploids as demonstrated for higher rearing temperature (Grini et al., 2011), higher incubation 

temperature (Fraser et al., 2015) and deficiency in dietary P (Fjelldal et al., 2016; Smedley et 

al., 2016). 

These studies highlighted the correlation between triploidy, and interaction between 

ploidy and other factors, and the occurrence of skeletal anomalies. In fact, the potential 

physiological differences between ploidies are likely exacerbated by environmental conditions 

and different nutritional requirements (Benfey, 2015b) impacting skeletal development, 

mineralisation and the shaping of cartilage and bone through re-modelling processes. 

1.4.2 Lower jaw deformity in Atlantic salmon 

As shown above, an anomaly commonly reported for farmed Atlantic salmon is lower jaw 

deformity (LJD). LJD has been described as the downward curvature of the lower jaw 

involving dentary and glossohyal bones (Bruno, 1990; Hughes, 1992). The lower jaw is an 

association of different tissues forming a heterogeneous organ (Hughes, 1992). As observed 

through histological examinations the bone of the lower jaw is composed of compact bone 

hence it is formed directly by intramembranous ossification around the supporting Meckel’s 

cartilage in Atlantic salmon (Hughes, 1992; Sadler, 2000; Witten and Hall, 2002; Gillis et al., 

2006).  

LJD has been identified both in freshwater and seawater phases of production in 

Scotland (Bruno, 1990; Leclercq et al., 2011; Taylor et al., 2013), Ireland (Quigley, 1995), 

Norway (Oppedal et al., 2003; Fraser et al., 2015; Fjelldal et al., 2016; Smedley et al., 2016), 
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Canada (Sutterlin et al., 1987; Sutterlin and Collier, 1991; McGeachy et al., 1995; O'Flynn et 

al., 1997; Benfey, 2001), Chile (Branson and Nieto, 1999; Goicoechea et al., 1999; Rojas et 

al., 2000; Roberts et al., 2001; Venegas et al., 2003) and Australia (Jungalwalla, 1991; Hughes, 

1992; King and Lee, 1993; Lee and King, 1994; Sadler et al., 2001; Lijalad and Powell, 2009). 

This skeletal anomaly has been relatively common in triploid Atlantic salmon from Tasmania 

(Jungalwalla, 1991; Hughes, 1992; King and Lee, 1993; Lee and King, 1994; Sadler et al., 

2001; Lijalad and Powell, 2009) Canada (Sutterlin et al., 1987), and recently in Scottish stocks 

(Leclercq et al., 2011; Taylor et al., 2013; Smedley et al., 2016) and at a low prevalence (< 

1.5%) in Norwegian stock (Oppedal et al., 2003). 

In Tasmania, LJD has been reported to impact up to 30% of commercially produced 

all-female triploid Atlantic salmon during the seawater phase of the production cycle 

(Jungalwalla, 1991; Hughes, 1992) and also in lower percentages in freshwater (2% during the 

fry stage, 7% during the pre-smolt stage) (Sadler et al., 2001). Given that triploid populations 

have a fundamental role in the annual harvest cycle, this skeletal anomaly results in a 

considerable loss to salmon farmers (Sadler et al., 2001). In fact, according to Benfey (2001), 

it is not possible to sell a whole Atlantic salmon with LJD, although it can be sold processed 

(e.g. steaks and fillets). In addition, jaw anomalies are considered a serious problem affecting 

fish since they can have deleterious effects principally on feeding and growth but can also lead 

to inefficient resource use during the production process and further economic losses (e.g. 

intensive hand grading and wasted feeding) (Boglione et al., 2013b; Cobcroft and Battaglene, 

2013).  

There are several components of the Atlantic salmon production cycle with potential to 

impact on lower jaw structural development, likely including some of the same factors that 

impact on vertebral development (i.e. dietary P deficiency). There is still uncertainty regarding 

the fundamental causes of LJD and the mechanisms underlying it. LJD may be caused by 
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environmental factors and genetic factors (e.g. triploidy) associated with different 

physiological characteristics or a combination of them. Among the possible causes, deficiency 

of vitamin C has been reported as a possible cause of LJD by Hughes (1992) and King and Lee 

(1993), although its role remains unclear. Roberts et al. (2001) suggested that LJD can be 

caused by high respiration rates (causing quick movements of the jaws) due to low levels of 

dissolved oxygen, in combination with poor mineralisation. Furthermore, LJD prevalence may 

increase when fish are subjected to higher growth rates as suggested in two recent studies 

(Taylor et al., 2014; Fraser et al., 2015). Recently, Fjelldal et al. (2016) and Smedley et al. 

(2016) showed that triploids have different dietary phosphorus requirements and that P 

deficiency during the freshwater and seawater phases is linked to the occurrence of LJD in both 

triploid and diploid Atlantic salmon, with an evidently higher incidence in triploids. In fact, as 

already mentioned above, the incidence of LJD has been associated mainly with triploids in all 

studies available potentially implicating a difference in physiological mechanisms originating 

from the presence of additional genetic material (Jungalwalla, 1991; Hughes, 1992; King and 

Lee, 1993; Lee and King, 1994; McGeachy et al., 1995; O'Flynn et al., 1997; Benfey, 2001; 

Sadler et al., 2001; Fjelldal et al., 2011; Leclercq et al., 2011; Fraser et al., 2013; Taylor et al., 

2013; Benfey, 2015b). In addition, it has been excluded that LJD may be congenital and sex-

dependent as no differences in prevalence between males and females have been found (Taylor 

et al., 2013).  

An additional problem regarding LJD is that the timing of the onset is not clear given 

that several authors reported the occurrence of LJD during the seawater phase only (Bruno, 

1990; Jungalwalla, 1991; Hughes, 1992; King and Lee, 1993; Lee and King, 1994; Quigley, 

1995; McGeachy et al., 1996; Leclercq et al., 2011; Taylor et al., 2013; Smedley et al., 2016). 

Nevertheless, this was probably due to the fact that the anomaly assessment was performed 

exclusively during that phase and not earlier. Conversely, other authors observed LJD before 



19 
 

the transfer to seawater (Branson and Nieto, 1999; Goicoechea et al., 1999). Sutterlin et al. 

(1987) observed LJD during the freshwater phase (parr stage 5-10 cm) at high prevalence (26 

to 51%). O'Flynn et al. (1997) found LJD in both freshwater and seawater, but the prevalence 

and evidence were higher during the latter phase. Sadler et al. (2001) observed LJD again 

during the both phases, in particular at low prevalence during the fry stage (2%), and higher 

during the pre-smolt stage (7%) and in seawater smolts (14%). Recently, Fjelldal et al. (2016) 

have highlighted that early parr stage (around ~9 g) may be critical for the onset of LJD. In 

light of the above, the onset of LJD seems to occur at any time in development of the fish 

although early stages could be more likely the most sensitive period for the onset and/or 

predisposition to later manifestation of this skeletal anomaly. An additional feature of LJD is 

that it seems to be progressively more severe, at least in some individuals, with growth (i.e. 

increase in the downward curvature) (Hughes, 1992) although that remains elusive. 

Nevertheless, possible exacerbating factors of LJD severity have never been explored. 

1.5 Teleosts skeletal system 

This last section provides fundamental and comprehensive recent developments in the 

understanding of Teleost cartilage and bone and the mechanisms leading to their formation and 

resorption, which are directly applicable to current knowledge of the occurrence of skeletal 

anomalies and will help the reader to follow the topics addressed in the following chapters. 

1.5.1 Skeletal tissues: structure and main types 

As in all vertebrates, teleosts present four main categories of mineralised tissue: bone, cartilage, 

dentine and enamel/enameloid (Witten and Huysseune, 2009; Boglione et al., 2013a; Hall, 

2015 page 3). Furthermore, teleosts display several different intermediate skeletal tissue types 

(Witten and Huysseune, 2009; Boglione et al., 2013a; Witten and Hall, 2015). In the 

development of mineralised tissues a wide set of cells is involved, the main cell groups are 
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chondroblasts, chondrocytes, osteoblasts, bone lining cells, osteocytes, osteoclasts, 

odontoblasts, ameloblasts (Boglione et al., 2013a; Hall, 2015 page 3).  

Bone is a supporting skeletal tissue originating from mesenchyme (Boglione et al., 

2013a; Hall, 2015 page 5). Inside the bone, calcium and phosphorus are stored and mineral 

homeostasis takes place (Hall, 2015 page 5). The main component of bones is the organic 

matrix, consisting of type I collagen, crystals of hydroxyapatite (deriving from calcium 

phosphate) and non-collagenous proteins such as osteocalcin, osteopontin and osteonectin 

(Hall, 2015 page 5). Bones contain blood vessels that enable gas exchange in the tissue (review 

by Moss, 1961; Boglione et al., 2013a ; Hall, 2015 page 5). Haematopoietic tissue is not present 

in fish bone marrow (as located in the head kidney) and is usually replaced by adipose tissue 

(Zapata et al., 2006; Witten and Huysseune, 2009). The cells that are present in bones are 

osteoblasts, osteocytes, osteoclasts and bone lining cells (Boglione et al., 2013a; Hall, 2015 

page 5). As observed by Moss (1961), the presence of osteocytes in bone distinguishes the 

cellular bone from the acellular bone. Basal teleosts, such as Atlantic salmon, have cellular 

bone. Conversely, more advanced teleosts have acellular bone (Moss, 1961; Witten et al., 

2004). The terms basal and advanced refer to phylogenetic groups which are more or less 

primitive, respectively. In this case, advanced teleosts had their origin approximately 100 

million years after basal teleosts (Witten and Huysseune, 2009). Bone growth in fish occurs in 

two phases, the first in which the bone is initially a woven bone and the second in which the 

woven bone becomes parallel-fibred and lamellar bone (Boglione et al., 2013a). As reviewed 

by Boglione et al. (2013a) there are three principal mechanisms leading to bone formation in 

teleosts. Endochondral ossification in which a cartilaginous template, formed by chondrocytes 

differentiating from mesenchymal stem cells (Erlebacher et al., 1995), is gradually replaced by 

bone (Boglione et al., 2013a). Perichondral ossification, the most common in fish and 

especially for the fin endoskeleton, occurs by the transformation of cells initially belonging to 
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perichondrium into cells of the periosteum (osteoblast secreting bone matrix) (Boglione et al., 

2013a). The last mechanism is intramembranous ossification in which a cartilaginous template 

is not present and bone is formed directly by osteoblasts differentiating from mesenchymal 

stem cells (Boglione et al., 2013a) (Fig. 1.3). Another important process in skeletal 

development is bone resorption and remodelling. During bone resorption, bone is removed by 

bone resorbing cells, called osteoclasts (Fig. 1.4), and new bone is formed by the above 

mentioned osteoblasts and osteocytes (bone forming cells) with osteoblasts turning into 

osteocytes as the last stage (Boglione et al., 2013a). This process underlies mainly allometric 

growth but is necessary also for bone repair (Witten and Huysseune, 2009), as adaptation to 

mechanical load (Hall and Witten, 2007), for tooth replacement and for removing temporary 

skeletal elements as reviewed by Boglione et al. (2013a). Fish have two types of osteoclasts, 

small mononucleated that are found in advanced teleosts, and large multinucleated in basal 

teleosts (e.g. Atlantic salmon) (Witten and Huysseune, 2009). Basal teleosts also possess 

mononucleated osteoclasts, but only during the early stages of development when they have 

acellular bone, while in advanced teleosts mononucleated osteoclasts are preeminent 

throughout the development (Sire et al., 1990; Witten and Huysseune, 2009). 

Cartilage is another important skeletal tissue. Cartilage can or cannot ossify during 

development and several types of cartilage have been described in fish (Witten and Huysseune, 

2009; Witten et al., 2010; Boglione et al., 2013a; Hall, 2015 page 5-11). The main function of 

cartilage is support, as is the main function for bone (Witten and Huysseune, 2009; Hall, 2015 

page 5-11). Nevertheless, cartilage has also a key role as articular tissue in vertebrates (Witten 

and Huysseune, 2009; Hall, 2015 page 5-11). Different from bone, cartilage does not contain 

blood vessels (Witten et al., 2010; Hall, 2015 page 5-11). The extracellular matrix (ECM) of 

cartilage is mainly composed of proteoglycans and chondroitin sulphates and, although other 

collagens are present, type II collagen is the most abundant protein and is considered specific 



22 
 

for the tissue (Witten et al., 2010; Hall, 2015 page 5-11). The cells responsible for cartilage 

formation are chondroblasts and chondrocytes (Witten and Huysseune, 2009; Witten et al., 

2010; Hall, 2015 page 5-11). Cartilage can also undergo resorption by resorbing cells called 

chondroclasts (Witten and Huysseune, 2009; Witten et al., 2010; Hall, 2015 page 5-11).  

1.5.2 Cellular and molecular mechanisms underlying bone and cartilage formation and 

resorption 

The synchronized interaction of osteoblasts and osteoclasts is fundamental in order to avoid 

the onset of skeletal diseases and malformations (Witten and Huysseune, 2009). Several factors 

regulate the differentiation of osteoblasts leading to bone formation (Ytteborg et al., 2012) (Fig. 

1.3). Regarding the osteoblasts, four principal phases of development have been described: 

lineage commitment, proliferation, ECM production and mineralisation (Karsenty, 2008; 

Karsenty et al., 2009; Javed et al., 2010) (Fig. 1.3). The expression of several genes is required 

during the process of differentiation (Karsenty, 2008; Karsenty et al., 2009; Javed et al., 2010). 

During the commitment phase several key transcription factors play an important role such as 

runt-related transcription factor 2 (Runx2), osteoblast-specific transcription factor (Osterix), 

Sox9, and morphogens such as transforming growth factor β/bone morphogenetic proteins  

(TGFβ/BMPs) and fibroblast growth factors (FGFs) (Karsenty, 2008; Javed et al., 2010). In 

addition, other molecules, including Vitamin D3, glucocorticoids, parathyroid hormone (PTH), 

and estrogen influence this stage. In the second phase, proliferation, the expression of genes 

that are mostly related to matrix formation such as type I collagen (produced by the gene 

Col1a1), fibronectin and growth factors such as BMP2/TGFβ starts (Karsenty, 2008; Karsenty 

et al., 2009; Javed et al., 2010). During the third phase, production of matrix, synthesis and 

maturation of ECM occurs, with the expression of alkaline phosphatase (ALP) an early marker 

of osteogenesis, and the production of non-collagenous ECM proteins such as osteopontin, 

osteonectin, bone sialoprotein, and osteocalcin that enhance the development, together with 
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collagen, of the ECM (Karsenty, 2008; Karsenty et al., 2009; Javed et al., 2010). In the last 

phase, mineralisation, the deposition of minerals (mainly Ca and P) in the ECM takes place, 

highlighted by the expression of genes producing bone sialoprotein, osteocalcin, and 

osteopontin that are considered markers of mature osteoblasts (Karsenty, 2008; Karsenty et al., 

2009; Javed et al., 2010). The beginning of this phase is characterised by the down regulation 

of matrix maturing proteins and the simultaneous expression of genes related to the 

development and deposition of hydroxyapatite crystals (Karsenty, 2008; Karsenty et al., 2009; 

Javed et al., 2010). 

In addition, it is appropriate to introduce not only the mechanisms strictly related to 

direct bone formation but also those underlying cartilage formation, or chondrogenesis, since 

it represents the preceding step of bone formation in some cases. Chondroblasts and 

chondrocytes (cartilage forming cells) derive from the same cellular precursors as osteoblasts, 

and these precursors can differentiate into one or the other under the regulation of transcription 

factors such as Sox9, Runx2 and Osterix (Karsenty et al., 2009; Javed et al., 2010). After the 

differentiation there is a phase of proliferation in which parathyroid hormone related protein 

(PTHrP) and Indian hedgehog (Ihh) seem to contribute to maintain the cells in a proliferative 

condition (Ytteborg et al., 2012). During this phase, proliferating chondrocytes produce an 

ECM made of type II collagen (produced by the gene Col2a1), (Karsenty et al., 2009). The last 

phase is the maturation of chondrocytes that become hypertrophic. This phase is under control 

of two main transcription factors, myocyte enhancer factor 2C (Mef2c) and Runx2, and 

hypertrophic chondrocytes that produce type X collagen (Karsenty et al., 2009). 

As mentioned above, the principal cells involved in bone resorption are osteoclasts (Fig. 

1.4). In mammals, these cells originate from haematopoietic tissue in the bone marrow (Witten 

and Huysseune, 2009). In teleosts, although this tissue is located in the head kidney, the origin 

of the osteoclasts remains unknown (Witten and Huysseune, 2009). The role of the osteoblasts 
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is fundamental for the differentiation and activation of osteoclasts (Fig. 1.4) (Boyle et al., 2003; 

Karsenty et al., 2009). Osteoclast formation is mediated by the osteoblasts-derived cytokines: 

macrophage colony stimulating factor (M-CSF) and the receptor activator of nuclear factor κ 

B ligand (RANKL) that are directly involved in osteoclastogenesis. M-CSF activates its 

receptor colony stimulating factor (C-FMS) in the osteoclast precursor that controls osteoclasts 

production, differentiation and function (Karsenty et al., 2009; Javed et al., 2010). RANKL 

belongs to the tumor necrosis factor (TNF) family. It interacts with M-CSF, allowing the 

activation of receptor activator of nuclear factor κ B (RANK) and osteoclast fusion and 

differentiation (Boyle et al., 2003; Javed et al., 2010). In addition, another cytokine belonging 

to the TNF family, is produced by osteoblasts, named osteoprotegerin (OPG), which is also 

involved in osteoclastogenesis (Boyle et al., 2003). OPG regulates the production of osteoclasts, 

generally blocking it, and its interaction with RANKL controls the bone resorption activation 

or deactivation by modifying the state of RANK on osteoclasts (Boyle et al., 2003). The 

described mechanism, involving the interaction between different types of molecules, leads to 

the maturation of the osteoclasts through the expression of genes of the osteoclast lineage and 

the production of two lysosomal enzymes such as tartrate-resistant acid phosphatase (TRAP) 

and cathepsin K (CATK), and in addition calcitonin receptor (Boyle et al., 2003). Also matrix 

metalloproteinases (MMP) seem to be involved in bone resorption (Delaissé et al., 2003; 

Witten and Huysseune, 2009; Ytteborg et al., 2010a; Fjelldal et al., 2012b; Ytteborg et al., 

2012). As reviewed by Witten and Huysseune (2009) and Boyle et al. (2003), after the junction 

with the bone surface, the action of a vacuolar proton pump (H-ATPase) acidifies the 

extracellular environment aiding dissolution of bone and the function of lysosomal enzymes 

(TRAP and CATK) that breaks down ECM forming resorption pits (Howship’s lacunae). 

The mechanisms underlying bone and cartilage formation and resorption described 

above are based on mammalian models. In teleosts the same mechanisms remain to be 
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understood. Nevertheless, specific literature  can be used to partly understand differences and 

similarities between teleosts and mammals (e.g. Spoorendonk et al., 2010; Ytteborg et al., 

2010a; Apschner et al., 2011). 

 

 

Fig. 1.3. Osteoblastogenesis. From the differentiation of a bone forming cell (osteoblast) to the mineralisation of 

the extracellular matrix (bone formation) and the different factors involved. Horizontal arrows indicate the 

passages between different cellular phases, vertical arrows indicate some of the fundamental genes (biomarkers) 

expressed during each cellular phase. (Alp = alkaline phosphatase, BMP = bone morphogenetic protein, ECM = 

extracellular matrix, FGF = fibroblast growth factor, MSC = mesenchymal stem cell, TGF = transforming growth 

factor). The figure is inspired by the several illustrations produced on the topic without referring to any in 

particular. 

Fig. 1.4. Osteoclastogenesis. From the differentiation of a bone resorbing cell to the resorption of bone and the 

different factors involved. Horizontal arrows indicate the passages between different cellular phases, vertical 

arrows indicate some of the fundamental genes expressed (biomarkers), black shapes represent at the same time 

which genes are expressed during the cellular phases and the interaction between products and their receptors 

leading to differentiation and activation or inactivation of a mature osteoclast. (C-FMS = receptor colony 

stimulating factor, CATK = cathepsin, K RANKL = receptor activator of nuclear factor κ B ligand, M-CSF = 

macrophage colony stimulating factor, OPG = osteoprotegerin, RANK = receptor activator of nuclear factor κ B, 

TRAP = tartrate-resistant acid phosphatase). The figure is inspired by the several illustrations produced on the 

topic without referring to any in particular. 
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1.6 Aims of the research  

The general intent of this project was to contribute to Atlantic salmon industry in order to 

understand, and direct research toward a possible solution to, the problem of skeletal anomalies 

in Atlantic salmon in order to enhance productivity and fish welfare both locally and globally. 

This PhD research thesis was focused on exploring the occurrence of several skeletal anomalies 

in farmed triploid (and diploid) Atlantic salmon in freshwater that represent a critical 

developmental phase. In particular, the main aim was to improve our factorial knowledge of 

lower jaw deformity (LJD) occurrence and understand the molecular mechanism underlying 

this anomaly. In the following paragraphs, the outline of the research chapters will be presented 

in order to show to the reader the logical and consecutive steps taken to fulfil the predetermined 

aims. 

The second chapter describes the first experimental assessment undertaken during this 

research. Diploids and triploids were maintained in controlled conditions for nine months (from 

incubation to 60 g) and repeatedly screened (visually and by using x-ray) for the occurrence of 

several categories of skeletal anomalies (i.e. lower jaw anomalies, opercular shortening, spinal 

anomalies) and the effect of standard and elevated temperature regimes (14 and 18 °C) in the 

pre-smolt stage was tested. The main focus of the first experiment was to confirm LJD 

occurrence to be mainly in triploids, understand the time of onset and test the effect of 

temperature on its prevalence.    

The third chapter describes an experiment developed following the results of the second 

chapter, on LJD developmental patterns in triploids and LJD concurrence with another lower 

jaw anomaly affecting Atlantic salmon, shortened lower jaw (SJ). For this experiment only 

triploid individuals (~12 g) were used, they were selected at a commercial hatchery, allocated 

into two separate groups according to their lower jaw condition (normal or affected by SJ), 

grown out in controlled conditions and assessed (visually and by image analysis) over three 
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months for concurrence of SJ and LJD. The main aim of the experiment was to verify 

concurrence of lower jaw skeletal anomalies in the two groups and understand through their 

developmental patterns independency or dependency of the conditions. Furthermore, effect of 

lower jaw anomalies on growth and recovery from opercular shortening was tested.  

The fourth chapter describes the first molecular analysis targeting fish affected by LJD. 

Two independent sample sets of triploid Atlantic salmon, experiment-sourced (60 g) (from the 

experiment described in the second chapter) and commercially produced (100 g) displaying 

LJD and with a normal lower jaw were used to delineate multigenicity of the condition. The 

main aim was to investigate, by using transcriptome analysis, real-time qPCR and in-situ 

hybridization, molecular mechanisms underlying the condition and to detected possible 

candidate genes providing clues on tissue/s responsible for the trait. The use of two independent 

sample sets at different developmental stages helped to strengthen the outcome of the analyses 

and verify differential gene expression consistency. The effect of temperature on gene 

regulation was also tested. 
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2.1 Abstract 

Triploid Atlantic salmon tend to develop a higher prevalence of skeletal anomalies. This 

tendency may be exacerbated by an inadequate rearing temperature. Early juvenile all-female 

diploid and triploid Atlantic salmon were screened for skeletal anomalies in consecutive 

experiments to include two size ranges: the first tested the effect of ploidy (0.2–8 g) and the 

second the effect of ploidy, temperature (14 °C and 18 °C) and their interaction (8–60 g). The 

first experiment showed that ploidy had no effect on skeletal anomaly prevalence. A high 

prevalence of opercular shortening was observed (average prevalence in both ploidies 85.8%) 

and short lower jaws were common (highest prevalence observed 11.3%). In the second 

experiment, ploidy, but not temperature, affected the prevalence of short lower jaw (diploids > 

triploids) and lower jaw deformity (triploids > diploids, highest prevalence observed 11.1% 

triploids and 2.7% diploids) with a trend indicating a possible developmental link between the 

two jaw anomalies in triploids. A radiological assessment (n = 240 individuals) showed that at 

both temperatures triploids had a significantly (P < 0.05) lower number of vertebrae and higher 

prevalence of deformed individuals. These findings (second experiment) suggest ploidy was 

more influential than temperature in this study. 

2.2 Introduction 

The commercial use of triploid Atlantic salmon has been explored for many years (Benfey and 

Sutterlin, 1984b; Sutterlin et al., 1987; Johnstone et al., 1991; Jungalwalla, 1991; Carter et al., 

1994) and interest is now high due to their possible use to mitigate the effect of escapes and 

consequent interbreeding with wild populations. Nevertheless, triploids have a higher 

predisposition to develop skeletal anomalies (Leclercq et al., 2011; Fraser et al., 2013; Taylor 

et al., 2013; Fraser et al., 2015; Fjelldal et al., 2016). Triploid Atlantic salmon have been 

produced on a commercial basis exclusively in Australia for almost 20 years, the aim is to 

ensure appropriately sized harvest fish all year round (Sadler, 2000; Benfey, 2009). In 
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Tasmania, Australia, three different population types of Atlantic salmon are produced 

commercially: mixed sex diploids, all-female diploids and all-female triploids (Sadler, 2000). 

Triploid Atlantic salmon have similar or better survival and growth rates than diploids, a 

desirable factor to shorten production cycles and supply bigger smolts for on-growing, and 

have improved flesh quality at harvest since they are not subject to the detrimental effect of 

maturation (Benfey, 1999; Sadler et al., 2000b; Taylor et al., 2013). Nevertheless, the higher 

prevalence of skeletal anomalies reported in triploids, mainly affecting the vertebral column 

and the lower jaw, has limited their use for commercial production (Benfey, 2001; Sadler et 

al., 2001; Fraser et al., 2012a; Taylor et al., 2013; Fjelldal et al., 2016). The prevalence and 

the frequency of each skeletal anomaly type vary between countries, studies and populations 

(as reviewed by Fraser et al., 2012a). Skeletal anomalies represent a global issue in cultured 

fish, not only in triploids, having deleterious effects on welfare and growth and leading to 

significant economic losses due to poor quality of the juveniles and adults produced and 

expensive grading processes (Boglione et al., 2013a; Cobcroft and Battaglene, 2013). Given 

the current and potential importance of triploids, predisposing factors and causation of skeletal 

anomalies in Atlantic salmon require elucidation. Skeletal anomalies are caused by several 

factors, most important are environmental (e.g. temperature, photoperiod, water quality, 

rearing methods), nutritional (e.g. deficiency of minerals and vitamins) or genetic (polyploidy, 

selective breeding, inbreeding) (Lall and Lewis-McCrea, 2007; Fjelldal et al., 2012c; Boglione 

et al., 2013b). Nevertheless, in Atlantic salmon, high temperature and dietary phosphorus (P) 

deficiency, applied during both incubation and rearing, are the principal factors that negatively 

impact skeletal development (Fjelldal et al., 2012c; Fjelldal et al., 2016). In particular, 

temperature, that has a well-known effect on growth, is manipulated during the production 

cycle to achieve higher growth rates (Fjelldal et al., 2012c). Following the findings of several 

studies on triploid Atlantic salmon showing that triploids develop higher prevalence of skeletal 
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anomalies than diploids when subjected to the same rearing conditions (inadequate or not), 

triploidy can now be considered as an additional important causative factor although the 

mechanisms underlying this issue still need to be clarified (Benfey, 2001; Sadler et al., 2001; 

Leclercq et al., 2011; Taylor et al., 2011; Fraser et al., 2013; Taylor et al., 2013; Fjelldal et al., 

2016). The negative interaction between ploidy, accelerated growth, deficient dietary P and the 

consequent imbalance in the natural time for bone mineralisation represents an additional 

obstacle to reduce skeletal anomalies in commercial operations. Furthermore, many differences 

in physiology between diploids and triploids remain unknown as well as the effect of 

inadequate temperature regimes on triploids at different developmental stages, requiring 

further research. Previous studies tested the effect of high temperatures on diploids (Ytteborg 

et al., 2010b) or both ploidies (Grini et al., 2011; Fraser et al., 2013; Fraser et al., 2014a) and 

applying, in some cases, high temperature regimes during the incubation only and focusing 

mostly on vertebral deformities occurrence. The aim of this study was to assess the effect of 

ploidy and temperature on the prevalence of several categories of skeletal anomalies in juvenile 

diploid and triploid Atlantic salmon. We focussed the investigation on two factors: the effect 

of ploidy on the prevalence of skeletal anomalies in particular affecting the lower jaw 

(specifically, lower jaw deformity [LJD] and short lower jaw [SJ]) and the effect of temperature 

(14 °C and 18 °C), ploidy and their interaction on the prevalence of all skeletal anomalies, 

including vertebral deformities, in both diploids and triploids during a critical developmental 

phase, the parr/pre-smolt stage. 

2.3 Materials and methods 

2.3.1 Fish stock 

Atlantic salmon eggs were provided by Petuna Seafoods hatchery in Cressy, Tasmania in May 

2013. About 37 000 eggs were pooled from six females and were fertilised with the milt of two 
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neomales (sex-reversed genotypic females) (Johnstone et al., 1991; Jungalwalla, 1991), 

resulting in all-female embryos. The fertilised eggs were divided into two batches. 30 min after 

fertilisation, one batch of eggs was subjected to a pressure shock to induce triploidy for 4 min 

at 9500 psi (655 Bar) in water at 10 °C, followed by 1 min of pressure release (Johnstone et al., 

1991; Jungalwalla, 1991). The two egg batches, triploids (3N) and diploids (2N), were placed 

separately in trays and transported (1 h) to the IMAS Launceston Aquaculture Centre at the 

University of Tasmania. All procedures were carried out with the approval of the University of 

Tasmania Animal Ethics Committee (approval number A0013044). 

2.3.2 Embryo incubation 

Embryo incubation occurred in two troughs (120 L capacity) each containing four upwelling 

hatching trays (44.5 × 39.5 × 14.5 cm). The fertilised eggs were gently placed into the eight 

incubation trays (n = 4 per ploidy) allocating them equally by volume using a 250 mL beaker. 

Each tray contained alternate diploid or triploid eggs and the two troughs had opposite 

disposition of diploids and triploids in the trays. The troughs were continuously exchanged 

with fresh water (120 L per hour) from a re-circulating system consisting of a reservoir tank 

(4000 L) exchanged at 10% daily with mains water de-chlorinated with appropriate amounts 

of sodium thiosulphate, a biofilter, heat-chill and UV disinfection unit. The fertilised eggs were 

kept in the dark until hatching. Water quality parameters including pH, ammonia (NH3), nitrite 

(NO2), nitrate (NO3) (Freshwater Master Test Kit, API Aquarium Pharmaceuticals), dissolved 

oxygen (O2), (Orion Star A223 RDO/DO meter, Thermo scientific) and chlorine (Cl2) (DPD 

Total Chlorine Reagent, HACH PermaChem Reagents) were measured weekly. The pH was 

maintained at 7.2 ± 0.3 (values for water parameters are mean ± SD, here and throughout) and 

dissolved oxygen at 100% saturation throughout incubation, the other parameters were within 

safe operating limits (NH3 0.12 ± 0.12 ppm, NO2 0.01 ± 0.05 ppm and NO3 1.5 ± 2.3 ppm)   

(Eddy and Williams, 1987). Water temperature was 7.8 ± 0.2 °C throughout incubation, 
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recorded every 15 min with waterproof data loggers (HOBO Pendant, Onset Computer 

Corporation) (two per trough, placed at the inflow and at the outflow). Egg development rate 

was described using degree days (°C days – cumulative average daily temperature). Fertilised 

eggs were ‘eyed’ at 271° days (35 days post fertilisation – dpf), and hatching started at 426° 

days and was completed at 488° days (55 and 63 dpf, respectively). After the ‘eyed’ period (at 

310° days, 40 dpf) the embryos were shocked to remove the unfertilised eggs (trays were 

removed and replaced in the troughs subjecting embryos to a sufficient up-flow of water to 

break the shell of unfertilised eggs) (Fjelldal et al., 2016). Dead (white) eggs were removed 

(by siphon) and counted on a daily basis. Mortalities are reported as a percentage of the total 

dead individuals on total stocked from here on. 

2.3.3 Viability rate assessment 

A viability rate assessment was performed at 162° days (21 dpf) to evaluate the percentage of 

eggs successfully developing. According to the standard industry procedure, 80 eggs per ploidy 

were sampled and placed in 7% acetic acid for 5 min. Viability was confirmed by notochord 

development, indicated by a straight white line, and the proportion of viable embryos was 

determined. 

2.3.4 Experiment 1: early rearing (alevin – fry) 

A total of 7800 alevins (n = 3900 per ploidy) were moved at 589° days and allocated into three 

re-circulating systems for first feeding and early rearing. Each system consisted of one tank 

(4000 L) supplied with de-chlorinated mains water (as described above) and re-circulated 

through a biofilter, heat-chill unit and UV disinfection unit. Each tank contained four replicate 

crates (32 L – 42 × 32 × 29.5 cm; n = 2 per ploidy) with alternate diploid or triploid fish (n = 

650 per crate). Stocking density during use of crates was 4.1 kg m-3 at the beginning and 50 kg 

m-3 at the end (stocking density was calculated considering individuals removed at each 

sampling event here and throughout). At 1988° days the crates were replaced by floating mesh 
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cages (320 L – 50 × 50 × 92 cm). Stocking density during use of mesh cages was 4.8 kg m-3 at 

the beginning and 12.8 kg m-3 at the end. The water exchange was set at 20% daily in the tanks 

and 100% every 20 min in the crates. The water quality parameters during the experiment were 

pH 7.0 ± 0.2 and dissolved oxygen 94.3 ± 3.5% saturation, the other parameters were within 

safe operating limits (NH3 0.08 ± 0.12 ppm, NO2 0.14 ± 0.31 ppm and NO3 9.5 ± 8.1 ppm) 

(Eddy and Williams, 1987). Water temperature was recorded every 15 min with waterproof 

data loggers (HOBO Pendant, Onset Computer Corporation) (one per tank). Water temperature 

was maintained at 8.4 ± 0.2 °C until one week prior to first feeding (765° days), when the 

temperature was gradually increased to 10 °C at first feeding. One week after first feeding 

temperature was increased again to 11 °C and then gradually to 14 °C over the course of two 

weeks, and was maintained at 14.2 ± 0.1 °C until the end of the experiment (2499° days). Fish 

were exposed to a 24-h light photoperiod throughout the rearing phase by using a spotlight 

mounted above each tank equipped with Philips 300 W halogen globe and with an intensity of 

500 lux at the water surface. All the fish were fed with Nutra XP and RC diets (Skretting) 

depending on the stage of development in accordance with industry recommendations. Feeds 

were delivered to satiation at a feeding rate of eight times per day with Nutra XP and three 

times per day with Nutra RC. At 2272° days fish were bath vaccinated for Yersinia ruckeri in 

a 10% vaccine solution for 45 sec (YERSINIAVAC-B, Intervet). Dead fish were removed daily 

by siphon or dip-net depending on the size of fish and all mortalities were recorded. 

2.3.5 Experiment 1: sampling 

Fish were sampled (n = 120 per ploidy per sampling event) at weekly intervals, four times 

before first feeding (844° days), then at monthly intervals for four months until the end of the 

first experiment (2499° days). Fish were killed by anaesthetic overdose (AQUI-S: 50 mg L-1). 

Body weight, total length (TL) and fork length (FL; measured once the caudal fin was fully 

developed) were recorded starting from the second sampling event. Specific growth rate (SGR) 
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was calculated as SGR (% day-1) = 100 × (ln(W2/W1)) × d-1, where W1 and W2 are the initial 

and final weights (g) and d the number of days. A visual assessment of skeletal anomalies, 

performed according to the Tasmanian Salmonid Growers Association epidemiological survey 

of deformity and descriptions in the literature, was undertaken during the last two sampling 

events of the first experiment at 1973° days (when fish had attained a mean length (FL) of > 

65 mm and weight > 3 g) and at 2400° days (~8 g) on all the individuals sampled (n = 120 per 

ploidy). 

2.3.6 Experiment 2: juvenile rearing (parr/pre-smolt) at two temperatures 

A total of 2760 fish (n = 1380 per ploidy) approximately 8 g body weight were allocated at 

2514° days into a new system to assess the effect of temperature on skeletal anomalies over a 

2-month period. The experiment had a fully orthogonal design, with two levels in each of two 

factors; ploidy (diploid, triploid) and temperature (14 °C and 18 °C defined as Standard and 

Elevated treatment, respectively, from now on). Two re-circulating systems, one at 14 °C and 

the other at 18 °C, were housed in a temperature-controlled room. The systems were supplied 

with dechlorinated mains water (as described above), each with an independent swirl separator, 

particulate filter, biofilter, UV disinfection unit and heat-chill unit. Each system had six 

cylindro-conical tanks (250 L) (n = 3 per ploidy) with randomly allocated diploid or triploid 

fish (n = 230 per tank). Stocking density was 7.4 kg m-3 at the beginning for both the treatments 

and 17.6 kg m-3 for standard treatment and 9.1 kg m-3 for elevated treatment at the end. 

Freshwater was exchanged at 80% daily for each system and at 100% every 30 min in each 

tank. The water quality parameters during the experiment were: pH 7.1 ± 0.1 for the standard 

treatment and 7.1 ± 0.2 for the elevated treatment, dissolved oxygen saturation 84.3 ± 1.9% for 

standard treatment and 85.4 ± 2.0% for elevated treatment throughout the assessment. Other 

parameters were, on average, within safe operating limits (NH3 1.1 ± 1.5 ppm, NO2 0.3 ± 0.5 

ppm and NO3 4.5 ± 3.9 ppm) (Eddy and Williams, 1987). Water temperature was recorded 
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every 15 min with waterproof data loggers (one each system placed in the biofilter). The 

temperature in the standard treatment was maintained at 14.2 ± 0.1 °C. In the elevated treatment, 

temperature was set at 15 °C at the beginning and gradually increased to 18 °C during the first 

week following the transfer and then maintained at 18.2 ± 0.0 °C until the end of the experiment. 

Fish were exposed to 24-h light photoperiod throughout the assessment and the experiment 

room was illuminated by Philips LIFEMAX TLD tubular fluorescent lamps 36 W/840 cool 

white and intensity of at 150 lux at water surface. All the fish were fed with Nutra RC diet 

(Skretting) in accordance with industry recommendations, feed was delivered to satiation at a 

feeding rate of three times per day (09:00, 13:00 and 17:00), and in the second half of 

experimental period, feed was delivered seven times over a 24-h period through supplementing 

the original three feeds with automatic feeders four times per day (20:00, 00:00, 03:00, 06:00) 

to maintain growth rate as close as possible to the industry rate. Dead fish were removed daily 

by using a dip-net and mortality was recorded. 

2.3.7 Ploidy determination 

The efficiency of triploid induction and the ploidy status were determined by erythrocyte 

nuclear length measurements (Benfey et al., 1984) of 240 fish (n = 120 per ploidy). A protocol 

modified from Taylor et al. (2011) was used. A drop of blood was collected by cutting the 

caudal peduncle of killed fish (~2740° and 2980° days), placed on a separate glass slide for 

each fish and smeared. The slides were air-dried and immediately placed into haematoxylin for 

1 min. Photos of the blood smear preparations were taken and the nuclear length measured at 

400× magnification using image capture software ImageJ (Schneider et al., 2012). For each 

individual, five randomly chosen nuclei were measured. The length of nuclei was significantly 

greater in triploids than diploids (F1238 = 2022.9, P < 0.001; 2N, 6.35 ± 0.03 μm; 3N, 8.85 ± 

0.05 μm – mean ± SEM). Triploid induction was confirmed successful at 100% of the triploid 

individuals analysed and no triploids were identified in the diploid group. 
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2.3.8 Experiment 2: sampling 

Sampling was standardized by fish development indicated by age in °C days. In the elevated 

treatment, sampling occurred every ~13 days on five occasions. In the standard treatment, 

sampling was performed when the fish attained approximately the same degree day age as fish 

sampled from the elevated treatment, on four occasions before 3434° days (as showed in Table 

2.1). Fish were killed as described previously (n = 126 per ploidy per temperature in first 

sampling event and n = 150 per ploidy per temperature in consecutive sampling events). Body 

weight and fork length (FL) were recorded and SGR was calculated as previously described. 

Fulton’s condition factor (K) was calculated as K = weight × 100/length3. A visual assessment 

of skeletal anomalies, performed as previously described, was undertaken at each sampling 

event on all individuals sampled (n = 688 diploids and n = 668 triploids in the elevated 

treatment and n = 576 per ploidy in the standard treatment). 

Table 2.1. Sampling events and the equivalent age in °C days (cumulative average daily temperature) 

of diploid and triploid Atlantic salmon parr/pre-smolts kept in different temperature treatments 

(Standard 14 °C and Elevated 18 °C) sampled throughout the experiment. The sampling events for the 

two treatments were performed at the same age (° days) in order to compare same stages of development. 

 Temperature treatment 

 Standard 14 °C Elevated 18 °C 

Sampling Fish age (° days) Days from start Fish age (° days) Days from start 

1 2741 17 2740 14 

2 2982 34 2976 27 

3 3207 50 3212 40 

4 3434 66 3448 53 

5 n/a n/a 3630 63 

  n/a = not applicable 
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2.3.9 Identification of skeletal anomalies 

All the fish examined for skeletal anomalies were classified as displaying (≥1 anomaly type) 

or not displaying skeletal anomalies and the following categories were used for classification: 

SJ (tip of lower jaw shorter than the tip of the upper jaw with the mouth closed), lower jaw 

(dentary and glossohyal) curved downwards also known as LJD (Bruno, 1990; Hughes, 1992), 

misaligned lower jaw (MA) (not aligned on the longitudinal plane) (Sadler et al., 2001), 

opercular shortening on the right side (SOR), left side (SOL) or both sides (SOB) (different 

degrees of shortened operculum/a leaving the gill filaments exposed) (Sadler et al., 2001), 

spinal anomalies (Sp DEF) (lordosis, kyphosis, scoliosis or externally visible vertebral 

deformities) (Witten et al., 2009) and fish without anomalies (Normal). The severity of 

anomalies was not classified. 

2.3.10 Radiological assessment 

The analysis of vertebral deformities was carried out on fish preserved at -20 °C (n = 240, 60 

per ploidy per temperature treatment) weighing approximately 60 g from the last sampling on 

both treatments according to the same number of days spent in the treatment (fourth sampling 

in standard and fifth in elevated treatment) (Table 2.1). Fish were x-rayed using an ECORAY 

Orange portable x-ray unit (Orange model 1040HF, ECORAY) exposing the plate for 50 mAs 

and 40 kV at a distance of 70 cm. Images were obtained using a computed radiography system 

CARESTREAM Vita CR Systems (Carestream Health, Inc.), converted from DICOM to TIFF 

files and analysed by Image-J (Schneider et al., 2012). The total number of vertebrae in the 

column was reported counting as distinct vertebral bodies the vertebrae involved in fusions. 

Fish were considered deformed when ≥1 deformed vertebra were observed. Vertebral 

compressions and fusion were identified, as described by (Witten et al., 2009), but without 

distinction of types, and the number of affected vertebrae was counted in different vertebral 

regions. As described by Kacem et al. (1998), four main regions (R) were distinguished in the 
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vertebral column to verify the most affected areas: R1 (cranial trunk) comprising vertebrae (V) 

V1–V8; R2 (caudal trunk) comprising vertebrae V9–V30; R3 (tail) comprising V31–V49; and 

R4 (tail fin) comprising V50–V60. 

2.3.11 Statistical analysis 

One-way ANOVA was used during incubation and the first experiment to investigate the effect 

of ploidy on mortality, growth (weight, length and SGR) and prevalence of skeletal anomalies 

and tank was used as random effect. Two-way ANOVA was used during the second experiment 

to investigate the effects of temperature, ploidy and their interaction on mortality, growth 

(weight, length, SGR, K) and prevalence of skeletal anomalies and tank was used as random 

effect. During the second experiment, one-way ANOVA was used to investigate the effect of 

ploidy within each temperature treatment (elevated and standard considered separately due to 

standardization per age and the consequent shift in the sampling events) on growth (weight and 

length) and to investigate main effects on growth (weight, length, SGR, K) and skeletal 

anomalies when interaction was not present. All skeletal anomalies data were transformed to 

achieve homogeneity of variance and normal distribution of residuals by arcsin√p, where p is 

the proportion of each anomaly type. A linear mixed effect (LME) model was used to 

investigate the effect of ploidy and temperature and their interaction on total number of 

vertebrae, total number of deformed vertebrae in deformed individuals, number of deformed 

individuals and prevalence of compressions and fusions in the second experiment and tank was 

used as random effect. We considered for all tests performed tank as experimental unit. All 

data are reported as mean ± SEM. All data analysis was performed using SPSS version 20.0 

(IBM, SPSS Inc.) with a significance level of P < 0.05. 
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2.4 Results 

2.4.1 Mortality – incubation 

At the end of incubation, mortality was significantly (P < 0.001) higher in triploid salmon (40.9 

± 0.4%) compared to diploids (31.9 ± 0.4%). 

2.4.2 Mortality and growth performance – Experiment 1 

At the end of first experiment (2400° days) mortality was not significantly different between 

ploidies and was 5.8 ± 3.1% overall. Throughout the experiment, diploids had a significantly 

(P < 0.05) higher mean weight than triploids (Fig. 2.1). Diploids had a significantly (P < 0.05) 

higher mean length than triploids on three sampling events, although there was no significant 

difference at end of the experiment (final FL diploids 89.4 ± 1.2 mm, triploids 88.2 ± 1.2 mm). 

However, SGR was not significantly different between ploidies and for both was 1.3 ± 0.0% 

day-1.  

2.4.3 Mortality and growth performance – Experiment 2 

At the end of the second experiment mortality was 2.9 ± 1.3% overall and significantly (P < 

0.05) higher in triploid (3.8 ± 1.0%) than diploid (1.9 ± 0.5%) salmon. There was no interaction 

between ploidy and temperature on mortality rate. In the standard treatment, weight and fork 

length (FL) were not affected by ploidy (Fig. 2.2a) (final size: diploids 49.0 ± 1.2 g and 153.5 

± 1.3 mm; triploids 51.9 ± 1.4 g and 155.3 ± 1.4 mm). In contrast, triploids had significantly 

(P < 0.05) higher mean weight and length than diploids in the elevated treatment on three 

occasions, the first, second, and last ‘extra’ sampling (Fig. 2.2b) (final size: triploids 62.7 ± 1.5 

g and 163.5 ± 1.3 mm; diploids 56.9 ± 1.4 g and 158.1 ± 1.2 mm). In the period between the 

first and last sampling (included extra sampling in the elevated treatment), no significant 

interaction between ploidy and temperature was found on weight, length, SGR and K (in the 

standard treatment both had SGR 2.9 ± 0.1% day-1 and K 1.3 ± 0.0 and in the elevated treatment 
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both had SGR 3.1 ± 0.1% day-1 and K 1.4 ± 0.0). Nevertheless, diploids in the elevated 

treatment had a significantly (P < 0.05) higher mean weight than in the standard treatment and 

SGR and K were significantly (P < 0.05 and < 0.001, respectively) higher for both ploidies in 

the elevated treatment than in the standard treatment. 

 

 

 

Fig. 2.2. Wet weight (g, mean ± SEM) in relation to degree days (°C days) during the second experiment of 

triploid and diploid Atlantic salmon Salmo salar parr/pre-smolt for (a) standard (14 °C) and (b) elevated (18 °C) 

treatments indicating statistical differences between ploidies (asterisks) (one-way ANOVA, P < 0.05). 

 

Fig. 2.1. Wet weight (g, mean ± SEM) in relation to degree days (°C days) during first experiment of triploid and 

diploid Atlantic salmon Salmo salar fry/parr indicating important events (arrows) and statistical differences 

between ploidies within sample event (asterisks) (one-way ANOVA, P < 0.05). 
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2.4.4 Prevalence of skeletal anomalies – Experiment 1 

Fish visually assessed for skeletal anomalies at 1973° days (~3 g) and 2400° days (~8 g) 

showed no significant difference between ploidies in the prevalence of all the skeletal anomaly 

categories. Fish were mostly affected by opercular shortening, in particular by SOB (Fig. 2.3). 

The other common anomalies were SJ and SOL. At 2400° days the prevalence of SOB in both 

ploidies decreased compared to that observed at 1973° days and the same was observed for SJ 

but only in diploids (Fig. 2.3). Conversely, the prevalence of SOL, SOR, and Normal increased 

(Fig. 2.3). Considering the three opercular shortening categories combined (SOR + SOL + 

SOB), there was no difference between ploidies during this phase. LJD, Sp DEF and MA were 

first observed with low prevalence at 2400° days. LJD and Sp DEF were recorded exclusively 

in triploids at 2400° days, with 1.7% and 0.8% prevalence, respectively. 

 

2.4.5 Prevalence of skeletal anomalies – Experiment 2 

Regardless of ploidy and temperature treatment, throughout the experiment fish were mostly 

affected by opercular shortening in particular by SOB (Fig. 2.4). Other anomalies recorded 

Fig. 2.3. Prevalence of skeletal anomalies (%, mean) in diploid and triploid Atlantic salmon Salmo salar fry/parr 

observed during last two samplings of first experiment indicating the prevalence of each category of the total of 

individuals visually assessed (abbreviations described in the text, page 38). 
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included SOL, SJ, LJD affecting mostly triploid individuals and SOR (Fig. 2.4). In all the 

individuals assessed the prevalence of fish from both ploidies displaying MA and Sp DEF was 

low (Fig. 2.4). Over time, the prevalence of SOB in the standard treatment seemed to increase 

slightly in both ploidies (Fig. 2.4). Conversely, in the elevated treatment SOB remained steady. 

A decrease over time in the prevalence of SOL was observed in both ploidies for both 

temperature treatments although not so evident in diploids in the elevated treatment (Fig. 2.4). 

Prevalence of SOR was steady throughout the experiment in both ploidies in the standard 

treatment but increased over time in both ploidies in the elevated treatment (Fig. 2.4). MA 

prevalence differed between ploidies and treatments although the low prevalence did not allow 

the description of a clear trend (Fig. 2.4). The prevalence of LJD showed the most pronounced 

trend. In diploids, in both temperature treatments, LJD decreased over time from a maximum 

of 2.7% to 0.0% on the last sampling event (Fig. 2.4a). On the contrary, in triploids in both 

temperature treatments LJD prevalence increased to > 10% within the same period (Fig. 2.4b). 

SJ prevalence decreased over time in both ploidies in the elevated treatment, but decreased 

during the first three sample occasions in the standard treatment in diploids, then increased in 

the last sampling event (Fig. 2.4). Finally, increasing prevalence over time of Normal occurred 

in the elevated treatment for both ploidies (Fig. 2.4).  

At the fourth and final sampling event (at approximately the same age ~3400° days) for 

both ploidies and temperatures, prevalence of SJ and SOR was significantly (P < 0.05) higher 

in diploids at both temperatures with LJD affecting significantly (P < 0.05) more triploids 

likewise at both temperatures (Fig. 2.5). In particular, LJD was the only category on which the 

effect of the ploidy on the prevalence was strong as highlighted by its absence in diploids. 

Furthermore, significant differences between ploidies were observed in the elevated treatment 

in the prevalence of SOL being higher in triploids than diploids and of SOB higher in diploids 

than triploids (Fig. 2.5). Finally, among triploids the prevalence of SOB was higher in the 
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standard treatment compared to the elevated treatment, and the prevalence of Normal in the 

elevated treatment was greater than that in the standard treatment (Fig. 2.5). The prevalence of 

the three opercular shortening categories combined (SOR + SOL + SOB) was not affected by 

ploidy, temperature or their interaction. No differences between ploidies and treatments were 

found for all the other categories (Fig. 2.5). 

 

Fig. 2.4. Prevalence of skeletal anomalies (%, mean) in a) diploid (D) and b) triploid (T) Atlantic salmon Salmo 

salar parr/pre-smolt observed throughout the second experiment. Temperatures were Standard (S – 14°C) and 

Elevated (E – 18°C) and age is indicated in °C days. The fifth sampling for both ploidies in the Elevated treatment 

is included following the arrow (greater age in °C days, but same number of days in the temperature treatment). 

Correspondent ages in °C days between temperature treatments have been reported here as equal although 

slightly different to facilitate comparisons (refer to Table 2.1 for exact values). (Abbreviations described in the 

text, page 38).  
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2.4.6 Radiological assessment – Experiment 2 

In both temperature treatments, triploids had a significantly (P < 0.001) lower number of 

vertebrae compared with diploids (standard diploids 59.8 ± 0.1 and triploids 59.1 ± 0.1; 

elevated diploids 59.4 ± 0.1 and triploids 58.8 ± 0.1) and temperature had an effect only on 

diploids with a significantly (P < 0.05) lower number of vertebrae in the elevated treatment 

compared to the standard treatment. The number of deformed triploid individuals (≥ 1 

deformed vertebrae) was significantly (P < 0.05) higher than diploids in both temperature 

treatments (standard diploids 3.3 ± 1.4% and triploids 11.7 ± 2.7%; elevated diploids 6.7 ±   

3.6% and triploids 23.3 ± 4.9%). Despite the higher prevalence in the elevated treatment in 

both ploidies, compared with the standard treatment, there was no statistically significant effect 

of temperature or of the interaction between ploidy and temperature on the occurrence of 

vertebral deformities. No significant difference between ploidy and temperature treatments was 

found in the number of deformed vertebrae per deformed individual (standard diploids 2.0 ± 

0.7 and triploids 2.9 ± 0.4; elevated diploids 2.5 ± 0.5 and triploids 2.4 ± 0.3).  

Fig. 2.5. Prevalence of skeletal anomalies (%, mean + SEM) in Atlantic salmon Salmo salar 

parr/pre-smolt observed during the last sampling at the same age (~3400° days) in both 

treatments (S, standard and E, elevated). For each anomaly category, means were compared 

between different ploidies in the same temperature treatment and for the same ploidy 

between the two temperature treatments. Means with different letters are significantly 

different from one another (two-way ANOVA for interaction and one-way ANOVA for 

main effects, P < 0.05) (Abbreviations described in the text, page 38). 
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The most affected region in diploids in both temperature treatments was R2 while in 

triploids R4. In the standard treatment, diploids had deformed vertebrae only in R2 and triploids 

in R2 and R4 with the latter showing the highest prevalence of deformities (Fig. 2.6a). In the 

elevated treatment, the number of regions affected increased in diploids compared to the 

standard treatment (Fig. 2.6b). Furthermore, triploids had new vertebrae affected and in a 

higher prevalence compared to the standard treatment (Fig. 2.6b). Finally, triploids had a 

significantly (P < 0.05) higher prevalence of compressions (standard diploids 1.0 ± 0.0 and 

triploids 2.0 ± 0.6; elevated diploids 2.0 ± 0.0 and triploids 3.7 ± 0.7) and fusions (standard 

diploids 0.0 ± 0.0 and triploids 1.3 ± 0.3; elevated diploids 1.0 ± 0.0 and triploids 2.0 ± 0.8) 

than diploids in both temperature treatments and no effect of the temperature was observed. 

 

 

Fig. 2.6.  Regions (R) of the vertebral column with deformed vertebrae (%) in diploid (solid line) and triploid 

(dashed line) Atlantic salmon Salmo salar pre-smolt observed at the end of the second experiment after 

approximately the same days (66 and 63, respectively) spent in (a) standard treatment (14 °C) and (b) elevated 

treatment (18 °C), n = 60 per ploidy per temperature treatment. Regions according to Kacem et al. (1998); R1 = 

cranial trunk, R2 = caudal trunk, R3 = tail region and R4 = tail fin. 
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2.5 Discussion 

2.5.1 Mortality 

In our study, mortality during embryonic and larval stages (from fertilisation to hatching, up to 

first feeding) was higher in triploid Atlantic salmon compared to diploids and similar during 

early rearing in accordance with several studies (Sutterlin et al., 1987; McGeachy et al., 1995; 

O'Flynn et al., 1997; Benfey, 2001). Others studies found no differences between ploidies 

(Leclercq et al., 2011; Taylor et al., 2011; Taylor et al., 2013) or higher mortality in triploids 

during both phases (Galbreath et al., 1994; Cotter et al., 2002; Fraser et al., 2014a). Mortality 

in both ploidies occurred in the period from fertilisation to first feeding and in the following 

phases it was generally low and decreasing over time in accordance with that reported by most 

of the cited studies. During the second experiment, it was higher in triploids than diploids at 

both temperatures, in accordance with mortality in the same stage of development reported by 

Cotter et al. (2002). 

2.5.2 Growth 

In our assessment during the first experiment, diploids performed better than triploids in terms 

of initial and final weight. Nevertheless, both ploidies had the same growth rate. Triploids 

generally have lower weight compared to diploids during the larval stage up to several weeks 

or months after first feeding when triploids are usually of equal size (Carter et al., 1994; 

Galbreath et al., 1994; McGeachy et al., 1995; O'Flynn et al., 1997; Cotter et al., 2002; Oppedal 

et al., 2003; Taylor et al., 2011). A possible explanation for triploids being smaller than 

diploids after first feeding may lie in differences in distribution in the water column and tank 

and consequent access to feed (Jungalwalla, 1991; McGeachy et al., 1995) or differences in 

food consumption compared to diploids (Carter et al., 1994). In the present study, at first 

feeding diploids started to swim up to the surface and accept feed approximately one week 

earlier than triploids (unpublished data). In addition, triploids fed only at the bottom of the tank 
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and frequently rejected feed particles. Similar observations on behavioural differences at first 

feeding have been reported previously (Jungalwalla, 1991; McGeachy et al., 1995; Cotter et 

al., 2002).  

At the end of the second experiment, Atlantic salmon of both ploidies displayed higher 

SGR and K in the elevated treatment compared to the standard treatment, in accordance with 

previous studies showing enhanced growth performance in freshwater at higher temperatures 

(Solbakken et al., 1994; Forseth et al., 2001; Handeland and Stefansson, 2001; Jonsson et al., 

2001; Handeland et al., 2003; Handeland et al., 2008; Grini et al., 2011). In contrast, Atkins 

and Benfey (2008) found no difference in performance between temperatures testing the same 

regimes as our study. The current study also showed, in the elevated treatment during the 

second experiment, that triploids achieved even higher weight and length than diploids at the 

end of the freshwater phase. Nevertheless, while triploids had no difference in weight between 

temperature treatments, diploids had higher weight in the elevated treatment compared to 

standard treatment. This finding implies that although triploids seem to perform better than 

diploids when exposed to higher temperature, diploids may generally deal with higher 

temperature better than triploids. Fraser et al. (2012a) reported that generally triploids have a 

lower tolerance to temperature stress than diploids. This lower tolerance may lead to 

repercussions on growth performance as well as health issues in triploid Atlantic salmon. 

2.5.3 Prevalence of skeletal anomalies 

Opercular shortening was the most common skeletal anomaly observed in this study. Opercular 

shortening may result from different degrees of erosion, missing bones, or bones that do not 

develop normal size or shape of the operculum, and leave the gill filaments uncovered (as 

reviewed by Boglione et al., 2013b). Opercular shortening has been shown not to affect fish 

performance in particular SGR (Sadler et al., 2001). Nevertheless, exposure of gills due to lack 

or damage of opercular plate may affect respiration and marketability of the product (Beraldo 
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and Canavese, 2011). In the present study, the prevalence was high in comparison to previous 

studies (as reported below) and the cause(s) was not determined. Ploidy had no effect upon the 

prevalence of opercular shortening (considering or not the side affected) during first 

experiment, although diploids and triploids had a different prevalence of unilateral or bilateral 

opercular shortening in the second experiment. Our study suggests that the side affected by 

opercular shortening may be influenced over time by both ploidy and temperature. SOR was 

higher than SOL for both experiments suggesting that environmental conditions (i.e. 

hydrodynamics of the tanks and side of distribution of feed) may have exposed the right more 

than the left side of the body of some individuals to the factor causing the shortening of the 

operculum. Nevertheless, SOB being the most prevalent category from the beginning implies 

that the conditions mentioned above affected mainly both sides. These findings are difficult to 

compare with other studies that usually do not report the side affected. Nevertheless, not 

considering the side, some studies found higher prevalence either in diploids (Taylor et al., 

2013) or in triploids (Sadler et al., 2001). Similarly to other authors we found no difference 

between ploidies (Sutterlin et al., 1987; Taylor et al., 2011; Taylor et al., 2012; Fraser et al., 

2013; Fraser et al., 2015) suggesting that localized conditions are important.  

Opercular shortening was initially apparent after first feeding (932° days, 1 week after 

first feeding) in accordance with previous studies (MacLean, 1999; Sadler et al., 2001; 

Kazlauskiene et al., 2006; Taylor et al., 2011). A similarly high prevalence of opercular 

shortening was reported by Sutterlin et al. (1987) and MacLean (1999) (up to ~90%) and 

Kazlauskiene et al. (2006) (~85%). Nevertheless, MacLean (1999) observed that tagged 

Atlantic salmon recovered completely from opercular shortening (from ~90% to 0%) as the 

operculum grows back over time. In other studies, opercular shortening has usually been found 

at low prevalence and not higher than ~20% (Sadler et al., 2001), although in some cases the 

data are not clear since opercular shortening was included within the total anomalies and the 
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actual number (or proportion) of fish affected was not reported (Fjelldal et al., 2007b; Taylor 

et al., 2011; Taylor et al., 2012; Fraser et al., 2013; Taylor et al., 2013; Fraser et al., 2015). 

Opercular shortening is ascribed to environmental factors and culture conditions (as 

reviewed by Boglione et al., 2013b). The variability in the prevalence of opercular shortening 

between studies may be explained by different culture conditions applied among experiments 

(e.g. water, light, flow, stocking density), the quality of the broodstock, or an unbalanced 

supply of dietary elements (Sutterlin et al., 1987; Sadler et al., 2001; Kazlauskiene et al., 2006). 

In support of a possible effect of culture conditions, MacLean (1999) found that the occurrence 

of opercular shortening was due to aggression between fry possibly caused by inadequate 

distribution of food either in space or time. Furthermore, Kazlauskiene et al. (2006) found high 

prevalence of opercular shortening in hatchery reared Atlantic salmon derived from wild 

broodstock and not from an industrial selected broodstock. Recently, Taylor et al. (2012) 

suggested that opercular shortening in Atlantic salmon is caused by physical erosion of the 

operculum due to fish behaviour or water flow. In particular, anecdotal evidence from two 

commercial hatcheries (N. Ruff and S. Slevec, pers. comm.) suggests the anomaly may be 

caused by the nipping of the operculum triggered by first feeding, continuing in later stages 

due to feeding competition and aggressiveness, and exacerbated by bacterial infections. In the 

present study the use of crates, floating mesh cages and finally tanks over the two experimental 

phases may have facilitated the occurrence of opercular shortening. In particular, we used a 

stocking density higher than that recommended for Atlantic salmon (50 kg m-3 vs. 20–30 kg 

m-3 for fish up to 30 g) (RSPCA, 2015) during the first part of early rearing likely exacerbating 

the effects of aggressive behaviour manifested at and after first feeding. Furthermore, in the 

second experiment, the possible effect of temperature, ploidy and their interaction on 

behavioural differences, with consequent fluctuation in opercular shortening prevalence, 
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should be taken into account. Further research is needed to ascertain the cause and impact of 

congenital and environmental triggers for these anomalies. 

A SJ was the second most prevalent skeletal anomaly in the study, and in triploids the 

prevalence decreased over time suggesting that SJ may heal or change to a different anomaly. 

The concurrent decreasing prevalence of SJ and increasing LJD in triploids implies that for 

some individuals LJD may be displayed initially as a SJ that over time grows with a downward 

curving trajectory. The relationship between SJ and LJD remains to be verified through a study 

that tracks the jaw morphology of individuals of both ploidies with age. In the present study, 

SJ was observed with different degrees of severity ranging from fish having the upper teeth 

exposed at the tip of the maxillary to fish with the lower jaw less than half of the length of the 

upper jaw and with the palate well exposed when the jaw was closed. SJ was specifically 

reported in only four studies of Atlantic salmon (Sadler et al., 2001; Leclercq et al., 2011; 

Taylor et al., 2013; Fjelldal et al., 2016) with prevalence, although not individually specified, 

< 10%. Shortness of lower jaw (dentary bone) has been reported for marine finfish species at 

hatchery in Europe and Australia (as reviewed by Boglione et al., 2013b; Cobcroft and 

Battaglene, 2013). In Atlantic salmon the causes of the anomaly are not clear and it is suggested 

they may be either genetic or related to nutritional deficiency (Sadler et al., 2001). A SJ has 

been associated with an excess of dietary vitamin A in gilthead sea bream (Sparus aurata L.) 

(Fernández et al., 2008) and European sea bass (Dicentrarchus labrax L.) (Mazurais et al., 

2009) and with walling behaviour causing physical damage in yellowtail kingfish (Seriola 

lalandi Val.) and striped trumpeter (Latris lineata Forster) (Cobcroft et al., 2004; Cobcroft and 

Battaglene, 2009).  

Lower jaw deformity and misaligned jaw (MA) were first noticed from 2400° days (~8 

g) in triploids and both ploidies, respectively. The first occurrence of LJD in freshwater was in 

accordance with some studies (Sutterlin et al., 1987; O'Flynn et al., 1997; Sadler et al., 2001; 
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Fjelldal et al., 2016). Others observed the anomaly in the seawater phase only, likely because 

the assessment of anomalies was often first carried out in that phase (Bruno, 1990; Jungalwalla, 

1991; Hughes, 1992; King and Lee, 1993; Lee and King, 1994; Quigley, 1995; McGeachy et 

al., 1996; Leclercq et al., 2011; Fraser et al., 2013; Taylor et al., 2013; Fraser et al., 2015). 

These findings suggest that the time of LJD onset, in some individuals, may be early during 

the freshwater phase and given the low prevalence when first displayed, a high number of 

samples is required for accurate visual detection. During the second experiment, LJD 

prevalence was similar to the findings of  Sadler et al. (2001) in all-female triploids (~8%) in 

a study of Tasmanian populations. Sutterlin et al. (1987) suggested that the method used to 

induce triploidy (heat shock instead of a pressure shock) may impact the prevalence of LJD in 

triploid salmon parr observed from 5 to 10 cm length (from 26% to 51%). We found a 

progressive pattern in the increasing prevalence of LJD, also observed by Sadler et al. (2001) 

and Hughes (1992), implying that the anomaly may occur also later in development. In contrast, 

Fjelldal et al. (2016) observed a decrease in the prevalence of LJD after transfer to sea water, 

and some individuals appeared to shift from LJD to SJ. The higher prevalence of LJD in 

triploids is in agreement unanimously with previous studies (Jungalwalla, 1991; Hughes, 1992; 

King and Lee, 1993; Lee and King, 1994; McGeachy et al., 1995; O'Flynn et al., 1997; Benfey, 

2001; Sadler et al., 2001; Leclercq et al., 2011; Fraser et al., 2013; Taylor et al., 2013; Fraser 

et al., 2015; Fjelldal et al., 2016), reinforcing the theory that LJD is mainly related to triploidy. 

In fact, in the present study and as previously shown, LJD prevalence in diploids was 

comparatively very low. Lower jaw deformity prevalence/severity is possibly exacerbated by 

extrinsic factors. These factors may include periods of high growth rate, temperature, diet and 

congenital predisposition. Fraser et al. (2015) found that incubation temperature, and possibly 

the higher associated growth rate, increased the prevalence of LJD in triploids. Recently, 

Fjelldal et al. (2016) observed a remarkably high occurrence of LJD (up to 90%) in Atlantic 
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salmon smolts of both ploidies, but again with higher prevalence in triploids than diploids, 

linked to low dietary phosphorous (P) content (total P, 7.1 g kg-1) from first feeding. In contrast, 

fish fed a diet with medium or high P content (total P, 9.4 and 16.3 g kg-1, respectively) had an 

LJD prevalence approaching zero. These findings support the theory that LJD is linked to P 

deficiency and poor mineralisation in Atlantic salmon as suggested previously by Roberts et 

al. (2001). Nevertheless, in our study although we used commercial diets with declared total P 

contents of 13 and 17 g kg-1 (values higher than both the medium and the high experimental 

diets of Fjelldal et al., 2016), the occurrence of LJD was relatively high reaching ~10-11% in 

triploids of 50-60 g. These findings suggest that although P content in the diet does have an 

effect on LJD occurrence, the influence of other experimental conditions, such as diet 

formulation and the resultant P availability and the genetic background of the fish, may lead to 

different outcomes. In addition, it has been previously shown that elevated temperatures 

associated with Tasmanian aquaculture of Atlantic salmon impact on nutritional requirements 

and nutrient utilization (Miller et al., 2006; Carter et al., 2010). Nevertheless, Fjelldal et al. 

(2016) demonstrated that triploid Atlantic salmon have a higher P requirement than diploids, 

especially during the juvenile stage. Finally, in regards to welfare of fish affected by jaw 

anomalies, although it has not been investigated whether SJ may impact fish performance, 

some studies showed that LJD can slow growth down (Bruno, 1990; Burnley et al., 2010) and 

affect respiration and swimming ability (Lijalad and Powell, 2009). Furthermore, the presence 

of evident jaw anomalies decreases the value of fish on the market (Benfey, 2001). 

Externally visible spinal anomalies were first observed during first experiment at 2400° 

days (~8 g) and only in a few triploids (< 1%), although several mortalities of both ploidies, 

especially around first feeding, displayed lordosis, scoliosis, kyphosis (unpublished data). This 

observation implies that the low prevalence was likely influenced by the mortality of fish with 

spinal anomalies. In reared sea bass, spinal anomalies have a major impact on survival since 



54 
 

they are often lethal (Koumoundouros et al., 2002). As observed by Sadler et al. (2001), the 

same situation may occur in Atlantic salmon and the greater predisposition of triploids to 

develop spinal anomalies might contribute to a different mortality rate between ploidies, as 

observed in the current study. On the other hand, as reported in our study and by Sadler et al. 

(2001) visible spinal anomalies occurring after first feeding tend to be not lethal and are 

displayed by individuals throughout the development.  

The radiological assessment of vertebral deformities revealed that triploid Atlantic 

salmon had a lower total number of vertebrae than diploids, which is in accordance with recent 

studies (Leclercq et al., 2011; Taylor et al., 2013; Fraser et al., 2015). Furthermore, we found 

that an elevated temperature regime applied for just two months in a critical developmental 

stage (parr/pre-smolt) affected total vertebral number in diploids. This finding suggests that 

high temperature may affect salmon vertebral body number in a relatively short time in 

freshwater, not only if applied during incubation as demonstrated by Fraser et al. (2015). 

Nevertheless, since it has been shown that the notochord in Atlantic salmon is segmented, 

mineralised and vertebral bodies are formed before 2500° days (Grotmol et al., 2003; Grotmol 

et al., 2005), therefore earlier compared to the age at which different temperature regimes were 

applied in the present study, it remains unclear the mechanism leading to the loss of one or 

more vertebral bodies due to the effect of temperature. Conclusive evidence could be achieved 

only through a longitudinal assessment of vertebral development in individuals raised at 

different temperatures. A higher prevalence of deformed triploids than diploids (displaying at 

least one deformed vertebra) is in accordance with all previous studies (Fjelldal and Hansen, 

2010; Leclercq et al., 2011; Taylor et al., 2013; Fraser et al., 2014b; Fraser et al., 2015; Fjelldal 

et al., 2016). Higher prevalence of vertebral deformities in triploids, irrespective of temperature, 

can be explained by the higher requirement of dietary P that triploids have compared to diploids, 

particularly during a fast growth period (Fjelldal et al., 2016). Although we found no effect of 



55 
 

temperature and of the interaction between temperature and ploidy on the prevalence of 

deformed individuals, over time the prevalence of deformed triploids may be exacerbated by 

high temperature. In fact, high temperature regimes induce vertebral deformities in Atlantic 

salmon in both freshwater (Ytteborg et al., 2010b) and seawater (Grini et al., 2011). Our 

finding that there was no difference in the number of deformed vertebrae per deformed 

individual between ploidies or temperatures is in contradiction with other studies (Ytteborg et 

al., 2010b; Grini et al., 2011; Taylor et al., 2013; Fraser et al., 2015), but in accordance with 

Fraser et al. (2014b). This can be explained by our assessment being early in the development 

and that differences in this number are probably displayed later when fish size is larger. In the 

present study, the low number of deformed vertebrae per deformed individuals implies that at 

least in this stage welfare of fish may not be affected. Nevertheless, not severe vertebral 

deformities can worsen and become evident over time (Fjelldal et al., 2007b). Therefore, 

suitable rearing conditions should be provided from early stages, especially for triploids as 

more prone to develop vertebral deformities, not to impact fish skeletal development or 

exacerbate pre-existing conditions leading to both welfare and commercial issues. In fact, in 

fish displaying severe vertebral deformities growth, swimming performance and metabolism 

are impaired (Powell et al., 2009; Fjelldal et al., 2012c) and they are usually down-graded at 

harvest and difficult to be filleted (Sullivan et al., 2007a; Fjelldal et al., 2012c).  

The present study showed that triploids had a higher number of regions affected than 

diploids in the standard treatment but not in the elevated treatment. Furthermore, irrespective 

of the ploidy, more vertebrae and more regions displayed deformities in the elevated treatment 

compared to the standard treatment similarly to Fraser et al. (2014b). This implies an effect of 

temperature and as a consequence of higher SGR, as observed in our study, on regional 

occurrence of vertebral deformities. Other studies found a positive correlation between fast 

growth and the prevalence of vertebral deformities (Fjelldal et al., 2007a; Hansen et al., 2010; 
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Grini et al., 2011; Leclercq et al., 2011; Taylor et al., 2013; Fraser et al., 2014b; Fraser et al., 

2015). Fjelldal et al. (2012c) reported that using high temperature to accelerate growth in 

Atlantic salmon can affect normal skeletal development. The vertebral tail-fin region (R4) and 

caudal-trunk region (R2) of both ploidies were the most affected by vertebral deformities in 

previous studies (Leclercq et al., 2011; Taylor et al., 2013; Fraser et al., 2014b; Fraser et al., 

2015). In the present study, the affected regions were distinct for triploids (R4) and diploids 

(R2). Vertebral deformities, especially in the tail region, can be caused by a dietary P deficiency 

during the parr stage in triploids (Fjelldal et al., 2016), which implicates dietary phosphorous 

availability as a potential contributor to the vertebral deformities in the current study. 

Nevertheless, the time frame of our experiment did not allow detection of possible occurrence 

of vertebral deformities in R4 in diploids in later stages. The presence of individuals with 

vertebrae affected in the caudal–trunk region (R2) in freshwater, in correspondence of the 

dorsal fin, is in accordance with previous studies (Sullivan et al., 2007a; Fjelldal and Hansen, 

2010; Grini et al., 2011; Fraser et al., 2014b; Fraser et al., 2015). Similarly to Fraser et al. 

(2014b); Fraser et al. (2015), but differently from that reported by Fjelldal et al. (2009) and 

Grini et al. (2011), we found fish with vertebral deformities in the caudal–fin region (R3) in 

freshwater. Fjelldal et al. (2009) suggested that deformities in the R3 region likely start in 

freshwater phase. 

2.6 Conclusions 

We confirmed that LJD is a predominantly triploid related skeletal anomaly and that there may 

be a possible developmental link between short jaw and LJD. A deeper understanding of the 

mechanisms underlying LJD in triploids is needed, potentially investigating changes in gene 

expression between normal and affected individuals. The unusually high prevalence of 

opercular shortening occurring in this study, likely triggered by the high stocking density 

during early rearing, and the effects observed of ploidy, temperature and time on the side 
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affected, raise the need to identify causal factors in order to prevent this health issue and 

improve fish welfare. With triploids being most affected by vertebral deformities from the pre-

smolt stage, and the effect of elevated temperature on normal skeletal development in both 

ploidies (number of vertebrae in diploids and regional occurrence), an investigation of optimal 

temperature regimes, as well as P dietary requirements, for both ploidies during the juvenile 

(parr/pre-smolt) phase is critical. 
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3.1 Abstract 

Triploid Atlantic salmon populations are associated with higher prevalence of lower jaw 

skeletal anomalies affecting fish performance, welfare and value deleteriously. Anomalous 

lower jaw can be: curved downward (LJD), shortened (SJ) or misaligned (MA). Two separate 

groups of triploid Atlantic salmon (~12 g) with either normal lower jaw (NOR) or SJ, were 

visually assessed four times over three months for presence and concurrence of jaw anomalies 

(with severity classified) and opercular shortening to understand the relatedness of these 

anomalous developmental processes. Prevalence of jaw anomalies increased in both groups 

over time (NOR group - SJ, LJD and MA combined 0 to 24.5%; SJ group - LJD and MA 

combined 17 to 31%). SJ and LJD occurred both independently and concurrently whereas MA 

exclusively concurred with them. All three anomalies could be concurrent. Severity of both 

LJD and SJ increased in the SJ group only. Opercular shortening recovery was observed in 

both groups but at a slower rate in the SJ group. The SJ group specific growth rate (SGR) was 

significantly (P < 0.05) lower than the NOR group. This study demonstrated the concurrence 

of SJ, LJD and MA and showed possible deleterious consequences deriving from the 

condition/s. 

3.2 Introduction 

The use of triploid Atlantic salmon in aquaculture has been considered for at least 35 years. In 

fact, triploids present several favourable characteristics for commercial production. The most 

important are: impaired sexual maturation, consequent prevention of interbreeding with wild 

populations following farm escapees, similar performance and improved flesh quality (Benfey 

and Sutterlin, 1984a; Carter et al., 1994; McCarthy et al., 1996; Benfey, 1999; Oppedal et al., 

2003; Taylor et al., 2011; Fraser et al., 2012a; Amoroso et al., 2016a; Fjelldal et al., 2016). 

Nevertheless, a major obstacle to the use of triploids is the higher predisposition to developing 

skeletal anomalies compared to diploids, these mainly affect the vertebral column and the lower 
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jaw (Benfey, 2001; Sadler et al., 2001; Leclercq et al., 2011; Fraser et al., 2013; Taylor et al., 

2013; Amoroso et al., 2016a; Fjelldal et al., 2016). It is only in Tasmania (Australia) that 

triploid Atlantic salmon are an important part of commercial production and have been for 

almost 25 years (Jungalwalla, 1991; Sadler et al., 2000b). In Tasmania, all-female triploid 

populations have a fundamental role allowing the extension of the harvest period and the supply 

of a fresh product all year round (Sadler, 2000).  

Lower jaw skeletal anomalies in particular, represent a considerable economic loss for 

producers due to lower survival and growth in affected fish and lower value of the final product 

because fish can only be filleted and not sold whole (O'Flynn et al., 1997; Benfey, 2001). 

Furthermore, during the production cycle, fish affected by skeletal anomalies generally 

undergo intensive and expensive grading (Boglione et al., 2013b; Cobcroft and Battaglene, 

2013). Lower jaw skeletal anomalies have been linked to reduced growth and impaired 

respiration (Bruno, 1990; Lijalad and Powell, 2009; Burnley et al., 2010; Boglione et al., 

2013b). A curved downward lower jaw, usually referred to as “lower jaw deformity” (LJD), is 

the most common lower jaw skeletal anomaly associated with triploid Atlantic salmon and has 

been reported frequently (Benfey, 2001; Sadler et al., 2001; Leclercq et al., 2011; Taylor et al., 

2013; Taylor et al., 2014; Fraser et al., 2015; Amoroso et al., 2016a; Fjelldal et al., 2016). In 

Tasmania, LJD affects up to 30% of all-female triploid populations (Sadler et al., 2001). LJD 

consists of different degrees of severity of downward curvature of the lower jaw involving the 

dentary and glossohyal bones and impairing the functioning of the mouth (Bruno, 1990; 

Hughes, 1992). LJD appears to be related to different dietary phosphorus (P) requirements in 

triploids although the underlying mechanisms are not known yet (Fjelldal et al., 2016). In 

Tasmania, another lower jaw skeletal anomaly commonly found in Atlantic salmon is a 

shortened lower jaw (SJ) (Sadler et al., 2001; Amoroso et al., 2016a). SJ has been reported 

mostly in Tasmania and Scotland at different prevalence varying amongst studies, years and 
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populations and can occur in both diploids and triploids (Sadler et al., 2001; Leclercq et al., 

2011; Taylor et al., 2013; Amoroso et al., 2016a). In Tasmania, SJ may affect between 15 and 

60% of triploid Atlantic salmon populations (Tasmanian hatchery survey, unpublished data). 

In fish affected by SJ the lower jaw is not fully developed in length and does not reach the tip 

of the upper jaw, leaving internal parts of the mouth (i.e. upper teeth and palate) exposed when 

the mouth is closed, with different degrees of severity (Sadler et al., 2001; Amoroso et al., 

2016a). The cause of SJ has not previously been investigated and it is not clear if it might 

impair fish growth or health. Misaligned jaw (MA) is a lateral displacement of the lower jaw 

from the longitudinal plane. MA occurs in Tasmanian populations at very low prevalence and 

is rarely reported in the literature (Bruno, 1990; Sadler et al., 2001; Amoroso et al., 2016a). 

The cause of MA in Atlantic salmon is not known or whether this condition is concurrent with 

other anomalies. The same anomaly has been associated with environmental factors in other 

species (Cobcroft and Battaglene, 2013).  

Finally, shortening of one or both opercula commonly occurs in both diploid and 

triploid Atlantic salmon and consists of different degrees of erosion (but can be also folded or 

not developed) (Sutterlin et al., 1987; Sadler et al., 2001; Taylor et al., 2012; Amoroso et al., 

2016a). The anomaly may expose fish to diseases and impact biological functions, and as a 

consequence performance, and product saleability (Beraldo and Canavese, 2011; Boglione et 

al., 2013b; Bruno et al., 2013). Opercular shortening has been anecdotally linked to aggressive 

feeding behaviour, possibly facilitated by high stock densities, causing physical damage (biting) 

of the operculum/a (MacLean, 1999; Taylor et al., 2012; Amoroso et al., 2016a) although a 

definitive cause(s) remains elusive. In Atlantic salmon, recovery form opercular shortening 

was reported only in one study (MacLean, 1999). Nevertheless, possible factors impeding 

recovery have never been shown. 
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Since the underlying reason(s) for lower jaw skeletal anomalies are poorly understood, and 

given their potential to negatively impact triploid (and diploid) populations, further 

investigation is required. In particular, in triploids, Amoroso et al. (2016a) recently suggested 

that SJ and LJD may occur concurrently and have a greater impact on the fish. Consequently, 

the present study tracked the development of all-female triploid Atlantic salmon with normal 

lower jaw and shortened lower jaw over a three-month period during the juvenile growth phase. 

The main aim was to verify the concurrence of shortened lower jaw (SJ), curved downward 

lower jaw or lower jaw deformity (LJD) and misaligned lower jaw (MA) through sequential 

visual assessments to detect possible developmental patterns indicating dependency or 

independency of these skeletal anomalies. The severity of the SJ and LJD was also classified 

in this study and an image analysis technique was tested to confirm visual assessments. Finally, 

we verified recovery from opercular shortening and assessed the impact of lower jaw skeletal 

anomalies on the recovery from opercular shortening and growth performance. The findings of 

the present study provide useful information to improve the knowledge on lower jaw skeletal 

anomalies in triploid Atlantic salmon whose description and process of occurrence and 

development require elucidation. 

3.3 Materials and methods 

3.3.1 Fish source 

All-female triploid Atlantic salmon parr (~12 g) were provided by a commercial hatchery in 

Tasmania on December 2014. All-female embryos were obtained as described by Johnstone et 

al. (1991) and Jungalwalla (1991). Briefly, eggs produced by normal females were fertilised 

with the milt of sex-reversed genotypic females. Triploidization was achieved 36 min and 15 

sec after fertilisation at 8 °C by applying a pressure shock to fertilised eggs for 6 min and 15 

sec at 655 Bar (9500 PSI). Fish were incubated at 8 °C and bath-vaccinated for Yersinia ruckeri 

on three occasions (0.25, 1 and 5 g) using Yersiniavac-B (Intervet, Bendigo East, Australia). 
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From first feeding, fish were exposed to water temperature varying between 12 and 14 °C, a 

24 h light photoperiod and fed with Biomar Golden Prima (BIOMAR, Chiloé, Chile). 

Efficiency of the triploid induction was assessed measuring erythrocyte nuclear length as 

described by Benfey et al. (1984) and confirmed as 100% successful. The selection of fish for 

the experiment occurred at the hatchery where a batch of fish was randomly collected from the 

same tank and anesthetised according to industry practices. Fish were visually assessed and 

selected depending on the length of the lower jaw, normal or shortened. A lower jaw was 

considered shortened when its tip was shorter than the tip of the upper jaw with the mouth 

closed (Fig. 3.1a). At the end of the selection, fish (n = 192; 96 per jaw trait) were separately 

allocated into tubs and transported (3 h) to the aquaculture facilities at the Institute for Marine 

and Antarctic Studies of the University of Tasmania in Taroona, Tasmania. 

 

 

3.3.2 Experiment design and conditions  

Fish were kept under experimental conditions for three months in a room equipped with twelve 

500 L cylindrical tanks in a recirculation system. Four tanks were randomly assigned to each 

of NOR (normal lower jaw) group and SJ (shortened lower jaw) group and n = 24 fish allocated 

Fig. 3.1. Atlantic salmon (Salmo salar L.) parr (approximately 12 g) photographed 

during fish selection displaying a) shortened lower jaw (SJ) as indicated by the 

arrow (the upper teeth are exposed and the palate is just visible due to the shortened 

lower jaw) and b) a concurrence of shortened lower jaw (SJ) and lower jaw 

deformity (LJD). The individual also presents a slight opercular shortening (scale 

bars are 1 cm). 
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into each tank according to lower jaw type. Groups were kept separated throughout the 

experiment and the remaining tanks were run without fish. Stock density was 0.6 kg m-3 at the 

beginning of the experiment and 2.9 kg m-3 at the end. Fish displaying a concurrence of a 

shortened lower jaw (SJ) and lower jaw deformity (LJD) (Fig. 3.1b) were randomly included 

into the SJ group (n = 16 overall) as they were handled. Water exchange (turnover) was 

maintained at 100% per hour in the tanks and 10% replaced daily in each system with mains 

water dechlorinated with an appropriate amount of sodium thiosulphate. Temperature was 

recorded daily and maintained at 15.3 ± 0.6 °C throughout the experiment (values for water 

parameters are reported as mean ± SD). Dissolved oxygen and pH were recorded daily in the 

system using Handy Polaris and Handy pH (OxyGuard, Farum, Denmark). Dissolved oxygen 

saturation was maintained at 98.8 ± 3.4% and pH 7.1 ± 0.3. Other parameters were recorded 

weekly using Freshwater Master Test Kit (API Aquarium Pharmaceuticals, USA) and 

maintained within safe operating limits: total ammonia – nitrogen (TA-N) 0.9 ± 1.3 mg L-1, 

NO2 0.2 ± 0.3 mg L-1 and NO3 3.1 ± 4.1 mg L-1 (Eddy and Williams, 1987). Fish were exposed 

to a 24-h light photoperiod throughout the experiment using strip LED lights placed on the 

underside of the tank lids. All fish were fed BIOMAR Golden RC 1.3 (BIOMAR, Chiloé, Chile) 

in accordance with industry recommendations. Feeds were delivered to satiation at a feeding 

rate of three times per day for the first month and two times per day for the remaining time. 

Mortalities were removed and recorded daily and mortality reported as percentage of total dead 

on total stocked fish. All procedures were carried out with the approval of the University of 

Tasmania Animal Ethics Committee (approval number A0013044). 

3.3.3 Visual assessment of lower jaw skeletal anomalies 

All fish were assessed visually at the beginning of the experiment to record the initial 

prevalence of lower jaw skeletal anomalies. Afterwards, a visual assessment of all fish was 

performed monthly over three months (n = 4 visual assessments overall). The visual 
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assessments were termed VA1, VA2, VA3 and VA4. At each visual assessment event, except 

for the last in which fish were euthanized with an overdose of AQUI-S (50 mg L-1), fish were 

heavily sedated with a dose of 15 mg L-1 of AQUI-S and checked for the prevalence of the 

following lower jaw skeletal anomaly categories: shortened lower jaw (SJ) (Fig. 3.2), a curved 

downward lower jaw or lower jaw deformity (LJD) (Fig. 3.2) and misaligned lower jaw (MA) 

(lower jaw laterally displaced and not aligned on the longitudinal plane). Fish showing a normal 

lower jaw were classified as normal (Fig. 3.2a). Severity of SJ and LJD was classified within 

the single category as follows: SJ mild-moderate for fish with the upper teeth exposed and the 

palate just visible (Fig. 3.1a and 3.2b), SJ severe for fish where the shortened lower jaw clearly 

exposed the palate (Fig. 3.2c), LJD mild for fish with an angle of downward curvature of the 

lower jaw (considering the upper jaw as a longitudinal plane and the mouth was in a closed 

position) between > 0 and < 45° (Fig. 3.2d), LJD moderate between 45-90° (Fig. 3.2e) and LJD 

severe > 90° (Fig. 3.2f). In addition, starting from the second visual assessment (VA2), all fish 

were checked for prevalence of opercular shortening until the end of the experiment. Each 

individual fish could be categorised/scored/assessed with more than one anomaly type. 

Fig. 3.2. Classification and severity of lower jaw skeletal anomalies affecting Atlantic salmon (Salmo salar 

L.) individuals: a) normal lower jaw, b-c) shortened lower jaw (SJ) with severity discriminated as mild-

moderate and severe, d-f) lower jaw deformity (LJD) with three different degrees of severity determined by 

the angle of downward curvature (values in red text) mild, moderate and severe (scale bars are 1 cm). 
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3.3.4 Growth and lower jaw index (LJI) 

At each visual assessment event, weight (W, g) and fork length (FL, mm) were measured and 

images taken using a digital photo camera in order to confirm the jaw trait visually assessed 

and to calculate the ratio of the length of the upper and of the lower jaw by using the lower jaw 

index (LJI) as described in Lijalad and Powell (2009). Briefly, LJI was calculated for each 

photographed individual as LJI = L2 (pixels)/L1 (pixels) where L1 and L2 are the relative 

length of the upper and the lower jaw (respectively), measured from the insertion point of the 

pectoral fin to the respective tip. Fish having a LJI < 0.94 were considered affected by a lower 

jaw anomaly (Lijalad and Powell, 2009). The image analysis was performed using Image-J 

(Schneider et al., 2012). To assess performance, specific growth rate (SGR) and Fulton's 

condition factor (K) were calculated as follows: SGR (% day-1) = 100 × (ln(W2/W1)) × d-1 

where W1 and W2 are the initial and final weights (respectively; g) and d is the number of days 

and K = W × 100/FL3. 

3.3.5 Statistical analysis 

The effects of initial jaw trait (two levels, NOR group and SJ group) on mortality and opercular 

shortening prevalence were tested by generalized linear mixed effect (GLME) models with a 

binomial distribution, while on growth parameters (W, FL, SGR, K) and LJI were tested by 

One-way ANOVAs and tank was considered as an experimental unit. All data are reported as 

mean ± SEM. All data analyses were performed using SPSS version 22.0 (IBM, SPSS Inc., 

Chicago, IL, USA) with a significance level of P < 0.05. 

3.4 Results 

3.4.1 Fish performance 

Mortality was 3% of the fish initially stocked and not significantly different between the NOR 

and SJ groups. At VA1 the SJ group had significantly (P < 0.001) higher mean weight and FL 
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than the NOR group (Fig. 3.3a, b). By VA2 there was no difference in FL (Fig. 3.3b), and by 

VA3 there was no difference in W (Fig. 3.3a). SGR was significantly (P < 0.05) lower in the 

SJ group than in NOR (NOR 2.04 ± 0.01% day-1; SJ 1.94 ± 0.02% day-1) and K was not 

significantly different between groups at the end of the experiment being 1.19 ± 0.01 (average 

of groups). 

  

3.4.2 Prevalence of lower jaw skeletal anomalies 

In the NOR group, at VA1 the prevalence of lower jaw anomalies was 0%. The first anomalies 

were present at VA2 and were SJ mild-moderate and LJD mild (18% and 1% prevalence 

respectively) and both increased at VA4 (25% and 3% respectively). MA was apparent at VA3 

(2%) to remain steady at VA4 (Fig. 3.4). Consequently, the prevalence of normal jaw decreased 

at VA2 and VA3 (81% to 73%) and increased at VA4 (75%) (Fig. 3.4).  

Fig. 3.3. Weight (g) a) and fork 

length (mm) b) (mean ± SEM) of 

Atlantic salmon (Salmo salar L.) 

individuals in the two groups (n = 96 

per group) NOR and SJ (established 

at the beginning of the experiment 

according to the jaw trait initially 

displayed - normal or shortened 

lower jaw) during the four visual 

assessments performed (V1-V4) 

and corresponding days from the 

start of the experiment. Significant 

differences between groups are 

indicated by asterisks (one-way 

ANOVA P < 0.05). 
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In the SJ group, at VA1 the prevalence of SJ mild-moderate was 100% and the 

prevalence of LJD mild was 17%. SJ mild-moderate decreased over VA3 and VA4 (90% to 

87%). SJ severe was first observed at VA3 (4%) and increased at VA4 (7%) (Fig. 3.4). LJD 

mild increased at VA2 (23%) and then decreased at VA4 (12%), concurrent with an increase 

in LJD moderate increasing over VA2 and VA4 (2% to 9%) (Fig. 3.4). LJD severe was 

observed only at VA4 (2%) (Fig. 3.4). MA was apparent from VA3 (5%) and increased at VA4 

(8%) (Fig. 3.4). Fish with a normal jaw were first observed from VA3 (6%) and prevalence 

remained steady until VA4 (Fig. 3.4). 

 

 

3.4.3 Concurrence of lower jaw skeletal anomalies and types 

There was no concurrence of jaw anomalies in the NOR group fish up to VA2 (Fig. 3.5). 

Concurrence was only apparent from VA3 (2%) (Fig. 3.5) with SJ mild-moderate+MA 

accounted for 100% among the concurring categories (Fig. 3.6). Increase in concurrence was 

Fig. 3.4. Mean prevalence of lower jaw anomaly categories (considered individually) observed in 

Atlantic salmon (Salmo salar L.) individuals within the two groups (n = 96 per group) NOR and SJ 

(established at the beginning of the experiment according to the jaw trait initially displayed - normal 

or shortened lower jaw) during the four visual assessments performed (VA1-4). All fish in the SJ group 

initially had SJ mild-moderate, including those with concurrent LJD mild indicated (black). The 

dominant single anomaly was used for the classification, where anomalies concurred, with LJD shown 

in preference to MA and then SJ. For further information refer to concurrence (Fig. 3.5) and types (Fig. 

3.6). 
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observed at VA4 (5%) (Fig. 3.5), with SJ mild-moderate+LJD mild accounting for 60% and 

SJ mild-moderate+MA for the remainder (Fig. 3.6). 

In the SJ group, at VA1 the proportion of anomaly displayed individually (83%) and 

concurrently (17%) (Fig. 3.5) reflected the initial allocation (Fig. 3.4) with SJ mild-

moderate+LJD mild accounting for 100% (Fig. 3.6). Concurrence increased during the 

experiment (from 17 to 29%) (Fig. 3.5) due to the increasing presence of concurring SJ and 

LJD with different severity (Fig. 3.7 example of SJ severe+LJD mild) as well as MA (Fig. 3.6). 

The increase in severity for both SJ and LJD (shown previously in Fig. 3.4) was also 

highlighted by variations in presence over time of more severe concurring categories (Fig. 3.6). 

In particular, from VA1 to VA4, SJ mild-moderate+LJD mild decreased (100 to 42%) while 

other categories increased: SJ mild-moderate+LJD moderate (9 to 19%), SJ mild-

moderate+LJD severe (0 to 8%), SJ mild-moderate+MA (0 to 19%) and all the remaining (0 to 

4%) (Fig. 3.6). MA was the last anomaly to appear over time and contributed to the presence 

of fish displaying up to three lower jaw skeletal anomalies concurrently (Fig. 3.6). MA was 

present irrespective of the presence of LJD resulting in fish displaying either SJ+MA or 

SJ+LJD+MA (Fig. 3.6). 

Fig. 3.5. Mean prevalence of Atlantic salmon (Salmo salar L.) individuals (n = 96 

per group) displaying no anomalies (or normal) (white) and one (black) or more 

lower jaw skeletal anomalies concurrently (black and white gradient), within the two 

groups NOR and SJ (established at the beginning of the experiment according to the 

jaw trait initially displayed - normal or shortened lower jaw) during the four visual 

assessments performed (VA1-4). 
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3.4.4 Lower jaw index (LJI) 

The LJI showed a clear distinction between the NOR and SJ groups. Throughout all four visual 

assessments the SJ group had a significantly (P < 0.05) lower LJI (0.92 ± 0.01) than the NOR 

group (0.96 ± 0.01). Furthermore, within the NOR group, fish had a significantly (P < 0.05) 

lower LJI at VA4 (0.96 ± 0.01) compared to VA1 (0.97 ± 0.01) and no significant difference 

in LJI was found for SJ between VA1 (0.92 ± 0.01) and VA4 (0.92 ± 0.01). 

3.4.5 Opercular shortening  

At VA2 the prevalence of opercular shortening was 31.8 ± 9.3% and 34.1± 6.3% for NOR and 

SJ groups, respectively (Fig. 3.8), and was not significantly different between groups. In most 

Fig. 3.6. Mean prevalence of lower jaw skeletal anomaly categories displayed 

concurrently in Atlantic salmon (Salmo salar L.) individuals, within the fish that had 

two or more concurrent anomalies, in the two groups NOR and SJ (established at the 

beginning of the experiment according to the jaw trait initially displayed - normal or 

shortened lower jaw) during the four visual assessments performed (VA1-4). 

Fig. 3.7. Atlantic salmon (Salmo salar L.) 

(approximately 60 g) displaying a 

concurrence of severe shortened lower jaw 

(SJ) and mild lower jaw deformity (LJD) at 

the end of the experiment (scale bar 1 cm).  
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of the fish only a small portion of the operculum, mainly the dorsal region, was affected and 

the gill filaments were only just visible underneath (Fig. 3.1b). Over time, the prevalence of 

opercular shortening decreased in both groups, although in the SJ group the decrease was at a 

slower rate and the NOR group had a significantly (P < 0.05) lower prevalence of opercular 

shortening than the SJ group at VA3 and VA4. At VA4, the prevalence of opercular shortening 

was 3.1 ± 1.7% and 13.1 ± 2.9% for NOR and SJ, respectively (Fig. 3.8). At VA3, where the 

biggest decrease in prevalence occurred, transparent tissue was observed at the edge of the 

opercular plate in some fish affected by severe opercular shortening, although the opercular 

chamber underneath remained visible (Fig. 3.9). 

 

Fig. 3.8. Prevalence (% mean + SEM) of opercular shortening in Atlantic salmon (Salmo salar L.) individuals 

in the two groups normal (NOR) and shortened lower jaw (SJ) (groups established at the beginning of the 

experiment according to the jaw trait initially displayed - normal or shortened lower jaw) from the first record 

at sampling event VA2 to the end of the experiment VA4 and corresponding days from start. Significant 

differences in the prevalence between groups, within the same visual assessment event, are indicated by 

asterisks (GLME P < 0.05). 

Fig. 3.9. The operculum of Atlantic salmon (Salmo salar L.) individuals at same stage of development 

showing different degrees of recovery from opercular shortening. Transparent tissue was visible at the 

posterior edge of the affected area, with the opercular chamber underneath still visible. The last individual on 

the right displays a normal operculum (scale bars are 1 cm). 
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3.5 Discussion 

The present study has shown that in triploid Atlantic salmon SJ and LJD concur and that the 

lower jaw may undergo dramatic structural changes in a relatively short time during the 

parr/pre-smolt phase. The possible onset of LJD in fish already displaying SJ was recently 

suggested by Amoroso et al. (2016a). SJ and LJD occurred also independently in both groups 

demonstrating that both normal and SJ-affected fish can develop LJD. It is not clear whether 

individuals with LJD may develop a SJ. In the present experiment, the trends in categories 

prevalence over time (notably increasing LJD and decreasing SJ) suggest that this did not 

happen. Nevertheless, only an experiment tracking fish individually would enable this to be 

confirmed. However, it would be difficult to detect the onset of a SJ in fish which already have 

LJD. In fact, the downward curvature of the lower jaw does not allow alignment of the tip of 

the lower jaw with the tip of the upper jaw of the fish and as a consequence to detect a shortness 

just mild. More sophisticated image analysis measurements may be employed to help the 

detection. Furthermore, research is needed to verify whether the onset of one lower jaw skeletal 

anomaly may facilitate the development of the other as well as the possible causes leading to 

the concurrence.  

SJ was either first apparent together with LJD or displayed separately (as shown in the 

NOR group) or LJD occurred later compared with SJ (as shown in the SJ group). Similarly, 

Amoroso et al. (2016a) found that the onset of SJ is usually earlier in development compared 

to LJD (~3 g vs ~8 g respectively). On the other hand, Sadler et al. (2001) reported the opposite 

with LJD developing earlier than SJ. We found that SJ could also occur later in development 

(at ~20 g in the NOR group). Similarly, Sadler et al. (2001) found that the prevalence of fish 

with a SJ increased after the transfer to seawater implying occurrence at any time in 

development (i.e. freshwater and seawater phase). The same may also apply to LJD, although 

previous studies showed the first evident occurrence to be generally related to a particular 
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period between first feeding and 8-9 g size (Sadler et al., 2001; Amoroso et al., 2016a; Fjelldal 

et al., 2016). Furthermore, in the NOR group, LJD was displayed concurrently with SJ only 

later in development suggesting that in fish with a normal jaw that develops into a SJ further 

onset of a LJD may be delayed compared to the direct development of LJD from a normal jaw. 

Amoroso et al. (2016a) observed that the prevalence of fish displaying SJ is usually higher 

compared to LJD at least in freshwater during early rearing and the prevalence remained 

relatively steady later in development. Conversely, Sadler et al. (2001), found in freshwater a 

lower prevalence of SJ compared to LJD in Tasmanian Atlantic salmon. These findings suggest 

that prevalence of SJ may vary between years, populations and experimental conditions. 

While the occurrence of SJ has been reported in both diploids and triploids at different 

prevalence (Sadler et al., 2001; Leclercq et al., 2011; Taylor et al., 2013; Amoroso et al., 

2016a), LJD has been linked mainly to triploids (Benfey, 2001; Sadler et al., 2001; Leclercq et 

al., 2011; Taylor et al., 2013; Fraser et al., 2015; Amoroso et al., 2016a; Fjelldal et al., 2016). 

The difference in occurrence between ploidies suggests that SJ and LJD may be driven by 

independent developmental pathways with LJD likely driven by predisposition in triploids. For 

both SJ and LJD the causes are not known. However, LJD has been linked to a lack of dietary 

phosphorus (Roberts et al., 2001; Fjelldal et al., 2016). The findings of Fjelldal et al. (2016) 

suggest that LJD may occur any time in early development when fish are not supplied with an 

appropriate amount of dietary P. Furthermore, it has been shown that triploids have a higher 

dietary P requirement than diploids (Fjelldal et al., 2016; Smedley et al., 2016). Overall in 

Atlantic salmon, the development of lower jaw skeletal anomalies has been associated with 

several factors such as genetic predisposition especially in triploids (Sadler et al., 2001), a 

deficiency in dietary elements (Sadler et al., 2001), high growth rates (King and Lee, 1993; 

Taylor et al., 2014; Fraser et al., 2015), high incubation temperatures (Fraser et al., 2015) and 

the different requirements for phosphorus in triploids (Fjelldal et al., 2016). Similarly, in 
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poultry skeletal defects represent a considerable issue and are generally considered the result 

of a combination of factors (i.e. genetic, nutrition and management) (Waldenstedt, 2006). Lee 

and King (1994) suggested that the occurrence of jaw anomalies in Atlantic salmon may be 

diminished by slowing down the growth rate implying that a fast growth may affect the 

isometric development of the upper and lower jaw. The high SGR in the present study (~2% 

day-1) compared to other recent studies on triploids (Fraser et al., 2013; Taylor et al., 2013) 

(~0.5 and ~1.2% day-1 respectively) could have driven the dramatic structural changes in the 

lower jaw as well as the occurrence and concurrence of jaw anomalies in a relatively short time 

even in fish starting with a normal lower jaw. A parallel can be drawn with poultry where it 

has been shown that high growth rate leads to the occurrence of bone defects and enhances 

skeletal muscles development to the detriment of bone (Julian, 1998; Rath et al., 2000; 

Waldenstedt, 2006). The role of a possible imbalance in the mechanical forces exerted by 

skeletal muscles on bone in the development of lower jaw skeletal anomalies in Atlantic salmon 

requires elucidation. These findings should be of interest especially for Tasmania where 

triploid Atlantic salmon may experience faster growth rates due to higher freshwater 

temperatures compared to the northern hemisphere producers (Battaglene et al., 2008; Carter 

et al., 2010). 

The present study showed that fish can recover from SJ. Nevertheless, further 

investigation on individually tagged fish would help to understand whether or not fish can 

recover from all types of severity. Recovery form SJ strongly suggests the presence of 

mechanisms that restore the balance in growth between the upper and lower jaw. Since severe 

SJ appeared in later stages within one month between sampling events, it suggests that SJ may 

be due to an impairment in the growth of the lower jaw tissues and that they may either stop 

growing/lengthening or grow at a slower/delayed rate compared to the upper jaw. Although 

recovery from LJD was not observed in the current experiment, recently Fjelldal et al. (2016) 
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observed fish recovering from LJD when fed a diet with medium or high P content (9.4 and 

16.3 g kg-1, respectively). This finding suggests that dietary P deficiency may affect recovery 

from at least one category of lower jaw skeletal anomaly. We suggest that the process of 

increasing severity of LJD may also be subjected to the same mechanisms of growth 

impairment as for SJ. In fact, in the present study, LJD severity (from mild to severe) increased, 

but not in all the fish affected, suggesting that LJD may or may not continue to worsen. 

Consequently, LJD could remain in a similar condition of severity from when it first occurred 

to later stages and likely until the adult stage. Nevertheless, in a case of concurrence, a 

worsening of SJ did not necessarily correspond to a worsening in LJD in the present study, 

reinforcing the theory that the two anomalies may have different underlying mechanisms and 

developmental patterns. Further research is needed to understand possible exacerbating factors 

for the severity of both lower jaw skeletal anomalies.  

Misaligned lower jaw (MA) occurred with increasing prevalence exclusively in fish 

with a lower jaw already affected by an anomaly and mainly by SJ. These findings suggest that 

the occurrence of a lateral displacement on the longitudinal plane of the lower jaw may be 

facilitated in a lower jaw having a skeletal structure already compromised (i.e. in both SJ and 

LJD). It remains unclear whether MA may be the result of physical injury due to weakened 

structure of the jaw. MA (also known as cross-bite or twisted jaw) has been previously 

associated in several farmed fish species with environmental (e.g. injury due to walling 

behaviour) and nutritional factors (e.g. vitamin deficiency) (Boglione et al., 2013b; Cobcroft 

and Battaglene, 2013). MA has only been reported in three studies of Atlantic salmon to date 

(Bruno, 1990; Sadler et al., 2001; Amoroso et al., 2016a). Hughes (1992) reported, after 

histological examination, that the two sides of the lower jaw (specifically the Meckel’s 

cartilage) had a different diameter in triploid Atlantic salmon when compared with diploids. 

This finding implies both a congenital morphological imbalance of jaw skeletal tissues 
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underlying the tendency of triploids to developing higher prevalence of lower jaw skeletal 

anomalies and that in some individuals a lateral displacement of the lower jaw may occur due 

to that imbalance. 

The current experiment demonstrated that the majority of fish from both groups 

recovered from opercular shortening. Similarly, MacLean (1999) observed complete recovery 

from opercular shortening in tagged diploid Atlantic salmon over a period of nine months. 

Opercular shortening is a commonly observed anomaly in Atlantic salmon and recently Taylor 

et al. (2012) suggested that it is not a real skeletal anomaly. Its occurrence has been explained 

by environmental conditions influencing first feeding triggering abnormal behaviour and 

aggressiveness and leading to damage of the opercular tissues by fish biting each other 

(Sutterlin et al., 1987; MacLean, 1999; Sadler et al., 2001; Kazlauskiene et al., 2006; Taylor 

et al., 2012; Amoroso et al., 2016a). In the present study, the observation of a transparent tissue 

(possibly the epithelial extremity of the operculum that functions to seal of the opercular 

chamber during respiration) developing from the affected opercula in some fish suggests that 

the recovery is through a re-growth of the opercular tissues. A re-growth of opercula has been 

described in farmed gilthead sea bream (Sparus aurata L.) by Beraldo and Canavese (2011) 

implying the possible presence of a similar process in other fish species. Furthermore, the 

observation of this tissue only in fish affected by a more severe shortness suggests that, in most 

of the fish initially affected by a slight shortness, the tissue affected may have grown back 

relatively quickly (< one month) without allowing its detection between two visual assessment 

events. Taking into account that opercular shortening may be linked to feeding behaviour and 

aggressiveness, the very low stocking density (< 3 kg m-3) combined with an easy access to 

feed for fish in the present study, may have facilitated the recovery. Nevertheless, histological 

characterisation of the tissue is needed to understand the mechanisms involved. In addition, a 
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possible anatomical threshold or stocking density/feeding rate at which re-growth may not 

occur should be investigated.  

Although not verified through individual tagging, our results suggest that fish affected 

by a jaw anomaly may have a slower recovery from opercular shortening. In fact, an 

impairment in the functioning of a fundamental part of the body employed to both feeding and 

breathing may slow down the process. Nevertheless, individuals affected by jaw anomalies 

could have also recovered at the same rate but have been more prone to re-develop opercular 

shortening. In addition, slower recovery may be also due to an intrinsic issue with bone 

remodelling in the opercular tissues. Sutterlin et al. (1987) and Lijalad and Powell (2009) 

suggested that in Atlantic salmon the presence of a LJD may affect the water flow passing 

through the gills and as a consequence respiration and fitness. Boglione et al. (2013b) reported 

that fish affected by severe jaw anomalies are less efficient in feeding and have slower growth 

compared to normal fish. In particular, Bruno (1990) and Burnley et al. (2010) observed that 

Atlantic salmon affected by jaw anomalies had a slower growth compared to fish with a normal 

lower jaw although the assessment was anecdotal. Recently, Taylor et al. (2014) urged the 

assessment of both growth performance of individuals affected by jaw skeletal anomalies and 

the effect of growth on the occurrence of jaw skeletal anomalies. In the current experiment, we 

also suggest that the presence of jaw anomalies may affect growth, in particular SGR, as fish 

with a normal lower jaw, although starting with a lower mean weight, equalised mean weight 

and length over time of fish affected by jaw anomalies. These findings imply a likely effect of 

jaw anomalies on performance although the relationship remains to be validated through an 

experiment with tagged individuals. 

Finally, we showed that LJI can also be successfully employed to detect fish having a 

SJ, from a relatively early stage (12 g) and possibly from earlier stages. Fish affected by either 

SJ or LJD had a LJI < 0.94 while fish with a normal lower jaw > 0.94 in the current experiment. 
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In fact, in fish with a LJD an increase in the severity of the downward curvature of the lower 

jaw corresponds to a retrogression of the position of the tip, resulting in a lower LJI in affected 

fish. It was difficult to set a threshold to distinguish a SJ mild-moderate from a severe as well 

as to discriminate between a SJ and a LJD having the same LJI, which can be done only visually 

with a 3-dimensional perspective of the jaw elements. In the present study, LJI enabled the 

detection and progression over time of jaw anomalies in the NOR group. In fact, at the end of 

the experiment the group had a lower LJI compared to the beginning of the experiment. The 

same did not occur for the SJ group although prevalence and severity of jaw anomalies 

increased. This finding could be explained by both the appearance over time of fish displaying 

a normal jaw (i.e. recovering from SJ) likely balancing the initial and final LJI and the fact that, 

as mentioned above, the backward movement of the tip of the lower jaw occurring during a 

LJD did not substantially affect the LJI of a fish already displaying a SJ. 

3.6 Conclusions 

In conclusion we showed that shortened lower jaw (SJ) and lower jaw deformity (LJD) can 

manifest concurrently and misaligned jaw (MA) is more likely to develop in individuals with 

jaw structure already compromised. The developmental patterns observed as well as the 

process of worsening of both SJ and LJD imply an independence of the two lower jaw skeletal 

anomalies. Further research is needed to understand the factors causing and the mechanisms 

underlying SJ, LJD and MA in order to prevent them. The changes in prevalence of the different 

categories, the concurrence of some anomaly types and even recovery from SJ over a relatively 

short time highlight the plasticity of the lower jaw during this developmental stage and suggest 

the relationship between fast growth and the occurrence of jaw anomalies should be pursued. 

We observed that Atlantic salmon can recover from opercular shortening and that jaw 

anomalies may impede recovery from this condition as well as impact upon general growth 

performance, although further research is needed to validate these findings. Finally, we found 
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that image analysis can assist in detecting lower jaw anomalies from early stages and changes 

in occurrence over time. 
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4.1 Abstract 

Lower jaw deformity (LJD) is a skeletal anomaly affecting farmed triploid Atlantic salmon 

(Salmo salar L.) and leads to considerable economic losses for industry and has animal welfare 

implications. The present study employed transcriptome analysis in parallel with real-time 

qPCR techniques to characterise for the first time the LJD condition in triploid Atlantic salmon 

juveniles using two independent sample sets: experimentally-sourced salmon (60 g) and 

commercially produced salmon (100 g). A total of eleven genes, some detected/identified 

through the transcriptome analysis (fbn2, gal and gphb5) and others previously determined to 

be related to skeletal physiology (alp, bmp4, col1a1, col2a1, fgf23, igf1, mmp13, ocn), were 

tested in the two independent sample sets. Gphb5, a recently discovered hormone, was 

significantly (P < 0.05) down-regulated in LJD affected fish in both sample sets, suggesting a 

possible hormonal involvement. In-situ hybridization detected gphb5 expression in oral 

epithelium, teeth and skin of the lower jaw. Col2a1 showed the same consistent significant (P 

< 0.05) down-regulation in LJD suggesting a possible cartilaginous impairment as a distinctive 

feature of the condition. Significant (P < 0.05) differential expression of other genes found in 

either one or the other sample set highlighted the possible effect of stage of development or 

condition progression on transcription and showed that anomalous bone development, likely 

driven by cartilage impairment, is more evident at larger fish sizes. The present study improved 

our understanding of LJD suggesting that  incorrect development of the cartilage likely 

underlies the condition and col2a1 may be a marker. In addition, the involvement of gphb5 

urges further investigation of a hormonal role in LJD and skeletal physiology in general. 

4.2 Introduction 

Lower jaw deformity (LJD) is a skeletal anomaly affecting the lower jaw of farmed Atlantic 

salmon (Salmo salar L.). Specifically, LJD is a downward curvature of the lower jaw involving 

dentary and glossohyal bones (Bruno, 1990; Hughes, 1992). LJD has been frequently observed 



82 
 

and identified in both freshwater and seawater phases of production in all countries producing 

Atlantic salmon at/with different prevalence between years and populations (Benfey, 2001; 

Sadler et al., 2001; Lijalad and Powell, 2009; Fraser et al., 2013; Taylor et al., 2014; Amoroso 

et al., 2016a; Fjelldal et al., 2016). Although LJD can occur in diploid populations at very low 

prevalence, LJD was linked to triploid Atlantic salmon in all recent studies cited above. In 

Tasmania (Australia) LJD prevalence of up to 30% has been reported in farmed triploid 

populations (Jungalwalla, 1991; Sadler et al., 2001). Triploids are a valuable part of the annual 

harvest cycle as they do not undergo sexual maturation therefore can be harvested during the 

reproductive seasons providing fresh product all year round (Sadler et al., 2001). As a 

consequence, LJD affected triploid fish represent a considerable loss of production because 

they have lower growth rates and cannot be sold whole due to their visual unattractiveness 

(Benfey, 2001; Sadler et al., 2001; Amoroso et al., 2016b). Furthermore, fish affected by 

skeletal anomalies usually require hand-grading which is an expensive process and adds further 

cost (Boglione et al., 2013b; Cobcroft and Battaglene, 2013).  

Although LJD is a frequently occurring skeletal anomaly in triploid Atlantic salmon its 

causes have not yet been investigated in depth. Only recently, development of LJD has been 

linked to dietary phosphorus (P) deficiency and a higher P requirement of triploid Atlantic 

salmon (Fjelldal et al., 2016). Nevertheless, the mechanisms underlying the onset of LJD are 

not known and could be multifactorial via a combination of genetic (triploidy and genetic 

background), nutritional (mineral or vitamin deficiency) and environmental (accelerated 

growth, low dissolved oxygen, elevated temperature and husbandry practices) factors (Sadler 

et al., 2001; Lijalad and Powell, 2009; Fraser et al., 2015; Fjelldal et al., 2016). Although it 

seems to occur mostly during the freshwater phase, onset of LJD can occur at any time in 

development and prevalence and severity (i.e. worsening of the downward curvature) can 
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increase over time (Sadler et al., 2001; Fraser et al., 2013; Taylor et al., 2013; Taylor et al., 

2014; Fraser et al., 2015; Amoroso et al., 2016a; Amoroso et al., 2016b; Fjelldal et al., 2016). 

The lower jaw in Atlantic salmon is a heterogeneous organ constituted of different 

tissues (e.g. skin, oral epithelium, muscle, adipose tissue, bone, cartilage, thyroid follicles). The 

bone of the lower jaw (i.e. dentary) is composed of compact bone directly ossifying around the 

Meckel’s cartilage (Hughes, 1992; Sadler, 2000; Witten and Hall, 2002; Gillis et al., 2006). An 

assessment screening the differential gene expression between LJD and normal individuals, 

mostly focusing on cartilage and bone physiology, represents a basic approach to shed more 

light on the mechanisms underlying the condition. Obtaining a significant number of 

individuals affected by LJD, both in controlled experimental conditions and at commercial 

farm sites is difficult and labor-intensive. In this research, the opportunity was presented to 

analyse a sufficient number of fish affected by LJD from independent sample sets and at 

different developmental stages.  

The aims of this study were to delineate for the first time through molecular techniques, 

transcriptome analysis and real-time qPCR, differential gene expression in the jaw of fish 

affected by LJD (compared to normal fish) in independent sample sets at different 

developmental stages and to detect genes which correlate with, and may characterise LJD, 

allowing the description of possible mechanisms underlying the condition. Furthermore, the 

specific gene expression pattern observed was used to propose the tissue responsible for the 

development of the condition. To support the analytical process, our findings are compared at 

a molecular level with anomalous skeletal processes described in other vertebrates. 

4.3 Materials and methods 

4.3.1 Sample background, selection and tissue source 

Two independent sample sets of all-female triploid Atlantic salmon (Salmo salar) individuals 

were used in this study and both were provided by Petuna Seafoods hatchery in Cressy, 
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Tasmania. All-female individuals were produced and triploidy was achieved as described in 

Johnstone et al. (1991) and Jungalwalla (1991). Briefly, shock to induce triploidy occurred 30 

min after fertilisation when all-female eggs were subjected to a pressure at 9500 psi (655 Bar) 

for 4 min in water at 10 °C, followed by 1 min for pressure release. Efficiency of the triploid 

induction was assessed by measuring erythrocyte nuclear length (Benfey et al., 1984) and 

confirmed as 100% successful. The first sample set (defined “experimental” from now on) was 

collected at the end of the experiment described in Amoroso et al. (2016a). Briefly, the 

individuals from the experimental sample set were triploidized at hatchery site but reared from 

incubation up to the sampling event in experimental facilities. Individuals weighing 

approximately 60 g were sampled in March 2014 following exposure to a standard temperature 

treatment (14 °C) for two months (additional samples were also collected from individuals 

exposed to an elevated temperature treatment of 18 °C for two months for additional molecular 

investigations). The second sample set (defined “industrial” from now on) was reared at a 

hatchery site and collected in November 2015. Fish sampled weighed approximately 100 g and 

were subjected to different conditions compared to the experimental sample set (i.e. incubation 

and rearing temperature) and were derived from different broodstock. For each sample set, fish 

were euthanized by anaesthetic overdose (AQUI-S: 50 mg L-1) and the lower jaws of fish 

displaying LJD (LJD n = 6 per sample set) (Fig. 4.1a) and of fish displaying a phenotypically 

normal jaw (Normal n = 6 per sample set) (Fig. 4.1a) were dissected and placed in RNA 

preservation reagent (4 M ammonium sulphate, 25 mM sodium citrate, 10 mM EDTA; pH 5.2) 

to preserve RNA integrity. The samples were held at 4 °C overnight and stored at – 20 °C for 

a maximum of two months before processing for molecular analysis. For histological analysis, 

the lower jaws of individuals from the experimental sample set displaying LJD (n = 3) and 

phenotypically normal jaw (n = 3) were dissected and placed in Bouin’s solution overnight and 

then preserved in 70% ethanol for a maximum of four months before the analysis. All 
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procedures were carried out with the approval of the University of Tasmania Animal Ethics 

Committee (approval number A0013044). 

4.3.2 RNA extraction and preparation for next generation sequencing 

The lower jaw samples from the sample sets described above were carefully dissected, 

removing excess tissues in order to leave dentary bone and a thin layer of the surrounding 

tissues. Samples were then homogenized using a LabGEN 7 Series Homogenizer (Cole Parmer, 

Vernon Hills, IL, USA) in vials containing RNAzol® RT (Molecular Research Centre Inc., 

Cincinnati, OH, USA) for the isolation of total RNA, following manufacturer’s instructions. 

The isolated RNA was tested for quality and quantity using a NanoDrop 2000 

spectrophotometer (Thermo Scientific, NanoDrop Products, Wilmington, DE, USA). For next 

generation sequencing, fish from the experimental sample set affected by LJD (n = 6) and 

phenotypically normal (Normal) (n = 6) were used. Equal amounts of RNA from three 

individuals from the same category were mixed to generate a total of four pooled samples 

representing two replicates of LJD and two replicates of Normal. The Agilent 2100 bioanalyzer 

(Agilent Technologies, Palo Alto, CA, USA) was used to validate quantity and quality of RNA. 

All samples had RIN (RNA Integrity Number) values higher than 7. The qPCR validation was 

done on the six original biological replicates, not on the pooled sampls. 

4.3.3 Next generation sequencing and data handling 

Samples were prepared for sequencing by the Australian Genome Research Facility (AGRF, 

Melbourne, Australia) according to the manufacturer’s instructions (Illumina, San Diego, CA, 

USA). Briefly, poly (A) mRNA was isolated using oligo (dT) beads and the addition of 

fragmentation buffer for shearing mRNA into short fragments (200 – 700 nt) prevented priming 

bias during the synthesis of cDNA using random hexamer-primers. The short fragments were 

further purified using QIAquick PCR purification kit (Qiagen, Hilden, Germany) and resolved 
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with EB buffer for ligation with Illumina Paired-end adapters. This was followed by size 

selection (~200 bp), PCR amplification and Illumina sequencing using an Illumina Genome 

Analyzer (HighSeq 2000, Illumina, San Diego, CA, USA) performing 100 bp–paired end 

sequencing. The sequence reads were stored as FASTQ files. Overall, at least 4 Gb of cleaned 

data (at least 50 million reads) was generated for each of the four samples sequenced. Prior to 

assembly, quality of the FASTQ files was assessed using CLC Genomics Workbench v4 (CLC 

bio, Aarhus, Denmark), using default parameters. Based on the QC reports, FASTQ files were 

trimmed using CLC with default parameters with the addition of trimming 10 nucleotides from 

the 5’ of all reads. 

4.3.4 Bioinformatics and statistics 

De novo assembly of the trimmed reads was performed in CLC Genomics Workbench v4 using 

default parameters with the exception of minimum contig length elevated to 500. Trimmed 

reads were mapped to the assembly in CLC Genomics Workbench v4 using default parameters 

with the exception of similarity fraction elevated to 0.9. BAM files (resulting in 77.05 ± 0.23% 

mapped reads per library) were then imported into Partek Genomics Suite (Partek Incorporated, 

St. Louis, MO, USA) for differential gene expression (DGE) analysis. In Partek GS, categorical 

attributes were assigned to each duplicate in the LJD and Normal, followed by DGE analysis 

without restricting paired-end compatibility. One-way ANOVA was performed in Partek GS 

to compare reads per kilobase per million (RPKMs) with contrast between the LJD and Normal 

samples. The same one-way ANOVA procedure was performed following restricting RPKM 

≥ 1 in at least one sample and defining the minimum as RPKM = 0.05. The final list of 

transcripts used in the analysis was retrieved by selecting transcripts having at least a 2 fold 

change between the LJD and Normal samples with an unadjusted significance level of P < 0.05.  

The prediction of the amino-acid sequences corresponding to the                                            

transcripts was performed using the ORF-PREDICTOR website 
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(http://proteomics.ysu.edu/tools/OrfPredictor.html). CLC main workbench 7.5 (CLC Inc, 

Aarhus, Denmark) at default parameters was used to perform a BLASTP (sequence 

comparisons and alignment) against the database of the National Center for Biotechnology 

Information (NCBI) and annotate and predict the most likely corresponding product (best hit) 

in Atlantic salmon. After the BLASTP, only matches with E-value ≤ 1.00E-40 were selected 

for the analysis. Discrimination of the best hit obtained for each sequence was performed based 

on the E-value ≤ 1.00E-40.  In case the first best hit resulted in an unannotated product the 

second was chosen (named ‘actual hit’). In order to ascertain that the expression of the 

differentially expressed genes was not basal, only the subset of transcripts where the sum of 

RPKM in all four samples was ≥ 5, were considered.  

4.3.5 cDNA synthesis, probe and primer design for qPCR 

Parallel to the transcriptome analysis, we tested in Normal and LJD samples from the 

experimental sample set a group of previously known transcripts whose function was annotated 

to be related to bone and cartilage physiology in vertebrates. The transcripts selected were: 

alkaline phosphatase (alp), bone morphogenetic protein 4 (bmp4), collagen type I alpha 1 

(col1a1), collagen type II alpha 1 (col2a1), fibroblast growth factor 23 (fgf23), insulin like 

growth factor 1 (igf1), matrix metallopeptidase 13 (mmp13) and osteocalcin (ocn) (Table 4.1). 

Among the transcripts found to be differentially expressed after transcriptome analysis, the 

following were selected according to the quantitative values of differential expression, 

concurrently with their previously known or possible relation to bone and cartilage physiology: 

fibrillin 2 (fbn2), galactose-specific lectin (gal) and glycoprotein hormone beta 5 (gphb5) 

(Table 4.2). All the eleven transcripts reported above were later tested in Normal and LJD 

samples from the industrial sample set to compare gene expression patterns between the 

independent sample sets. Furthermore, some of the transcripts (alp, col1a1, col2a1, mmp13 

and ocn) were also tested in Normal and LJD samples from the additional sample set (elevated 
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rearing temperature) in order to investigate the possible effect of the temperature on differential 

expression (14 ºC vs 18 ºC). 18S only served as a housekeeping calibrator gene in both assays 

as showing to be very stable (Ct range: 12-13 experimental group and 17-19 industrial group) 

Following RNA extraction and quantification, 1 μg of total RNA was reverse-transcribed into 

cDNA using Tetro cDNA synthesis kit (Bioline, London, UK), according to manufacturer’s 

instructions. RNA samples were not DNase treated prior to cDNA synthesis. Probes for qPCR 

were designed by the Universal ProbeLibrary System (Roche, http://www.roche-applied-

science.com) and primers for transcripts previously annotated were purchased from 

GeneWorks Pty Ltd (Hindmarsh, SA, Australia) while primers for transcripts selected after 

transcriptome analysis were purchased from Sigma-Aldrich (Castle Hill, NSW, Australia). 

Primer quality testing was not carried out as not necessary when using the Universal 

ProbeLibrary. The Roche software provides the optimal primer parameters and, given the ultra-

short amplicon size (60-72 nucleotides), the chance of secondary amplicons is negligible. 

4.3.6 Real-time qPCR assays 

Real-time qPCR assays were performed in duplicates on each of the biological replicates (n = 

6 per group) using FastStart Universal Probe Master (ROX) (Roche, Australia) according to 

manufacturer’s protocol in a Rotor-Gene 6000 Real-Time PCR Machine (Corbett Robotics Pty 

Ltd, Brisbane, Australia) with the following thermal cycling conditions: 95 ˚C for 10 min, 

followed by 40 cycles of 95 ˚C for 15 sec and 60 ˚C for 60 sec. For each gene the control used 

was a duplicate no-template. Average cycle threshold for each duplicate was calibrated relative 

to 18S and basal expression levels (which refers to the lowest expressing tissue measured) and 

transformed to represent relative expression quantity as 2-∆∆CT. Nonparametric test for 

independent samples (Mann-Whitney U test) was used to investigate significant differences 

between relative expression levels of each transcript between traits (Normal and LJD) and 

different temperature treatments. All data analyses were performed using GraphPad Prism 
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version 6.00 for Windows (GraphPad Software, La Jolla, CA, USA) with a significance level 

of P < 0.05. Results are represented as mean ± standard error of the mean (SEM). 

 

Table 4.1. Primers and probes used for real-time qPCR designed from previously known transcripts 

whose function was annotated to be related to bone and cartilage physiology (abbreviations described 

in the text). 

Transcript  Orientation Genbank 

accession 

number 

Tm Sequence (5’-3’) Probe cat.no. 

(Roche) 

alp  Forward 

Reverse 

FJ195609.1 59 

59 

cagctgagcagacagagtgg 

caacaaaggggaacttgtcc 

04689011001 

bmp4 Forward 

Reverse 

NM_001139844.1 60 

60 

ggttgccgctaacactgact 

tggggtcttttcttagcgtct 

04687582001 

col1a1 

 

Forward 

Reverse 

FJ195608.1 

 

60 

59 

agcctggtgctaagggagag 

ccttagctccggtgtttcc 

04688619001 

col2a1 Forward 

Reverse 

FJ195613.1 

 

59 

59 

tcgacatgtctgccttcg 

tcagccctcatgtacctcaa 

04693442001 

fgf23 Forward 

Reverse 

Sequence from 

our sequencing 

database 

59 

60 

ggatcagaagggtcaaccac 

aacacggtgccactggag 

04685059001 

igf1 Forward 

Reverse 

EF432852.2 60 

59 

ggcttttatttcagtaaaccaac 

cgtccacaataccacggtta 

04688546001 

mmp13 Forward 

Reverse 

NM_001140524.1 59 

60 

ccattccctcggtctcag 

aggtgctggggtttgtgtag 

04684974001 

ocn Forward 

Reverse 

FJ172977.1 60 

60 

tgtgtgtgccactctattgga 

tcttttctcactagcaggctttg 

04689119001 

18s Forward 

Reverse 

FJ710886.1 59 

60 

aggactccggttctattttgtg 

cggccgtccctcttaatc 

04688546001 

 

 

 

Table 4.2. Primers and probes used for real-time qPCR from selected transcripts found differentially 

expressed after transcriptome analysis in the experimental sample set (abbreviations described in the 

text). 

Transcript  Orientation Tm Sequence (5’-3’) Probe cat.no. 

(Roche) 

fbn2 Forward 

Reverse 

59 

60 

cacgacagcgacacttgaa 

ggctcacaactgtgacatgc 

04687582001 

 

gal Forward 

Reverse 

59 

59 

ctttgaactgcagtgagaccac 

tcatgactcccatgatgacc 

04694449001 

 

gphb5 Forward 

Reverse 

60 

59 

tgtagggagggtcaaggaca 

gagggcttcacatcaccac 

04685059001 
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4.3.7 General Histology  

The left halves of the lower jaws collected from the experimental sample set were used for all 

histological analyses. Tissues were rinsed and decalcified for 72 h in a 10% EDTA solution 

buffered with 0.1 M TRIS base, pH 7.0 as described in Witten and Hall (2003) and 

supplemented with ProtectRNA™ RNase Inhibitor (Sigma-Aldrich, Castle Hill, NSW, 

Australia). After that, a protocol modified from Ventura et al. (2011) was used. Briefly, tissues 

were dehydrated gradually through a series of increasing alcohol concentrations and embedded 

in Paraplast® Plus (McCormick Scientific Leica™, North Ryde, NSW, Australia) according 

to conventional procedures. Serial sections of 7 𝜇m were cut from the sagittal plane of the lower 

jaw, until reaching the area in which teeth, bone and Meckel’s cartilage were visible, and placed 

onto Superfrost™ Ultra Plus Adhesion Slides (Thermo Fisher Scientific, Scoresby, VIC, 

Australia). Duplicate and consecutive sections were used for Hematoxylin and Eosin (H&E) 

staining and in-situ hybridization. 

4.3.8 H&E staining 

The slides were deparaffinized in xylene and rehydrated gradually through a series of 

decreasing alcohol concentrations (100%, 90%, 70%, 50%). After rinsing in water the slides 

were stained in hematoxylin for 4 min and rinsed again. Slides were placed for 30 sec in acidic 

alcohol (70% + 0.1% HCl), rinsed, stained in eosin for 3 min, rinsed again and gradually 

dehydrated through a series of increasing alcohol concentrations (50%, 70%, 90%, 100%), 

bathed in xylene and finally mounted. 

4.3.9 In-situ Hybridization 

To design the primers for the in-situ hybridization probes, the sequences obtained from the 

transcriptome analysis of gphb5 were blasted using Primer-BLAST 

(http://www.ncbi.nlm.nih.gov/tools/primer-blast/) and primers (Sequence 5’-3’ - Forward 

gtgtacatggggtccacgtt and Reverse gagaagcctgtccttgaccc) purchased from Sigma-Aldrich 
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(Castle Hill, NSW, Australia). Digoxigenin-labeled oligonucleotides for antisense and sense 

probes were synthesized using T7 RNA polymerase, and the probes were hydrolysed to reduce 

their length to approximately 200 bases, as described in the Digoxigenin Application 

Manual (Roche Applied Science, Indianapolis, IN). Slides with samples from the lower jaw 

were deparaffinised, rehydrated, rinsed in diethyl pyrocarbonate (DEPC)-treated water and 

then washed in PBS for 6 min. Samples were digested with 5 μg ml-1 of proteinase K (Roche 

Diagnostics GmbH) in PBS with Tween 20 (PBST) for 10 min at 37 °C and incubated in PBST 

containing 2 mg ml-1 of glycine for 5 min at room temperature. Samples were rinsed again two 

times in PBST and fixed in 4% paraformaldehyde in PBS (10 mM phosphate buffer Na2HPO4, 

150 mM NaCl, pH 7.4) for 4 min and again washed PBS containing 0.1% DEPC for 20 min 

and in PBS until pre-hybridization at room temperature. Pre-hybridization was performed at 

48 °C for 2 h in pre-hybridization buffer (50% 20X formamide, 10% saline sodium citrate, 40% 

dextran sulfate, tRNA 10 mg/ml, heparin 50 mg/ml and 10 mg ml-1 of sheared and denatured 

salmon sperm DNA). Hybridization was performed at 48 °C overnight with 0.2 μg ml-1 of 

antisense and sense probes in hybridization buffer (identical to pre-hybridization buffer). 

Samples were washed three times for 5 min in 4X wash (50% formamide, 30% DEPC-treated 

water, 20% 20X SSC - 0.15 M sodium chloride and 0.015 M sodium citrate - 50 μl of Tween 

20), three times for 5 min in 2X wash (50% formamide, 40% DEPC-treated water, 10% 20X 

SSC, 50 μl of Tween 20) and three times for 5 min in 1X wash (50% formamide, 45% DEPC-

treated water, 5% 20X SSC, 50 μl of Tween 20) at 48 °C. Samples were washed again three 

times for 5 min in 1X SSC with 0.1% Tween 20 and two times for 2 min in maleic acid buffer 

(MAB) (0.1 M maleic acid, 0.015 M NaCl, 0.1% Tween 20, pH 7.5) at room temperature. 

Blocking was performed at room temperature for 2 h with MAB block (2% BM block in MAB) 

and finally samples were incubated with Anti-Digoxigenin-AP (Roche, Australia) at 4 °C 

overnight. Following incubation, samples were washed four times for 5 min with MAB, two 
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times for 5 min with 1X alkaline phosphatase buffer (AP) (50% 1 M Tris, 40% DEPC-treated 

water, 10% 5 M NaCl, 0.01% Tween 20) and two times for 5 min 1X AP with 5% MgCl2 at 

room temperature. Final incubation was performed at 4 °C overnight with 20 μl ml-1 of 

NBT/BCIP (Roche, Australia) in developmental buffer (5% polyvinyl alcohol in 1X AP with 

5% MgCl2). Slides were dehydrated in alcohol 70%, 100% and cleared with xylene before 

mounting with DPX (Sigma-Aldrich). Sections were observed under a Nikon ECLIPSE E600 

light microscope and photographed. 

4.4 Results 

4.4.1 Transcriptome analysis of the experimental sample set 

De novo assembly of the transcriptome data gave a total of 62,373 contigs (including scaffolded 

regions) with a minimum length of 500, a maximum of 14,769 and an average of 1,482 bases.  

A total of 515 transcripts had at least 2 fold change between the LJD and Normal 

samples (unadjusted P < 0.05; RPKM ≥ 1 in at least one sample). When the RPKMs were 

modified to a minimum of 0.05, a total of 6,207 transcripts had at least 2 fold change between 

the LJD and Normal samples (unadjusted P < 0.05; RPKM ≥ 1 in at least one sample), 

indicating that most of the DGE can be attributed to transcripts which do not express in one 

group while they do in the other. Since in most cases these transcripts had very small RPKM 

values, we decided to focus on the 515 transcripts.   

Out of the 515 transcripts, 452 were down-regulated and 63 were up-regulated in LJD. 

The hierarchical clustering of differential gene expression showed that samples clustered 

tightly together based on jaw trait (LJD/Normal; Fig. 4.1b left), strengthening the validity of 

the differential gene expression analysis. 

Following BLASTP, selection according to E-value (for matches and hits) and RPKM-based 

filter (as described in the materials and methods section), two tables were produced: one 

consisting of 6 transcripts down-regulated in LJD samples (Table 4.3) and another consisting 
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of 27 transcripts up-regulated in LJD samples (Table 4.4) ordered by E-value of the best hit 

(lowest to highest).  

 

 

4.4.2 Down-regulated transcripts 

Among the 63 transcripts of this subset, 18 could be reliably annotated via NCBI database with 

E-value ≤ 1.00E-40. Of the 18 transcripts, six had a Sum of RPKM ≥ 5 across all four pooled 

samples (Table 4.3). Transcript 59181, which corresponded to glycoprotein hormone beta 5 

Fig. 4.1. a) Atlantic salmon individuals displaying a normal jaw (Normal) on the left and a lower jaw deformity 

(LJD) on the right (scale bar = 1 cm). Dashed lines highlight normal and anomalous profiles. b) Hierarchical 

clustering showing differentially expressed transcripts between Normal vs. LJD grouped samples retrieved after 

a pairwise comparison. Each row corresponds to one sample tested and each column corresponds to a single 

differentially expressed transcript. On the hierarchical tree at the left side of the map, the upper half (orange) 

indicates the Normal samples and the lower half (green) indicates the LJD samples. Relative gene expression is 

indicated by colour: red is higher-level expression relative to the sample mean, blue is relatively lower-level 

expression, grey is no-change. The 452 genes on the left were up-regulated in LJD samples relative to the Normal 

samples. The 63 genes on the right were down-regulated in LJD samples relative to the Normal samples. 
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(gphb5) had a much higher fold change (-4.3) between the groups compared to other transcripts. 

For five out of the above six transcripts, the best hit resulted in an unannotated product 

described for Oncorhynchus mykiss (rainbow trout), a closely-related Salmonid species. The 

actual hit for these transcripts resulted in products described in other Teleost species (Table 

4.3). Transcript 30200, which corresponded to aggrecan isoform 1 (acan1) and that was 

annotated as aggrecan, had a best hit with a named product in the Salmonid Oncorhynchus keta 

(Chum salmon) (Table 4.3).  

Table 4.3. The six transcripts found down-regulated in LJD selected according to Sum of RPKM ≥ 5 

across all 4 pooled samples ordered by E-value of the best hit (lowest to highest). 

Transcript Accession  

Best Hit 

E-value     

Best hit 

Accession  

Actual Hit 

Predicted product [species] E-value 

Actual 

Hit 

30200 BAJ61837 0.00 BAJ61837 aggrecan [Oncorhynchus keta] 0.00 

8151 CDQ60370 0.00 BAJ61837 aggrecan [Oncorhynchus keta] 0.00 

15298 CDQ84852 1.61E-137 XP_005945737 cytosolic phospholipase A2 

gamma-like isoform X2 

[Haplochromis burtoni] 

1.24E-89 

59181 CDQ81732 7.53E-96 XP_005455982 glycoprotein hormone beta-5-

like [Oreochromis niloticus] 

2.20E-72 

662 CDQ80483 5.85E-86 XP_007243147 protein FAM111A-like 

[Astyanax mexicanus] 

6.29E-75 

26682 CDQ61726 5.09E-82 XP_007242859 mannose-specific lectin-like 

[Astyanax mexicanus] 

1.23E-62 

 

4.4.3 Up-regulated transcripts 

Among the 452 transcripts of this subset, 176 could be reliably annotated via NCBI database 

with E-value ≤ 1.00E-40. Of the 176 transcripts, 27 had a Sum of RPKM ≥ 5 (Table 4.4). 

Transcript 40854 was annotated as Four and a half LIM domains protein 2, transcript 2193 

corresponded to galactose-specific lectin (gal) and transcript 45908 was annotated as major 

histocompatibility complex (MHC) class I antigen. These transcripts had a much higher fold 

change (3.2, 3.5 and 4.6, respectively) between the groups, as compared with other transcripts. 

For 15 out of the 27 transcripts, the best hit resulted in an unannotated product described for 



95 
 

the species O. mykiss. The actual hit for these transcripts resulted in products described in other 

Teleost species (Table 4.4). Seven of the remaining 12 transcripts had best hits with named 

products described for S. salar, and the last five with other Teleost species. 

Table 4.4. The 27 transcripts found up-regulated in LJD selected according to Sum of RPKM ≥ 5 across 

all 4 pooled samples ordered by E-value of the best hit (lowest to highest). Continued on the next page. 

Transcript Accession   

Best Hit 

E-value    

Best Hit 

Accession 

Actual Hit 

Predicted product [species] E-value 

Actual Hit 

3859 CDQ85625 0.00 XP_006641632 IgGFc-binding protein-like 

[Lepisosteus oculatus] 

5.60E-152 

718 CDQ93202 0.00 XP_006641633 IgGFc-binding protein-like 

[Lepisosteus oculatus] 

0.00 

407 CDQ85625 0.00 XP_006641632 IgGFc-binding protein-like 

[Lepisosteus oculatus] 

1.21E-151 

5789 XP_005450984 0.00 XP_005450984 filamin-C-like isoform X3 

[Oreochromis niloticus] 

0.00 

1330 CDQ86144 0.00 XP_008284200 xin actin-binding repeat-

containing protein 1-like 

[Stegastes partitus] 

0.00 

10204 XP_007252649 0.00 XP_007252649 collagen alpha-2(VI) 

chain-like [Astyanax 

mexicanus] 

0.00 

894 XP_006808726 0.00 XP_006808726 von Willebrand factor A 

domain-containing protein 

7-like [Neolamprologus 

brichardi] 

0.00 

40854 ACI68280 0.00 ACI68280 Four and a half LIM 

domains protein 2 [Salmo 

salar] 

0.00 

26217 ADD59862 0.00 ADD59862 immunoglobulin delta 

heavy chain constant 

region [Salmo salar] 

0.00 

31731 CDQ69338 0.00 XP_005163674 amylo-1, 6-glucosidase, 4-

alpha-glucanotransferase 

isoform X1 [Danio rerio] 

2.68E-128 

7575 CDQ73728 4.69E-171 XP_008279287 pecanex-like protein 3 

[Stegastes partitus] 

5.79E-171 

22520 CDQ71312 7.88E-158 XP_008293195 eukaryotic translation 

initiation factor 2-alpha 

kinase 4 [Stegastes 

partitus] 

6.99E-120 

12561 CDQ83306 3.64E-156 XP_006641633 IgGFc-binding protein-like 

[Lepisosteus oculatus] 

1.42E-113 

41692 CDQ61095 7.87E-156 XP_003966210 serum amyloid P-

component-like [Takifugu 

rubripes] 

2.85E-81 

5264 ACI68585 2.30E-154 ACI68585 Heat shock protein 30 

[Salmo salar] 

2.30E-154 

15329 NP_001118064 2.22E-135 NP_001118064 heat shock protein, alpha-

crystallin-related, 1 

[Oncorhynchus mykiss]  

2.22E-135 

44416 CDQ81901 3.22E-125 XP_007243338 protein NLRC3-like 

[Astyanax mexicanus] 

1.85E-70 
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15155 CDQ66610 7.50E-124 XP_008292526 protein NLRC3-like 

[Stegastes partitus] 

9.50E-121 

27480 CDQ68760 3.73E-113 XP_008278793 sortilin-related receptor 

[Stegastes partitus] 

1.33E-84 

2193 CDQ61022 2.60E-108 ACO13356 Galactose-specific lectin 

[Esox lucius] 

5.21E-09 

35957 XP_007258003 3.18E-100 XP_007258003 ryanodine receptor 3-like 

[Astyanax mexicanus] 

3.18E-100 

6273 CDQ74429 1.20E-84 XP_008303180 fibrillin-2-like, partial 

[Stegastes partitus] 

1.35E-82 

1876 NP_001117045 2.06E-83 NP_001117045 cathelicidin antimicrobial 

peptide precursor [Salmo 

salar]  

2.06E-83 

10290 NP_001134766 3.32E-61 NP_001134766 Heat shock protein beta-7 

[Salmo salar]  

3.32E-61 

25466 NP_001134309 3.03E-59 NP_001134309 Natterin-like protein 

[Salmo salar]  

3.03E-59 

34091 CDQ58999 2.04E-56 XP_003968600 serine/threonine-protein 

kinase Nek8-like [Takifugu 

rubripes] 

3.05E-47 

45908 ACY30362 6.08E-48 ACY30362 MHC class I antigen 

[Salmo salar] 

6.08E-48 

 

4.4.4 Real-time qPCR validation  

The differential expression observed after the transcriptome analysis was confirmed for three 

out of five transcripts. In particular, fibrillin 2 (fbn2) and gal were significantly (P < 0.05) up-

regulated in LJD affected fish while gphb5 was significantly (P < 0.05) down-regulated in LJD 

affected fish (Fig. 4.2). The differential expression of both acan1 and acan2, that were 

significantly down-regulated in LJD affected fish according to the transcriptome analysis, was 

not confirmed by real-time qPCR assays (Fig. 4.2).  

Fig. 4.2. Relative expression (2-∆∆CT, mean 

± SEM) of selected transcripts 

(abbreviations described in the text) found 

to be differentially expressed in two 

different categories (Normal and affected 

by lower jaw deformity, LJD) after 

transcriptome analysis of triploid Atlantic 

salmon Salmo salar pre-smolts from the 

experimental sample set (n = 6 per jaw 

trait). For each transcript, expression level 

means were compared between different 

categories. Within each transcript, means 

significantly different from one another are 

indicated by different letters (P < 0.05). 
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4.4.5 Real-time qPCR of different developmental stages 

Testing all the eleven transcripts available after initial selection and following transcriptome 

analysis in both the experimental and the industrial sample set, only col2a1 and gphb5 showed 

the same regulation pattern in both independent sample sets (Fig. 4.3). In particular, col2a1 

and gphb5 were significantly (P < 0.05) down-regulated in fish with LJD compared to Normal 

fish in the two independent sample sets (Fig. 4.3). Other transcripts were found to be 

differentially expressed between traits in one sample set only. In particular, fbn2 and gal were 

significantly (P < 0.05) up-regulated in LJD in the experimental sample set only while alp, 

bmp4, col1a1, igf1 and mmp13 were significantly (P < 0.05) down-regulated in LJD in the 

industrial sample set only (Fig. 4.3). Fgf23 and ocn, showed no differential expression between 

traits in both sample sets. 

Fig. 4.3. a) Relative expression (2-∆∆CT, mean + SEM Log 2) of the eleven transcripts tested in triploid Atlantic 

salmon Salmo salar individuals belonging to two independent sample sets, ‘experimental’ (exp. 60 g) on the left 

and ‘industrial’ (ind. 100 g) on the right, and displaying a normal lower jaw (Normal) or a lower jaw deformity 

(LJD) (n = 6 per jaw trait). Significantly different (P < 0.05) relative expression between traits is indicated by an 

asterisk.  b) A graphic summary of the previous graphs to show significantly different regulation (UP - red, 

DOWN - blue, NO - grey) and corresponding approximate fold change (significant in bold) in LJD individuals 

only relative to Normal from the two independent sample sets. Columns of col2a1 and gphb5 have thicker borders 

to highlight consistent differential expression between independent sample sets. 
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4.4.6 Real-time qPCR for fish reared at different temperatures (14 vs 18 ºC) 

Among the transcripts tested for the effect of rearing temperature only col2a1 showed to be 

differentially expressed. In particular, col2a1 was significantly (P < 0.05) down-regulated in 

LJD within both temperature treatments and significantly (P < 0.05) up-regulated in both traits 

in the elevated treatment (18 ºC) compared to the standard treatment (14 ºC) (Fig. 4.4). 

 

4.4.7 GPHB5 In-Situ Hybridization 

In-situ hybridization analysis showed the expression of gphb5 in both traits (Normal and LJD) 

to be mostly in the skin and more evident in the oral epithelium and at the tip of the lower jaw 

(Fig. 4.5). Furthermore, gphb5 was also expressed around the teeth, in particular in the outer 

dental epithelium and around the dental papilla (Fig. 4.5). Given the general low expression of 

the gene a quantitative differential expression between Normal and LJD was not observed. 

 

 

 

 

 

Fig. 4.4. Relative expression (2-∆∆CT, mean ± 

SEM) of col2a1 in Normal and lower jaw 

deformity (LJD) affected triploid Atlantic 

salmon Salmo salar (n = 6 per jaw trait) from the 

experimental sample set at standard (14 ºC) and 

elevated (18 ºC) temperature. Means 

significantly different from one another are 

indicated by different letters (P < 0.05). 
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4.5 Discussion  

In the present study, among the eleven genes tested in individuals displaying a normal lower 

jaw or a LJD, only col2a1 and gphb5 showed the same consistent pattern of differential 

expression, being down-regulated in LJD affected fish in both independent sample sets. This 

result implies that, in contrast to other genes found differentially expressed between traits either 

in one sample set or in another, col2a1 and gphb5 are reliable indicators of the mechanisms 

underlying LJD. 

Col2a1 is an exclusive marker of cartilage and is responsible for the expression of type 

II collagen, a basic protein for skeletogenesis in vertebrates (Cheah et al., 1985; Cheah et al., 

1991; Erlebacher et al., 1995; Karsenty et al., 2009). In the present study, down-regulation of 

col2a1 in LJD affected fish may thus indicate a compromised development of the Meckel’s 

cartilage through loss of structural integrity and incorrect growth trajectory (pointing 

downward) of the deriving or integrally-linked bone structure, the dentary bone (main lower 

Fig. 4.5. Top panel: a transverse H&E 

stained section of the lower jaw of a 

triploid Atlantic salmon (~60 g) 

affected by lower jaw deformity (LJD). 

Image series was tiled and black 

background was added using 

Photoshop. White arrows indicate the 

main anatomical features. In the top 

right corner, the drawing illustrates the 

location and position of the sections 

obtained. Bottom panels: in-situ 

hybridization stained sections of a LJD 

affected jaw (region magnified from the 

corresponding H&E staining image is 

outlined in yellow at the top panel). 

Bottom left panel shows the negative 

control where gphb5 sense probe was 

used while in c) the bottom right the 

tissue was hybridizing with the gphb5 

anti-sense probe. In the latter, the signal 

is detectable (purple stain) in the oral 

epithelium, around the teeth and in the 

skin at the tip of the jaw. 

 



100 
 

jaw bone). Type II collagen is produced by chondrocytes and represents the most abundant 

protein in the cartilage extracellular matrix and is crucial for cartilage conformation and 

resistance (Stockwell, 1979; Upholt, 1989; Erlebacher et al., 1995; Karsenty et al., 2009). In 

Atlantic salmon, Meckel’s cartilage does not ossify and plays a crucial role in physically 

supporting the dentary, extending internally almost for its entire length (Sadler, 2000; Witten 

and Hall, 2002; Gillis et al., 2006). Considering the consistency of down-regulation of col2a1 

in LJD-affected fish between independent sample sets from different developmental stages (60 

vs 100 g), this finding suggests a cartilaginous impairment as a possible distinctive feature of 

the trait.  

Defects in type II collagen have frequently been associated with the occurrence of 

impairments in cartilage and as a consequence bone development in humans and mice (Murray 

et al., 1989; Tiller et al., 1990; Garofalo et al., 1991; Vikkula et al., 1994; Li et al., 1995; 

Kuivaniemi et al., 1997; Prockop et al., 1997; Rani et al., 1999; Donahue et al., 2003; Sahlman 

et al., 2004; Savontaus et al., 2004; Richards et al., 2010). In support of our results, disruption 

of cartilage growth and development in LJD has been reported by previous studies. X-ray 

analysis showed a diminution of the Meckel’s cartilage in LJD-affected fish (Bruno, 1990) and 

histological examination of LJD-affected Meckel’s cartilage showed different left to right 

thickness, implying an impaired development (Hughes, 1992). Likewise, the lower jaw of LJD-

affected fish presented an incorrect assemblage and a smaller number of collagen fibres, adding 

to the evidence that the anomaly may be due to an impairment in the jaw cartilage development 

(Venegas et al., 2003). The studies mentioned above, analysed later stages of fish development 

compared to the current study, supporting our theory that cartilaginous impairment is a 

distinctive feature of LJD at any stage. 

In the present study, the effect of water temperature on the up-regulation of col2a1 in 

both jaw traits may be explained by an enhanced sensitivity of chondrocytes to higher 
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temperatures (i.e. change in shape of chondrocytes) as shown for vertebral deformities in 

Atlantic salmon exposed to high water temperature (Ytteborg et al., 2010b). In light of the 

above, prolonged exposure to high water temperature, in particular for Atlantic salmon above 

14-15 ºC, may lead to a possible exacerbation of cartilage impairment and likely increased LJD 

severity in both originally normal and LJD affected fish, but with likely greater impact on the 

latter.  

The consistent down-regulation of gphb5 in LJD affected fish in both independent 

sample sets, as well as its localization through in-situ hybridization in this study, provides 

further insight into the onset of the condition, pointing towards a possible hormonal 

involvement. Gphb5 is an evolutionarily well conserved glycoprotein hormone described for 

the first time in humans in 2002 (Hsu et al., 2002). Expression of gphb5 occurs in several 

species in the pituitary, implying a role in hypothalamus-pituitary peripheral tissue (HPT) axis 

(Hsu et al., 2002; Nakabayashi et al., 2002). Gphb5 is known to activate the thyroid-stimulating 

hormone (TSH) receptors in cells of thyroid and it was named thyrostimulin due to its ability 

to stimulate thyrotropin receptors (Nakabayashi et al., 2002). Nevertheless, the primary role of 

the hormone is still unknown (Bassett et al., 2015). Gphb5 seems to have a paracrine rather 

than an endocrine function, implying that it can be expressed locally and induce changes in 

nearby cells (Nakabayashi et al., 2002; Bassett et al., 2015). In the present study, the expression 

of gphb5 in the skin cells is in accordance to that found in humans (Bodó et al., 2010). 

Furthermore, it has been recently shown that gphb5 plays a paracrine role in skeletal 

development and bone formation (Bassett et al., 2015). In light of the above, our results may 

suggest that gphb5 is expressed in the skin of the lower jaw and induce changes in cartilage or 

bone cells located at short distance. Furthermore, considering the aforementioned relation 

gphb5-thyroid, gphb5 down-regulation and consequent lower expression in LJD-affected 

individuals may indicate an underactive thyroid. Underactive thyroid is generally linked with 
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impairments in chondrocyte differentiation and linear growth as well as bone formation and 

mineralisation (Bassett et al., 2015). Since, as suggested by our results, LJD could be the result 

of a cartilaginous impairment with resulting deleterious effects on bone development, the 

findings reported above support and reinforce our theory that gphb5 is likely involved in 

mechanisms underlying LJD and, although not expressed specifically in cartilage or bone in 

the present study (mostly in oral epithelium, teeth and skin), gphb5 may act through paracrine 

pathways. The literature for this relatively novel gene is limited and further investigations are 

needed to verify its role in skeletal development and HPT (Nakabayashi et al., 2002; Bodó et 

al., 2010; Bassett et al., 2015). Nevertheless, we suggest that gphb5 could be at least an 

indicator of a wider process behind the LJD condition in Atlantic salmon. 

In support of a possible hormonal involvement in the condition, LJD has been recently 

linked to dietary phosphorus (P) deficiency during early stages of development in Atlantic 

salmon and different dietary P physiological requirements of triploids compared to diploids 

(Fjelldal et al., 2016). As bone in particular and the skeleton in general have a key role in 

endocrine regulation of minerals and nutrients (Lall and Lewis-McCrea, 2007; DiGirolamo et 

al., 2012; Vieira et al., 2013), the onset of LJD could be either the result of a pre-existing 

impairment in the hormonal pathways of phosphate regulation, possibly involving gphb5 as a 

thyrostimulin, or that different physiological P requirements, especially in triploids, and dietary 

P deficiency may trigger or facilitate LJD onset with the effect displayed in the differential 

expression of particular genes involved in phosphate hormonal control, with a possible role for 

gphb5 as a thyrostimulin. In the present study, fgf23 was not differentially expressed between 

traits in both/either sample sets. This suggests that while there was no differential expression 

of this important P homeostasis regulator (Mangos et al., 2012; Rowe, 2012; Vieira et al., 2013) 

at the fish development stages considered, an impairment in P homeostasis may have occurred 

earlier, or may occur later, in the progression of LJD. Alternatively, the impairment in P 
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homeostasis linked to LJD in Atlantic salmon may occur through a different molecular pathway, 

not involving fgf23. 

The physiological differences resulting from triploidy (e.g. fewer and bigger cells and 

dietary P requirements) are likely interrelated in LJD occurrence (Benfey, 2001; Fjelldal et al., 

2016). In addition, it has been shown in another salmonid that, although a dosage effect 

compensating the different cellular size between ploidies is present under normal conditions, 

triploidy can have deleterious effects on transcription under stress conditions (Ching et al., 

2009). This finding suggests that the same may occur for the occurrence and/or the 

exacerbation of LJD in triploid Atlantic salmon. Triploid induction in Atlantic salmon is 

performed by pressure shocking eggs 30 min after fertilisation, during meiosis II (Johnstone et 

al., 1991; Benfey, 2001). The shock suppresses cell division and prevents the extrusion of a 

polar body, resulting in cells having three sets of chromosomes instead of two (Piferrer et al., 

2009). Slight variations to pressure shock timing and temperature may confer developmental 

variability between individuals and an uneven triploidization per egg batch. This could result 

in either a lower triploidy induction rate (Piferrer et al., 2009) or potentially lead to imbalanced 

pathways where localised high levels of reactive oxygen species (ROS) occur and these then 

cause DNA breaks, as similar stresses (e.g. sonication) have been known to induce DNA breaks 

(http://cshprotocols.cshlp.org/content/2006/4/pdb.prot4538.short). Following the findings of 

the present study, col2a1 and gphb5 may be tested as early markers during embryonic 

development, in particular when Meckel’s cartilage differentiation takes place, to detect 

potential differential expression between triploids from the same batch and as a consequence 

to identify possible candidates that will develop LJD in future. In a recent publication, single-

nucleotide polymorphism (SNP) in col2a1 has been associated with mandibular prognathism, 

a lower jaw skeletal anomaly in humans (Xue et al., 2014). Similar investigation should be 

undertaken for the role of col2a1 in LJD in Atlantic salmon.   
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In the present study, additional genes important for skeletal physiology had different 

regulation patterns between independent sample sets (i.e. differential expression in one but not 

in the other sample set). Considering that the two sample sets included fish at different 

developmental stages, our results suggest that fish age and/or consequent progression of the 

condition may influence the expression of some genes relative to others. For instance, up-

regulation of both gal and fbn2 in LJD was detected only in the experimental sample set (the 

earlier developmental stage), which may be the result of a particular process occurring at that 

stage (due to development or condition). The process could be remodelling of the LJD affected 

jaw as a consequence of incorrect growth, likely driven by impaired Meckel’s cartilage 

development, or containment of the compromised structural integrity. In fact, members of the 

family of both galectins and fibrillins have been shown to be involved in cartilage and bone 

formation and development (Barondes et al., 1994; Robinson and Godfrey, 2000; Stock et al., 

2003; Liu and Rabinovich, 2005; Ramirez and Rifkin, 2009; Arteaga-Solis et al., 2011; Bhat 

et al., 2011; Vinik et al., 2015). In particular, members of the galectins have been linked to 

diseases heavily affecting cartilage (i.e. rheumatoid arthritis and osteoarthritis) (Ohshima et al., 

2003; Guévremont et al., 2004; Li et al., 2008) and have a role in osteoblast differentiation, 

bone remodelling and osteoclastogenesis (Li et al., 2008; Tanikawa et al., 2010; Vinik et al., 

2015). On the other hand, fibrillins play a crucial role in maintaining the integrity of connective 

tissues, correct formation and remodelling of extracellular matrix and bone structural 

development with effects on morphology and mechanical properties (Ramirez and Rifkin, 2009; 

Arteaga-Solis et al., 2011). 

In the industrial sample set, the LJD fish showed down-regulation of genes important 

for skeletal physiology, which may support the hypothesis of the progression of the LJD 

condition proposed above. Our results support a scenario where cartilage impairment leads to 

bone development impairment that becomes more evident at later stages. For instance, down-
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regulation of igf1 in LJD may indicate impaired growth/development of cartilage and bone as 

well as poor mineralisation. Igf1 is known to modulate skeletal development and in particular 

bone growth, resorption and mineralisation controlling proliferation and differentiation of 

chondrocytes, osteoblasts, osteocytes and osteoclasts (Le Roith et al., 2001; Yakar et al., 2002; 

Guntur and Rosen, 2013). Furthermore, given the possible interdependency of igf1 and 

parathyroid hormone (PTH) for skeletal development (Daniel and Yongmei, 2012; Guntur and 

Rosen, 2013; Tahimic et al., 2013) it remains unclear whether or not igf1 down-regulation later 

in development and consistent down-regulation of gphb5 in LJD in the present study may be 

part of the same cascade of impairment in bone hormonal control.  

Bmp4 down-regulation in LJD supports our hypothesis concerning the influence of 

developmental stage and/or condition progression on gene expression proposed above. Bone 

morphogenetic proteins (BMPs), which are multi-functional growth factors of the transforming 

growth factor b (TGFb) superfamily, play a fundamental role for cartilage and bone 

development and their normal functioning is required to avoid skeletal defects or 

malformations (Chen et al., 2004; Wang et al., 2014). In particular, bmp4 has been repeatedly 

associated with mandibular or maxillofacial development and shaping in fish, birds and 

mammals (Abzhanov et al., 2004; Liu et al., 2005; Hu et al., 2008; Parsons and Albertson, 

2009), and has been linked before to oral malformations in birds (Hu et al., 2008; Bai et al., 

2014) and mammals (Suazo et al., 2011), supporting and highlighting the possible significance 

of this gene in the LJD condition.  

Finally, the remaining genes down-regulated in LJD-affected fish, alp, col1a1 and 

mmp13, probably indicate that the bone is not growing/developing correctly as a consequence 

of cartilaginous impairment. In fact, all of these are well-known and important skeletal 

structural genes: col1a1 encodes type I collagen, the main component of bone. Alp and mmp13 

are responsible for bone formation and mineralisation and cartilage and bone resorption, 
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respectively (Whyte, 1994; Karsenty and Park, 1995; Pendas et al., 1997; Rossert et al., 2000; 

Inada et al., 2004; Golub and Boesze-Battaglia, 2007; Tang et al., 2012). In Atlantic salmon, 

all these genes have been already shown to be  differential expressed in poorly mineralised and 

deformed vertebrae relative to normal vertebrae (Ytteborg et al., 2010a; Fjelldal et al., 2012b; 

Fjelldal et al., 2016). The current study suggests their involvement in the development of a 

skeletal anomaly affecting the lower jaw in Atlantic salmon. 

4.6 Conclusions 

In conclusion, although the causes of LJD are still unknown, we have made the first 

contribution to the understanding of the molecular mechanisms underlying the condition. We 

propose col2a1 and gphb5 as reliable candidates for detection of the condition due to their 

consistent down-regulation in LJD in two independent sample sets from two developmental 

stages. The down-regulation of col2a1 here may indicate that LJD in Atlantic salmon is 

attributable to impaired development and structural defects of Meckel’s cartilage. In addition, 

we suggest that down-regulation and localization of gphb5 infers a possible hormonal 

involvement in LJD. Although further investigation of the role of this hormone in LJD is 

needed, we have enhanced our understanding of a relatively novel hormone and showed for 

the first time that gphb5 may be part of a mechanism behind a skeletal anomaly. Differential 

expression of other genes important for skeletal physiology in either one or the other sample 

set suggests that developmental stage or progression of the LJD condition could influence their 

transcription. Further molecular investigation of the marker candidates proposed in the current 

study is warranted. In addition, P homeostasis, skeletal hormonal control and 

mineralisation/structural characterisation of LJD in triploid Atlantic salmon require elucidation. 
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CHAPTER 5: GENERAL DISCUSSION 
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5.1 General discussion 

This project has been undertaken almost 15 years after a previous major assessment of skeletal 

anomalies in triploid Atlantic salmon populations in Tasmania performed during another PhD 

project (Sadler, 2000). It also reflects a resurgence in interest around the world in the potential 

for farming triploid Atlantic salmon as well as more local interest in managing Tasmanian 

production. In fact, during the last few years, in the two main producing countries in the 

Northern hemisphere, Norway and Scotland, several studies have been carried out on triploid 

populations. These studies investigated several aspects of triploid Atlantic salmon and their 

general suitability for commercial production due to their appealing commercial characteristics 

(see Chapter 1; review by Benfey 2015). Triploids are currently and necessarily used 

exclusively in Tasmania to allow continuity of production and avoid early sexual maturation 

due to higher seawater temperatures (Benfey, 2015b). The well-established practice of 

commercial use of triploids in the Tasmanian Atlantic salmon industry may have also 

encouraged other countries to revisit earlier attempts (e.g. Johnstone et al., 1991) and  recently 

(May 2016) in Norway the production of the first triploid populations was approved 

(http://www.reuters.com/article/idUSO9N17G00Y). Nevertheless, although triploids perform 

equally to diploids, there are still concerns regarding the tendency of triploids to develop a 

higher prevalence of skeletal anomalies in particular affecting the lower jaw and the vertebral 

column (Benfey, 2015b). This major issue has been restraining the utilisation of triploids 

motivating investigation of the reasons behind the occurrence of skeletal anomalies. As a 

consequence, the industry has focused on trying to mitigate or solve the problem of skeletal 

anomalies in order to improve triploid (and diploid) welfare and production outputs. 

This PhD thesis was developed in this specific context and aimed at improving our 

knowledge on skeletal anomalies affecting triploids (and diploids), in particular lower jaw 

deformity (LJD), and at producing useful information for Atlantic salmon industry, in 
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Tasmania and worldwide, to take into consideration during triploid production and husbandry 

practices. The main findings from my research are: 1) triploids are confirmed to be more prone 

to developing lower jaw anomalies, in particular LJD, relative to diploids, 2) LJD can occur 

any time in development in freshwater but there is a specific developmental stage (8-10 g) at 

which it starts to be first manifested, 3) elevated water temperature does not affect the 

prevalence of lower jaw anomalies in either ploidy in freshwater, 4) elevated water temperature 

affects vertebral development in both ploidies and increases occurrence of vertebral deformities 

more in triploids than diploids in freshwater, 5) LJD in triploids can concur with other jaw 

anomalies but seems to have an independent process of onset, 6) high growth rate may impact 

lower jaw development and facilitate occurrence, concurrence and worsening of lower jaw 

anomalies, 7) a cartilaginous impairment may underlie the development of LJD, 8) there is 

likely a hormonal involvement in LJD development, 9) condition progress and/or stage of 

development may influence gene expression associated with LJD, 10) the genes detected to be 

associated with LJD can be tested as molecular markers for the condition.  

This chapter serves as a general summary of the main findings in light of the 

predetermined aims of this research. The findings are then discussed from a broader perspective 

in order to identify and suggest possible improvements for future research. 

5.1.1 LJD development clues, the effect of ploidy and temperature on skeletal anomaly 

occurrence and considerations on opercular shortening 

To fulfil the aims stated in the General Introduction, my research started with a longitudinal 

investigation of skeletal anomalies covering almost all the freshwater phase (Chapter 2). It was 

considered of critical importance to maintain diploid and triploid individuals under a 

meticulously controlled environment and to replicate as closely as possible industrial rearing 

conditions. Interestingly, the freshwater phase of Atlantic salmon is less investigated than the 

seawater phase in regards to skeletal anomalies occurrence, thus requires deeper analysis. This 
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is surprising considering that in Atlantic salmon the main morphological and developmental 

changes, such as skeletal mineralisation, shift from one developmental stage to another (i.e. 

alevin→ fry→ parr→ smolt) and smoltification, occur during the juvenile phase, in freshwater. 

Furthermore, in the current research, the application of an elevated temperature regime during 

freshwater rearing in the pre-smoltification stage to detect possible effects on skeletal 

anomalies prevalence in triploid (and diploid) Atlantic salmon, represents the first such attempt 

ever undertaken. In fact, in the hatchery the use of freshwater without temperature control, can 

expose fish to seasonal spikes possibly lasting for a sufficient period to affect both growth and 

consequent cartilage and bone physiology and leading to the occurrence of skeletal anomalies. 

In the current research, the presence of LJD predominantly in triploids (Chapter 2) 

reinforced the hypothesis that the mechanisms underlying the occurrence may be related to the 

different physiology triploids do have compared to diploids. My research indicated that, 

although it can occur at any time in development during the freshwater phase, the onset of LJD 

may be in a specific period, approximately at 8-10 g and to my knowledge not earlier, in 

accordance with that suggested in two studies (Sadler et al., 2001; Fjelldal et al., 2016). This 

result implies that a developmental time window could be present at that stage and the lower 

jaw may undergo particular physiological processes creating the conditions for the first onset 

of LJD. The processes, possibly affecting skeletal structural morphology, could be jaw re-

shaping driven by change in growth rate and/or the effect of the shift between developmental 

stages (i.e. from fry to parr). Further investigation of that particular stage of development is 

required as well as of the embryonal stage and in particular when triploid induction is delivered. 

In fact, the triploid induction may interfere with one or more cardinal biological processes (e.g. 

cell fate specification) and the deleterious consequences be manifested later. Nevertheless, the 

occurrence of LJD also at later stages suggests that favourable conditions for the onset can be 

present at any time with individual variability. Therefore, predisposition may be the common 
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thread in the development of LJD and the onset may be triggered or stimulated by external 

factors (e.g. accelerated growth and dietary deficiencies). 

In the current research, a possible developmental link in triploids between LJD and 

shortened lower jaw (SJ), another lower jaw anomaly commonly affecting Tasmanian Atlantic 

salmon, was also hypothesised (Chapter 2). The hypothesis was made after observing over time 

a pattern in triploids of increase in LJD prevalence matching with a decrease in SJ prevalence. 

My initial explanation was that SJ in some individuals could have developed into a LJD at later 

stages. Nevertheless, following later findings (Chapter 3, discussed below) it was found that 

the two anomalies could be displayed concurrently. This result implied that, in the experiment 

described in Chapter 2, the concurrence was not detected although present. This was probably 

due to the difficulty in discriminating the two anomalies when concurrent and severity of SJ is 

just mild.  

An interesting derived result from the research described in Chapter 2, concerned an 

unusually high prevalence (80-90%) of opercular shortening observed in both ploidies. 

Prevalence of opercular shortening has been frequently reported in literature but never, except 

for few cases, higher than 20% and its occurrence has been linked to environmental conditions 

and feeding behaviour (see Chapter 2). Considering that aggressive behaviour is likely to 

increase when fish are stocked at high densities as they have to compete more for food (Ellis 

et al., 2002; Martins et al., 2011), the use of plastic crates as replicate units to maintain fish 

from hatch to approximately 3 g was suggested as a possible culprit by the reviewers managing 

the publication of the research described in Chapter 2. In fact, at that stage fish were exposed 

to a higher stocking density than that recommended for Atlantic salmon at that developmental 

stage (50 kg m-3 vs. 20–30 kg m-3 for fish up to 30 g) (RSPCA, 2015). Nevertheless, other 

conditions possibly facilitating the occurrence of opercular shortening cannot be excluded (e.g. 

water flow and resultant fish and feed distribution and other biotic and/or abiotic factors). This 
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finding may be of great importance for industry and caution should be exercised when 

recommended stocking density cannot be applied as variable prevalence of opercular 

shortening may occur. This anomaly may expose affected individuals to diseases and impact 

their biological functions, and as a consequence performance, and product quality and value 

(Beraldo and Canavese, 2011; Boglione et al., 2013b; Bruno et al., 2013). Nevertheless, 

considering the reversibility of the anomalous process (recovery) (see Chapter 3), a way to 

mitigate opercular shortening may be available even at later stages. To better understand the 

phenomenon, the actual relationship between high stocking density and occurrence of 

opercular shortening needs to be validated. Further investigations of regeneration capabilities 

of the opercular tissues in Atlantic salmon should be undertaken since they have never been 

investigated previously. 

In regards to opercular shortening, my research has also highlighted the importance of 

the environmental conditions as well as a possible behavioural effect on prevalence of the side 

affected (Chapter 2). As suggested in Chapter 2, water flow, tank design and dissimilarities in 

feeding behaviour between ploidies may have led to the exposure of one side rather than the 

other. In support of these assumptions, it was shown that triploids have different feeding 

behaviour and food consumption relative to diploids (Carter et al., 1994) and triploidy alters 

brain and sensory organ morphology in Atlantic salmon (Fraser et al., 2012b) possibly 

impacting on feeding behaviour and aggressiveness. The further impact of temperature and 

experimental environment on these differences, especially feeding behaviour, requires 

elucidation.  

The current research has reported for the first time results on vertebral deformities 

occurrence in diploid and triploid Tasmanian populations (Chapter 2). These results allowed 

comparison with previous studies carried out in other countries and to confirm that also 

Tasmanian triploid populations tend to have a lower number of vertebrae, more deformities 
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and more regions of the vertebral column affected. This implies that triploids do have 

predisposition to those anomalous traits irrespective of the genetic background and the different 

rearing conditions and that, again, physiological differences linked to triploidy are likely the 

culprit. My research has also shown that, irrespective of the ploidy, fish exposed to an elevated 

temperature in freshwater have more regions of the vertebral column affected by deformities 

implying that inadequate temperature regimes and consequent higher growth rates may be one 

of the causative factors. Although no effect of temperature on prevalence of lower jaw 

anomalies was found, at least at the timeframe analysed, in light of the findings on vertebral 

deformities, the current research has pointed out that rearing temperature during freshwater 

phase is critical for correct vertebral development in agreement with recent findings, which 

showed impact of unsuitable incubation temperature on vertebral column development in 

Atlantic salmon (Fraser et al., 2014a; Fraser et al., 2015).  

5.1.2 Concurrence and worsening of lower jaw anomalies, the effect of growth rate, 

opercular shortening recovery and deleterious effect of lower jaw anomalies 

My research has demonstrated that LJD and SJ can concur in freshwater in fish either starting 

with a normal lower jaw or affected by SJ, both anomalies can occur at different time in 

development during freshwater phase and shown for the first time that both can clearly worsen 

over time (Chapter 3). Nevertheless, the developmental patterns observed in the two groups for 

both anomalies and their occurrence taking place also independently suggest that SJ and LJD 

have an independent onset and most likely different causative factors. If for LJD the causes 

seem to be mostly genetic and nutritional (Fjelldal et al., 2016; Smedley et al., 2016), for SJ 

they are unknown. Further investigations are required to understand possible causative factors 

for SJ. However, my research provided very useful insights into two poorly understood lower 

jaw skeletal anomalies that are rarely investigated in Atlantic salmon. 
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The high growth rate demonstrated by the fish in the experiment described in Chapter 

3, compared to previous experiments reported in the literature, probably contributed to the 

onset and concurrence of LJD and SJ. In fact, high growth rates have been previously linked 

to development of skeletal anomalies (Fjelldal et al., 2012c; Taylor et al., 2014). This implies 

that fish which grow too fast may be subjected to an imbalance between body growth and 

skeletal development and mineralisation rate leading to bone defects. High growth rate may 

also underlie the worsening of LJD and the development of SJ. In the case of SJ, my research 

suggested that the lower jaw failed to grow at the same rate as the upper jaw and thus remained 

shorter. In addition, the observation of fish recovering from SJ may imply the possible 

restoration of the differential development between upper and lower jaw. This finding 

reinforces the theory that growth rate could influence that morphological imbalance. 

Interrelation between growth rate and supplementation of fundamental dietary elements as well 

as possible genetic predisposition for SJ, as well as LJD, require elucidation. The use of tagged 

individuals would have improved aspects of the current research and helped to better 

understand the processes. Unfortunately, it was not possible to perform it due to technical 

issues such as difficulties in tagging individuals at the starting size and durability of the type 

of tag chosen. Tagging would have allowed to detect accurate onset time and to track the 

development of lower jaw skeletal anomalies as well as morphological changes (i.e. worsening 

or recovery) in the lower jaw over time in individual fish. Nevertheless, the typology of both 

LJD and SJ conditions does not allow to perform repeated molecular analysis on the tissue of 

the same individual over time which must be sacrificed not permitting a full understanding of 

the processes occurring at intermediate stages of the trait development. In addition, while 

morphological and histological analyses of LJD have been carried out before (Hughes, 1992), 

none is available for SJ. Further detailed histological analyses may improve our understanding 

and better characterise the two conditions. 
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My research confirmed the previously reported anecdotal observations on the 

deleterious effect of lower jaw anomalies on specific growth rate (SGR) (Chapter 3). It is likely 

that an impairment of the lower jaw functioning may limit the efficiency in feeding. In addition, 

impact on respiratory abilities could also contribute to the exacerbation of the issue (Lijalad 

and Powell, 2009). Feed intake measure and individual tagging would help to confirm this 

finding. Nevertheless, in support of that, just recently fish affected by lower jaw skeletal 

anomalies have been found to weigh 20% less than normal fish at harvest (Smedley et al., 

2016). This result confirms that over time fish with an impaired jaw grow slower relative to 

normal fish. 

The findings described in Chapter 3 have also contributed to the understanding of 

another phenomenon poorly analysed in the literature. To my knowledge, the current research 

showed for the first time that Atlantic salmon recover from opercular shortening with a process 

of re-growth of the tissue. Recovery from opercular shortening in diploid Atlantic salmon was 

observed before but the results were only reported in a PhD thesis and not published (MacLean, 

1999). The fact that recovery from opercular shortening was slower in individuals affected by 

lower jaw skeletal anomalies strongly supports the aforementioned theory concerning their 

detrimental effects on fish feeding and consequent performance as well as the possible 

interconnection with respiratory impairment. In that case, respiratory impairment would be a 

consequence of both opercular shortening and lower jaw anomaly likely impacting even more 

on fish performance.  

The developmental patterns observed for the prevalence of misaligned jaw (MA), a 

lower jaw anomaly rarely reported in the literature, showed that MA is more likely to occur in 

an already deformed lower jaw (i.e. LJD or SD) (Chapter 3). This finding implies that an 

impairment in the structural integrity of the lower jaw may lead to the development of more 

severe anomalies as well as expose it to other invalidating factors (e.g. injuries). There is still 
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uncertainty on whether or not MA is just the result of compromised structural integrity or 

environmental factors (i.e. physical injury, as reported for other fish species). Nevertheless, 

MA prevalence is usually very low, with negligible production impact. 

5.1.3 Considerations on lower jaw plasticity 

Overall, combining the findings of Chapter 2 and 3, my research demonstrated that during 

freshwater phase and at the developmental time frame analysed, the lower jaw in Atlantic 

salmon is a very plastic anatomical structure that might be subjected to dramatic structural 

changes in a relatively short time (< one month). This consideration is in light of the changes 

in prevalence, concurrence and worsening of the lower jaw skeletal anomaly categories 

observed during the assessments performed. These findings have pointed out the likely effect 

of growth rate (and adequate dietary elements supply?) on a fast changing tissue like the lower 

jaw in Atlantic salmon, and the evident susceptibility of triploids to lower jaw anomalies.  

5.1.4 Triploids and dietary requirements 

It has been recently shown that triploids may have different dietary phosphorus (P) 

requirements compared to diploids and that occurrence of LJD, as well as of vertebral 

deformities, might be linked to inadequate supply of dietary P during juvenile phase in triploids 

in both freshwater and seawater (Fjelldal et al., 2016; Smedley et al., 2016). Nevertheless, the 

relationship between LJD and P deficiency needs to be further investigated especially in light 

of the current research where adequate supply of dietary P did not prevent the occurrence of 

LJD (Chapter 2). The possible effect of different requirements of other dietary elements in 

triploids cannot be excluded as well as the effect of the diet specific formulation. Similar 

experiments to the ones mentioned above are recommended for Tasmanian triploid (and diploid) 

populations to verify that dietary requirements are the main factor to improve in order to 

mitigate the occurrence of skeletal anomalies and to exclude genetic background/predisposition 

of Tasmanian populations as additional causative factor. 
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In light of the above, there may be the need to design specific diets for triploids to meet 

their different dietary requirements or at least to improve the diets used for diploid populations 

to make them suitable for triploids. Furthermore, the current research suggests that both diploid 

and triploid fish reared at higher temperature in freshwater might require even more specific 

diet formulations. The same may be required in seawater as well. New diets should be 

formulated taking into account that fish, not necessarily only triploids, may experience higher 

growth rates and higher nutrient requirements that drive changes in feeding behaviour as a 

result of higher temperature (Miller et al., 2006; Carter et al., 2010). Suitable diets for fish 

reared at higher temperatures would help fish, in particular triploids, to cope with possible 

imbalances between body growth and bone mineralisation (Fjelldal et al., 2016; Smedley et al., 

2016).  

Furthermore, climate change and global warming are driving a global increase in 

average water temperature and its effects may heavily impact on Atlantic salmon production, 

especially in Tasmania. In fact, as mentioned above, in Tasmania higher water temperatures 

are present compared to the Northern hemisphere and it is not known whether or not a further 

increase may compromise Atlantic salmon farming. In light of the deleterious effect of elevated 

water temperature on fish skeletal development, in both diploids and triploids, countermeasures 

need to de adopted not to jeopardize fish welfare and to guarantee correct growth and utilisation 

of dietary elements.  

5.1.5 Molecular characterisation of LJD and detection of possible markers 

My research reported for the first time results concerning the molecular mechanisms 

underlying LJD condition (Chapter 4). The aim was to characterise LJD at the molecular level. 

The use of different molecular techniques has allowed to detect important candidate genes 

involved in the process and to suggest mechanisms as well as the tissue responsible for this 

skeletal anomaly affecting the lower jaw of triploid Atlantic salmon. Two genes in particular, 
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col2a1 and gphb5, showed an abnormal and consistent expression pattern between the two 

independent sample sets used. The downregulation of both genes in the lower jaw tissue of 

LJD-affected individuals highlighted their likely role in the development of the condition. On 

one hand, differential expression of col2a1, a specific marker of cartilage, has suggested which 

type of tissue might be responsible for the trait, on the other hand the differential expression of 

gphb5, a recently discovered hormone also known as thyrostimulin, has indicated a possible 

hormonal role in the condition.  

Since Meckel’s cartilage is the main cartilaginous tissue in the lower jaw, supporting 

the dentary bone, my research has suggested that downregulation of col2a1 indicates an 

impairment in this tissue. An anomalous development of such important tissue for lower jaw 

structural integrity can definitely impact on the consequent development of the supported bone 

leading to an incorrect growth trajectory. As observed in histological analysis performed in the 

current research (data not published) and as reported by Hughes (1992) Meckel’s cartilage 

definitely appears bent and deformed (and consequently the dentary bone is too) in individuals 

affected with LJD. Nevertheless, further analysis should be undertaken to verify the condition 

of specific cartilage and bone cells in the tissue/s affected.  

The result concerning gphb5 might be of interest to a broader community of biologists. 

In fact, the real role of gphb5 is still poorly understood although recently it has been linked to 

skeletal physiology supporting, to some extent, what the current research proposes (Bassett et 

al., 2015). To my knowledge, the current research showed for the first time that gphb5 may be 

involved in the development of a skeletal anomaly in fish, implying a possible similar scenario 

in other vertebrates. As gphb5 is likely associated with thyroid organ function (Nakabayashi et 

al., 2002) and since thyroid hormones are well known to regulate skeletal development (Bassett 

et al., 2007; Bassett et al., 2015), it would be worthwhile to investigate possible differences in 

thyroid morphology/functioning between normal and LJD-affected individuals.  
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Finally, the findings of my research allowed to make a hypothesis about the effect of 

stage of development and/or condition progression on the regulation of other important genes 

for skeletal physiology. In fact, most genes tested were found differentially expressed in one 

sample set but not in the other, with the exception of col2a1 and gphb5. While the functional 

significance of the latter two factors in LJD manifestation is poorly understood, the current 

research proposes to further investigate them which could be possibly used as markers for LJD 

development. Further research may lead to a better characterisation of LJD. In particular, 

higher depth and broader molecular investigations (e.g. Single Nucletoide Polymorphism array 

or RAD-Seq) might reveal mutations or variations in the sequence of genes fundamental for 

skeletal development (included the ones proposed in this research). A similar assessment has 

been recently performed for jaw deformity in another species (yellowtail kingfish) by Patel et 

al. (2016). Considering the link between triploidy and LJD, the triploidy induction event may 

be likely responsible for the occurrence of mutations in part of the population subjected to the 

shock. This may lead those individuals to predisposition to the condition that can manifest at 

different times and/or if they are exposed to inadequate husbandry conditions. Nevertheless, 

other options than just genetic imbalance (i.e. the aforementioned deleterious effect of triploidy 

on transcription) cannot be excluded. In fact, there could be other unknown impairments in 

critical developmental processes which only cross-comparison with other model species where 

the mechanism is known might help to detect. 
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