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Resistance to pathogens is an economically important trait to the Atlantic salmon aquaculture 

industry. Many diseases that are common at sea cages, where product is reared until harvest, can 

cause high levels of mortality or cause product downgrading due to reduced growth or 

appearance. This profit loss has prompted many breeding programs in the industry to investigate 

methods to breed for pathogen resistance, taking advantage of the naturally existing genetic 

variation within their broodstock candidates. In this PhD thesis, I exposed Atlantic salmon from 

the Saint John River strain to three pathogens: Renibacterium salmoninarum causing bacterial 

kidney disease (BKD), the salmon louse, and infectious salmon anemia (ISA) virus. Each of 

these disease challenges allowed for the recording of disease phenotypes representing resistance 

such as survival, time to death, or lice load, to be recorded on siblings of the broodstock 

candidates from Kelly Cove Salmon Ltd.’s breeding nucleus. High density SNP genotyping was 

performed on representatives from all families challenged, where the phenotypic extremes from 

each family were selected. Using the combination of genotypes and phenotypes, I performed  



 

 

 

 

 

genome wide association analyses to determine the genetic architecture of the disease resistance 

traits and identify regions of the genome associated with disease resistance. Resistance to BKD 

and salmon lice showed a polygenic trait inheritance while ISA resistance appeared to have 

oligogenic inheritance, and the regions of the genomes associated with resistance mostly differed 

for these traits. The exception was Ssa14 where two SNPs were within 1 Mb of each other, one 

associated with ISA resistance and the other associated with salmon lice resistance. For each 

disease resistance trait, I detected chromosome wide and/or genome wide significant SNPs that 

each explained between 4-9% of the phenotypic variation in the trait. These SNPs can be 

implemented as a subset of SNPs into a genomic selection protocol to estimate genomic 

estimated breeding values for related individuals. The continuation of disease challenges will 

allow for greater datasets representing more of the genetic variation within the population and 

increasing the sample size will allow for greater power of detection of SNPs truly associated 

with the resistance traits. 
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1 General Introduction 

1.1 Literature review 

1.1.1 Introduction to Atlantic salmon aquaculture 

Commercial Atlantic salmon aquaculture first began in the late 1960s in Norway using local 

river strains to stock sea cages. The culture of Atlantic salmon to a marketable size was highly 

successful due to the favourable seawater and site conditions of the sea cage locations as well as 

the Norwegian source populations used, such as the Mowi broodstock developed from a strain 

which had late maturation (Willoughby, 1999), or the AKVAFORSK broodstock which were 

developed from multiple sources (Gjedrem et al., 1991a). The success of Norway’s Atlantic 

salmon aquaculture led to the development of aquaculture sites in Scotland using local Scottish 

strains, however these Scottish strains matured earlier which reduces the value of the fish once at 

market size (Jones, 2004). Therefore, in order to make Scottish Atlantic salmon aquaculture 

more economic, Norwegian strains were introduced and cross-bred, resulting in hybrid strains 

(Jones, 2004). Atlantic salmon aquaculture has since grown globally in response to Norway’s 

success (Robson, 2006), and major producers are also found in Ireland, Canada (both Pacific and 

Atlantic Ocean), the United States of America, Chile, Faroe Islands, and Australia (Tasmania) 

(Willoughby, 1999). Many Atlantic salmon stocks currently in production would be considered 

hybrids of native stocks and Norwegian stock, or have been introduced from other areas such as 

Tasmanian stock from Nova Scotia (Reilly et al., 1999) or Chilean stocks from North America, 

Scotland, and Norway (Barria et al., 2018).  

The production cycle of cultured Atlantic salmon is generally similar from country to 

country, as it is limited by the natural life cycle of Atlantic salmon. Most Atlantic salmon have 

an anadromous migration pattern, meaning fish spawn in freshwater streams, the hatched eggs 

migrate as juvenile smolts to the ocean where they feed and grow into adults, which then return 

to natal streams to breed once sexually mature (Klemetsen et al., 2003; Thorstad et al., 2012). 

There are some cases of landlocked Atlantic salmon in freshwater lakes that can no longer 

migrate to oceans, either due to land mass changes due to glaciation or artificial stocking for 
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fisheries (Power, 1958; MacCrimmon and Gots, 1979; Berg, 1985). A major difference in the 

production cycle of commercial Atlantic salmon and wild stocks is the time spent at each life 

history stage due to the use of controlled hatchery water temperature, light manipulation, and the 

consistent access to nutritionally-optimal feeds in aquaculture. In wild populations, juveniles 

may spend up to 8 years in their natal streams before migrating to the oceans, depending on the 

stream (Klemetsen et al., 2003). The amount of time spent at sea can also differ and is based on 

both genetics and growing conditions (Hansen and Quinn, 1998). In fish hatcheries, Atlantic 

salmon smolts can be prepared to transfer to sea cages after 14 to 16 months, depending on 

husbandry conditions (Chang, 1998). Seawater grow out lasts from 16 to 24 months, until the 

fish are at marketable size and are then harvested (Chang, 1998). Some production companies 

keep future broodstock in freshwater at the fish hatchery while some transfer to seawater for 

growth and transfer back to the freshwater hatchery once mature. Eggs and milt are stripped from 

the broodstock to produce the next generation of Atlantic salmon. Advances in cryopreservation 

have allowed for the storage of milt, enabling the use of that individual’s gametes long after 

death (Alderson and Macneil, 1984). In addition to temperature and light manipulation, selection 

for age at sexual maturation and growth has also accelerated the production cycle of cultured 

Atlantic salmon compared to wild population (Gjerde, 1984; Fleming and Einum, 1997).  

1.1.2 Breeding and genomic selection in Atlantic salmon 

The development of new aquaculture Atlantic salmon strains from wild populations involves two 

important types of selection: domestication and intense artificial selection. Domestication 

selection is the process in which populations become better adapted to novel environmental 

conditions while in captivity, and behavioural traits are often the first to be altered (Ruzzante, 

1994). Domestication would select for fish that have good performance in captivity, such as good 

appetite for artificial food sources, efficient food digestion, tolerance of high stocking densities, 

disease and parasite resistance, reduced fear of handling, and tolerance to noise and people, 

among other examples (Gjedrem, 1979). Therefore, fish that can survive to maturity under these 

new captive conditions will pass these domesticated traits on to their offspring. Artificial 

selection in this context is selection imposed on the population through selective breeding as it 

directly benefits the producers. Traits that undergo artificial selection are commonly called 
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economically important traits as they increase the economic return in rearing the fish. The 

economically important trait that was first selected upon when Atlantic salmon aquaculture was 

developed was increased growth (Gjedrem, 2010). With the design of Atlantic salmon breeding 

programs, intense selection is possible as less than 1% of available fish are required as 

broodstock since Atlantic salmon have high fecundity, therefore elite individuals can be selected 

(Gjedrem, 1979).  

The first study looking at the selection potential of Atlantic salmon began in Norway in 

1971 (Gjedrem et al., 1991a). This study sampled broodstock from many Norwegian river strains 

to sample a large range of genetic variation for selection and to determine the best river strains 

suitable for aquaculture. These river strains were pre-selected to prefer known river strains that 

had larger fish and river strains that had late maturation, two important traits in aquaculture 

(Gjedrem et al., 1991a). The first family-based breeding program for Atlantic salmon was then 

developed in Norway in 1975 using suitable fast growing and late maturing strains that 

performed well in captivity (Gjedrem, 2010). Breeding programs of other aquatic species have 

used individual phenotypic selection (also called mass selection), but have been largely 

unsuccessful at making genetic improvement of important traits (Gjedrem and Robinson, 2014). 

This is likely because high levels of inbreeding occurred with mass selection as parentage was 

not recorded, so relationships between paired broodstock were unknown, and individuals within 

the same family are more likely to have similar phenotypes due to shared genetics (Gjedrem and 

Robinson, 2014). Additionally, mass selection is useful for traits that can be directly measured 

on the individual with moderate to high heritability, such as body weight, but other traits such as 

carcass and disease traits cannot be measured on future broodstock as phenotypic carcass trait 

measurements are lethal and disease traits can be lethal but also pose a biosecurity issue due to 

disease transmission.  

A family-based breeding program, an alternative to mass selection, is possible due to the 

high fecundity of Atlantic salmon and has many benefits. Family-based selection involves testing 

the close relatives of the candidate broodstock for the traits of interest (Gjedrem and Robinson, 

2014). This shared genetic information will allow for selection to be made on candidate 

broodstock that either do not or cannot have phenotypes measured directly, e.g. disease or 
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carcass traits. A major benefit to family-based selection is the shorter generation interval 

compared to progeny testing, which is commonly used in traditionally farmed animals such as 

sheep and dairy cattle. A shorter generation interval leads to greater genetic gain, when all other 

parameters remain the same. Progeny testing increases the generation interval, as it is often 

required for the offspring to reach maturity for many traits of economic importance to be 

measured, and this will generally increase the generation interval by a generation (Lobo and 

Allaire, 1999; Smith et al., 2003). Family-based selection is also beneficial to traits with low 

heritability. Low heritability traits mean that a large portion of the phenotypic variation is due to 

environmental variation rather than additive genetic variation. Therefore, individual phenotypic 

records may not be representative of the true genetic value of the animal, but when multiple 

individuals in a family are measured the family phenotypic mean is more representative of the 

genotypic mean as environmental differences are essentially cancelled out (Gjedrem and 

Robinson, 2014). A cost of family-based selection is the requirement of family identification 

(Gjedrem and Robinson, 2014). Two methods are currently used for family management, one 

where juvenile fish are raised in communal tanks requiring DNA testing to identify the family 

once passive integrated transponder (PIT) tagging size has been reached or juveniles are raised in 

individual family tanks until PIT tagging. DNA testing to identify families is an additional cost, 

but the costs of DNA testing have decreased with advances in technology. Genetic gains can be 

higher with communal rearing, so the cost of DNA testing can be justified (Vandeputte et al., 

2009).  

Family-based breeding programs utilize the trait measurements collected on the siblings 

of the broodstock candidates and the recorded pedigree to calculate estimated breeding values 

(EBVs). Therefore, all broodstock candidates within the same full sibling family would have the 

same EBV (Nielsen et al., 2009; Sonesson and Meuwissen, 2009), unless there is a genetically 

correlated trait that can be measured on the broodstock candidates (e.g. freshwater and seawater 

growth traits). Therefore, only 50% of the genetic variation, the between family variation, is used 

with family-based selection (Sonesson and Meuwissen, 2009). Every sibling within a family 

having the same EBV can become problematic if a small number of families (~100) are used in 

the breeding program, therefore having individual EBVs rather than family EBVs is preferred.  



 

 

5  

The use of genome wide markers to predict the total genetic value of a trait, and the use 

of this information for breeding purposes is called genomic selection (GS) (Meuwissen et al., 

2001; Goddard and Hayes, 2007). The utilization of genetic information can increase the gain per 

generation compared to traditional family-based selection as both within-family and between-

family variation is used. These genomic estimated breeding values (GEBVs) enable the best 

individuals within a family to be selected as broodstock even when the trait cannot be directly 

measured on them (Meuwissen and Goddard, 1996; Schaeffer, 2006; Sonesson and Meuwissen, 

2009). With GS, genotyped candidate broodstock can have GEBVs estimated based on the 

phenotypes and genotypes of related individuals, and the accuracy of the GEBV, and thus the 

accuracy of selection, is often higher than traditional EBVs as not all individuals are equally 

related within a family regarding possessed genotypes (Goddard and Hayes, 2007; Sonesson and 

Meuwissen, 2009; Vallejo et al. 2017). As candidate broodstock are genotyped, the genotypes 

are combined with the estimated marker effects from siblings and other relatives that have both 

been genotyped and phenotyped for the trait of interest (Meuwissen et al., 2001; Schaeffer et al., 

2018). 

GS is also beneficial because it can reduce inbreeding compared to traditional breeding 

strategies. GS can reduce the rate of inbreeding because of the increased prediction accuracy of 

the Mendelian sampling term component of breeding values (Daetwyler et al., 2007). This allows 

for the increased differentiation of breeding values between siblings, decreasing the co-selection 

of siblings, and increasing the number of families suitable for breeding, thereby reducing 

inbreeding (Daetwyler et al., 2007). However the benefit of a decreased rate of inbreeding is only 

applicable if the generation interval remains the same, as reducing the generation interval can 

increase the rate of inbreeding (Hayes et al., 2009). The costs associated with introducing 

genomic technology into breeding programs are countered with an increase in selection accuracy 

and potential reduction of inbreeding, leading to greater genetic gain for traits that cannot be 

measured directly on candidate broodstock.  

The application of GS has become feasible due to the discovery of large numbers of 

genome wide single nucleotide polymorphisms (SNPs) for Atlantic salmon and the application of 

these SNPs into dense SNP arrays (Houston et al., 2014a) largely due to the assembly and 
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annotation of the Atlantic salmon genome (Davidson et al., 2010; Lien et al., 2016). Many SNP 

arrays have been developed for Atlantic salmon to genotype individuals. A 16.5K Illumina 

iSelect bead array was first developed (Kent et al., 2009), however only ~40% of the SNPs on 

this array could be validated, likely due to the remaining one third tetraploid regions of the 

Atlantic salmon genome (Gidskehaug et al., 2011). The 16.5K SNP array was then redeveloped 

with validated SNPs into a 6K array (Lien et al., 2011) and has been widely used for various 

genetic studies (Karlsson et al. 2011; Bourret et al., 2013; Gonen et al., 2015; Gutierrez et al. 

2015; Gutierrez et al. 2016; Liu et al., 2017; Rochus et al., 2018). Higher density SNP arrays 

have been developed to overcome the potential limitation of the 6K array that the sparse spacing 

of SNPs may insufficiently capture linkage disequilibrium between SNPs and quantitative trait 

loci (QTL) (Gutierrez et al. 2015). An approximately 130K SNP array was developed that has 

SNPs distributed widely across all chromosomes (Houston et al., 2014a). A 930K array, called 

the 930K XHD Ssal array (Barson et al., 2015), is the largest to date but costly to genotype many 

samples. A 220K Affymetrix SNP array, a subset of the 930K array has been widely used 

(Ødegård et al., 2014; Barson et al., 2015; Pritchard et al., 2016), and a 50K subset of the 220K 

Affymetrix array has been developed specifically for the North American Atlantic salmon called 

the NA Ssa50K and has been used for genomic studies (Holborn et al., 2018; Boulding et al., 

2019). Chilean researchers have also developed a novel ~151K SNP array with minor SNP 

overlap with pre-existing Atlantic salmon arrays (Yáñez et al., 2016). High density SNP arrays 

have been developed based on Atlantic salmon from different origins (Lien et al., 2011; Houston 

et al., 2014a; Yáñez et al., 2016) and are incredibly useful as the high density of SNPs has good 

genome coverage for genetic studies and GS.  

1.1.3 Disease and Atlantic salmon aquaculture 

Disease outbreaks are a major source of economic loss to the global aquaculture industry. The 

costs associated with disease prevention, veterinary treatments, and loss of product or product 

downgrading can drastically reduce profit margins. Disease outbreaks also pose a major concern 

for animal welfare. Diseases that affect Atlantic salmon are widely varied to include viral, 

bacterial, fungal pathogens as well as a variety of Protist and Metazoan parasites (Bruno et al., 

2013). Some diseases and parasites can affect Atlantic salmon when in freshwater hatcheries 
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(e.g., fungal infections), or when in saltwater sea cages (e.g., sea lice parasites), while some 

pathogens have been shown to infect both freshwater and seawater life history stages (e.g., some 

bacterial and viral pathogens).  

The diseases that affect aquaculture Atlantic salmon are also present in wild populations 

but generally do not have the same negative impact. A major reason for this is the densities of 

fish in hatcheries and sea cage sites are higher than those in wild populations, with perhaps the 

exception of spawning grounds (Assefa and Abunna, 2018). Therefore, diseases and parasites 

can spread more rapidly in aquaculture due to increased contact with diseased individuals. Wild 

fish that are infected also have natural predators that will feed on weaker diseased individuals 

thereby reducing potential contact with other fish (Miller et al., 2014). As wild and aquaculture 

salmonids are susceptible to the same diseases, there is a complex relationship between these two 

groups as cultured salmon are often viewed as disease carriers that infect wild populations, 

though the reverse could be true (Håstein and Lindstad 1991; Johnsen and Jensen, 1994; Nylund 

et al., 2003; Krkošek et al., 2005; Garver et al., 2013).  

Research into fish health management has increased in response to the global growth of 

fish aquaculture, which has led to reducing stocking densities, choosing sea cage sites with 

improved water quality, fallowing of sea cage sites after harvesting, and year class segregation, 

among other important fish farming practices (Bron et al., 1993; Gustafson et al., 2007; Bruno et 

al., 2013). Following good management practices can help reduce the occurrence and spread of 

disease, but understanding the disease and the etiologic agent is an important factor to reducing 

the impact of disease. An increased understanding of salmonid diseases through scientific 

research has led to a decreased incidence of disease among cultured salmonids (Bruno et al., 

2013). Understanding the transmission of the disease can help develop management practices to 

prevent infections, as well as development of vaccines can prevent infections as well by 

developing a herd immunity at hatcheries and sea cage sites. Research and development into 

treatments to fight pathogens and clear parasitic infections has been important to the aquaculture 

industry, as disease control is necessary for future growth of the industry (Sommerset et al., 

2005).  
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There are numerous viral diseases that affect global Atlantic salmon aquaculture.  

Infectious salmon anemia (ISA), caused by ISA virus (ISAV) is arguably one of the most 

devastating viral diseases to the industry as severe outbreaks can cause mortality up to 100% 

(Kibenge et al., 2004). The Chilean Atlantic salmon industry suffered major outbreaks between 

2007 and 2009, which decreased the total production of Chilean Atlantic salmon by more than 

60% (Asche et al., 2009). Infectious pancreatic necrosis (IPN) is another viral disease that has a 

great impact in European Atlantic salmon aquaculture. IPN has been shown to affect both 

freshwater and seawater Atlantic salmon, with freshwater fry having a mortality range of 30-80% 

and seawater post-smolts having a mortality of 5-30% (Roberts and Pearson, 2005). IPN 

outbreaks tend to occur in the two to three months following smolt transfer to sea cage sites, with 

high mortality especially for naïve fish that were not exposed in freshwater hatcheries (Smail et 

al., 1992; Roberts and Pearson, 2005). There is some protection against IPN provided by 

vaccination for smolts before sea transfer (Ramstad et al., 2007; Ramstad and Midtlyng, 2008), 

however IPN control for fry in freshwater has historically been dependent on increasing 

biosecurity measures but breeding for increased resistance is also possible (Houston et al., 2010). 

A combination of both vaccination and genetic selection for IPN resistance has been shown to 

reduce the prevalence of the disease (Ramstad and Midtlyng, 2008). ISA and IPN are two of the 

most common viral diseases in salmon aquaculture, but there are other emerging viral diseases 

that pose a significant threat to the industry. Pancreas disease (PD) caused by the salmon 

pancreases disease virus (also referred to as salmonid alphavirus) has been reported in North 

America (Kent and Elston, 1987), Norway (Poppe et al., 1989), Scotland (Munro et al., 1984), 

and Ireland (Murphy et al., 1992). After the first detection of PD in Norway, only five outbreaks 

total were reported within the first decade (Jensen et al., 2012). However, after that initial decade 

the number of outbreaks reported each year began to increase, with over 20 annual outbreaks 

reported in 2003 and nearly 100 annual outbreaks reported in 2007 (Jensen et al., 2012). 

Vaccination of fish prior to seawater transfer has been shown to reduce mortality and has shown 

a positive effect in reducing the total number of outbreaks (Jensen et al., 2012). Heart and 

skeletal muscle inflammation (HSMI) is another emerging disease, first reported in Norway in 

1999, is caused by piscine reovirus (Kongtorp et al., 2004; Palacios et al., 2010). HSMI can be 

detected five to nine months after seawater transfer (Kongtorp et al., 2004) and can cause up to 
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20% mortality (Kongtorp et al., 2006). HSMI causes lesions and necrosis to both the heart and 

red muscle (Kongtorp et al., 2004) and there is currently no treatment or vaccine for HSMI or its 

causative virus, so managing the disease has currently relied on managing stress in transferred 

post-smolts (Bruno et al., 2013). HSMI has since been diagnosed in Scotland (Ferguson et al., 

2005), Chile (Godoy et al., 2006), and the west coast of Canada (Di Cicco et al., 2017).  

Bacterial diseases also pose a major threat to the aquaculture industry. Although 

antibiotic treatments exist to treat bacterial infections, antibiotics are not fully effective in field 

conditions and bacterial diseases still exist in freshwater hatcheries and sea cages. A major 

bacterial disease of Atlantic salmon is salmon rickettsial syndrome (SRS) caused by the 

bacterium Piscirickettsia salmonis (Fryer et al., 1992). SRS is prevalent in the Chilean Atlantic 

salmon industry, but this disease also affects other salmonids. In Chile, the economic losses 

associated with SRS can be 25% of the total profit of the industry (Rozas and Enríquez, 2014). 

Bacterial kidney disease (BKD) and furunculosis are more globally prevalent diseases affecting 

cultured salmonids in both freshwater and seawater environments (Toranzo et al., 2005). BKD is 

a chronic disease caused by Renibacterium salmoninarum (Sander and Fryer, 1980), which is a 

slow growing bacterium. Consequently, the disease is usually well progressed before clinical 

detection (Evelyn, 1977; Bruno et al., 2013). Mortality associated with BKD has been recorded 

at 40% (Bruno, 1986), and additional economic loss arises from reduced growth, therefore less 

product, and increased treatment costs. Moritella viscosa, a bacterial pathogen, is associated with 

cold water ulcer disease, also called winter ulcer (Lunder et al., 1995), a skin disease which 

causes large ulcers that can expose muscle tissue (Bruno et al., 2013). Winter ulcer has been 

known to affect European Atlantic salmon and a vaccine has been developed with variable 

success (Bruno et al., 1998; Håstein et al., 2005; Bruno et al., 2013), but is relatively new to 

Canadian aquaculture. Currently, investigations into the differences between North American 

and European isolates of M. visosa is assisting with the development of a vaccine for use in 

Canada (McPhee et al., 2017). Tenacibaculum spp. can also causes skin infections in Atlantic 

salmon, called tenacibaculosis, but tends to also erode the mouth and fins and necrotic lesions 

develop on the body (Avendaño-Herrera et al., 2006; Bruno et al., 2013). M. visosa and 

Tenacibaculum have been isolated together from ulcers, and it may be that Tenacibaculum 
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invades ulcers that have already developed (Olsen et al., 2011), but further research into both M. 

visosa and Tenacibaculum is required to fully understand their relationship. Furunculosis is 

caused by the bacterium Aeromonas salmonicida subsp. salmonicida, and is another well known 

bacterial disease of wild and cultured salmonids. Susceptibility to furunculosis was shown to be 

genetically variable in Atlantic salmon, so selective breeding for resistance is also possible 

(Gjedrem et al., 1991b). Several other bacterial diseases, such as those caused by A. salmonicida 

and Vibro species, are less of a concern to the industry as they pose a reduced economic threat 

due to the available vaccines that currently control these diseases (Biering et al., 2012).  

Parasites of Atlantic salmon are common on both wild and cultured fish. The greatest 

parasites of concern to the global aquaculture industry are the crustacean ectoparasitic sea lice. 

Two main species are of high economic concern, the salmon louse (Lepeophtheirus salmonis) 

and Caligus rogercresseyi, while the closely related C. elongates is problematic to aquaculture as 

well. Sea lice are a major concern as they cause serious damage to the skin of Atlantic salmon as 

they feed on skin, mucus, and blood (Kabata, 1974; Brandal et al., 1976; Mustafa et al., 2001). 

The lesions caused by sea lice create opportunities for secondary infections that can cause 

mortalities (Mustafa et al., 2001), but also the treatment costs associated with sea lice infections 

and possible product downgrading due to poor appearance and/or reduced growth causes a large 

economic loss (Abolofia et al., 2017). Mortality can also occur, especially for heavily infested 

individuals, due to osmoregulatory distress from the lesions (Wootten et al., 1982). Therefore, 

sea lice are arguably the most important disease to control in the aquaculture industry, and a 

large investment has been made into research and development to combat the parasites 

responsible. Methods of control include chemotheraputants, but over use has led to a reduced 

efficacy due to the development of genetic resistance in sea lice populations (Denholm et al., 

2002; Westcott et al., 2004). Other methods for controlling sea lice include mechanical removal, 

biological removal through the use of cleaner fish, and vaccine development (Bjordal, 1988; 

Deady et al., 1995; Yossa and Dumas, 2016; Powell et al., 2018). C. rogercresseyi is the 

predominant louse species affecting Chilean Atlantic salmon aquaculture, while L. salmonis has 

a more global effect in the North Atlantic and North Pacific oceans (Bruno et al., 2013). Another 

predominate parasite of Atlantic salmon is Gyrodactylus salaris, an ectoparastic flatworm 
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commonly called the salmon fluke. G. salaris is a freshwater parasite common in Norwegian 

rivers and has infiltrated freshwater hatcheries infecting parr (Johnsen and Jensen, 1991). As 

with sea lice, G. salaris feeds on the skin of the salmon, leaving open wounds that are prone to 

secondary infections (Bruno et al., 2013). Amoebic gill disease (AGD) is an emerging parasite in 

Atlantic salmon, and is especially detrimental to the Tasmanian industry where it was first 

discovered (Munday et al., 1993). The amoeba had since been reported in Ireland, Chile, and the 

west coast of the United States (Munday et al., 2001), initially only detected in warmer water 

temperatures, but is now being detected in colder water areas like Norway (Steinum et al., 2008). 

AGD is caused by the amoeba Neoparamoeba pemaquidensis which attaches to the gills and 

causes respiratory issues, and tends to occur approximately 13 weeks after smolt transfer to sea 

cages in conjunction with an increase in temperature and the cessation of a halocline (Adams and 

Nowak, 2003). Treatment of AGD is freshwater baths, which can remove the majority of the 

amoeba from the gills, however this can limit areas suitable for aquaculture as freshwater would 

need to be available (Parsons et al., 2001). In Tasmania, AGD is economically costly and 

accounts for 10-20% of the industry’s production costs (Munday et al., 2001). AGD is an 

emerging parasite of concern, as increasing water temperatures may increase the prevalence of 

the disease globally.     

1.1.4 Breeding and genetics of disease traits in Atlantic salmon 

A greater understanding of major diseases affecting cultured Atlantic salmon has allowed for the 

selective breeding of disease resistance into the aquaculture population. Before the 

implementation of breeding for specific disease resistance in breeding populations, there was 

likely inadvertent selection for increased disease resistance through the domestication process 

(Gjedrem, 1979; Lawlor et al., 2009). Fish in the breeding population that contracted a disease 

and died would not be able to produce progeny. As some breeding programs transfer broodstock 

to sea cages (Jones et al., 2004) this would cause some level of selection for resistance to both 

freshwater and seawater pathogens. However, breeding programs that keep all broodstock 

candidates in freshwater would not have the same selective pressures as no selection for seawater 

pathogens is possible. Deliberate artificial selection would however provide more progress 

towards breeding pathogen resistance into the population, even for broodstock kept in seawater, 
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as the intensity of selection would be higher as accurate phenotypes would be recorded (Gjedrem 

and Baranski, 2009). Even with traditional family-based selection, accurate phenotypes would 

need to be recorded on the siblings of the candidate broodstock (Gjedrem and Robinson, 2014). 

Therefore, controlled laboratory or field experiments would need to be conducted to challenge 

these fish with pathogens of interest to be included within the breeding program.  

Phenotypes from controlled challenge tests can be preferred over phenotypes from 

disease outbreaks as there is more environmental control. Controlling the environmental 

conditions reduces the environmental variance (VE), therefore making it easier to detect the 

genetic variance (VG), which is important especially for low heritability traits (Falconer and 

Mackay, 1996). Being able to recreate the environmental conditions by reducing environmental 

differences and coordinating the challenges to occur on fish of the same age and weight year 

after year is important as this will increase the accuracy in the recorded phenotype (Gjedrem and 

Baranski, 2009). The phenotypes collected in controlled experimental challenges are similar to 

the results that would be seen in natural outbreaks in the field. Several studies have looked at the 

genetic correlations between laboratory and field studies, and have shown high correlation in 

furunculosis survival (Gjøen et al., 1997) and salmon louse infection (Kolstad et al., 2005). Early 

disease challenges have shown that aquaculture populations have large amounts of genetic 

variation in disease resistance, which would be required to introduce disease resistance traits into 

the breeding program (Gjedrem et al., 1991a; Gjedrem et al., 1991b; Gjedrem and Gjøen, 1995; 

Kolstad et al., 2004; Guy et al., 2006; Wetten et al., 2007).   

Many disease resistance traits have already been integrated into selective breeding 

programs, especially programs that are well established. Selective breeding for furunculosis and 

ISA have been incorporated in breeding programs in Norway since 1993, and resistance to IPN 

has been included since 1997 (Kjøglum et al., 2008). Salmon lice (L. salmonis) resistance has 

been incorporated into an Atlantic salmon selection line in Norway that when infected with 

salmon lice has an approximately 40% reduced lice load compared to control lines (J. Ødegard, 

pers. comm.). Genetic variation is required for genetic gain to be achieved through breeding but 

some level of genetic variation has been demonstrated for most economically important traits in 
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salmonid aquaculture (Gjedrem and Baranski, 2009). Therefore, understanding the extent of 

genetic variation is important for integration of resistance into the breeding program.  

Numerous studies have investigated the genetic variation of susceptibility to various 

economically important parasitic pathogens in Atlantic salmon, as well as estimating the 

heritability (h2) of the disease resistance traits. Genetic variation has been demonstrated in 

susceptibility to the salmon louse (L. salmonis) (Glover et al., 2005; Kolstad et al., 2005; Gjerde 

et al., 2011), C. elongates (Mustafa and MacKinnon, 1999; Glover et al., 2005), and C. 

rogercresseyi (Lhorente et al., 2012). Heritability of resistance to these sea lice parasites have 

been estimated to be low: 0.22 for C. elongates (Mustafa and MacKinnon, 1999); between 0.17 

and 0.33 (Kolstad et al., 2005; Gjerde et al., 2011; Houston et al., 2014b; Ødegård et al., 2014; 

Tsai et al., 2016; Rochus et al., 2018) for L. salmonis in a laboratory infection, and 0.14 in a 

natural infection (Kolstad et al., 2005); and between 0.12 to 0.34 for C. rogercresseyi (Lhorente 

et al., 2012; Correa et al., 2017). AGD has demonstrated genetic variation in resistance (Taylor et 

al., 2007) and an overall survival heritability of 0.40 (Taylor et al., 2009).  

Studies have also investigated the genetic variation in survival to viral and bacterial 

diseases important to Atlantic salmon aquaculture. Resistance to ISA heritability was estimated 

between 0.24 to 0.40 (Ødegard et al., 2007; Olesen et al., 2007; Kjølum et al., 2008; Gjerde et 

al., 2009) and IPN resistance heritability between 0.31 to 0.45 (Guy et al., 2006; Wetten et al., 

2007, Storset et al., 2007; Kjøglum et al., 2008; Gjerde et al., 2009; Guy et al., 2009; Gheyas et 

al., 2010), and both ISA and IPN have sufficient genetic variation to make selection for 

resistance possible (Houston et al., 2010). PD resistance heritability was estimated to be ~0.50 in 

fry challenged in freshwater and ~0.40 in post-smolts tested in seawater (Gonen et al., 2015). 

Genetic variation has also been demonstrated in the bacterial diseases BKD (h2 = 0.23) (Gjedrem 

et al., 1995) and furunculosis (h2 = 0.46-0.62) (Gjedrem et al., 1991b; Ødegård et al., 2007; 

Olesen et al., 2007; Kjøglum et al., 2008). Heritability estimates for viral and bacterial diseases 

are slightly higher than parasitic diseases.  

QTL analyses have been performed on a variety of different disease resistance traits in 

Atlantic salmon including ISA (Moen et al., 2007; Moen et al., 2009), IPN (Houston et al., 2008; 
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Moen et al., 2009), PD (Gonen et al., 2015), G. salaris infection (Gilbey et al., 2006), and L. 

salmonis infection (Gharbi et al., 2009). QTL mapping is used to identify a genomic region 

associated with a quantitative trait using molecular markers such as microsatellites or SNPs, and 

traditionally has used specific parental lines and crosses in order to capture segregating QTLs 

within the offspring although that is not necessary (Ashton et al., 2017). The most notable QTL 

study for a disease resistance trait in Atlantic salmon is IPN, as IPN appears to have an almost 

monogenic inheritance. IPN resistance has been shown to be controlled by a major locus that 

explained ~29% of the phenotypic variation in IPN survival and 83% of the genetic variance 

(Moen et al., 2009). As a major locus has been discovered to be associated with IPN resistance, a 

marker assisted selection (MAS) approach can be taken to improve this trait within the breeding 

population. MAS involves the genotyping of candidate broodstock for the specific locus, and 

selecting those individuals that have the genotype associated with the trait of interest, such as 

increased disease resistance (Collard et al., 2005). This is a cost saving approach as the 

individuals do not require whole genome genotyping, however, MAS is considered to be only 

useful for traits controlled by major loci. When multiple loci of small effect are responsible for 

the phenotypic variation of a trait, a whole genome approach may be better suited as genetic gain 

per generation may be lower with a MAS approach. With genomic technology becoming less 

costly to genotype thousands of SNP markers, studies have shifted focus from QTL mapping to 

genome wide association (GWA) studies, among other reasons. GWA studies can be more 

precise in identifying the region of the QTL as more markers are used (Ott et al., 2011) and 

GWA can be performed on samples with unknown or limited familial relatedness (Ashton et al., 

2017). In Chile, the use of genomic information can be utilized in breeding programs to increase 

sea lice (C. rogercresseyi) and SRS resistance in the Chilean salmon industry (Correa et al., 

2017; Bangera et al., 2017). In Scotland, GS can be used to help breed for sea lice resistance with 

a moderate to high accuracy of GEBVs (Tsai et al., 2016).   

Pathogenic disease resistance in Atlantic salmon is mostly considered to be a polygenic 

trait, where many genes are responsible for the phenotypic trait, and usually each gene 

contributes a small amount to the total phenotypic variation in the trait (Mackay et al., 2009). 

Therefore, when making breeding decisions all SNP loci that are responsible for the phenotype 
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need to be considered by using GS. When major loci are detected, such as with IPN resistance, a 

different type of MAS can be utilized that puts a heavy weight on selecting individuals that 

possess this one marker associated with IPN disease resistance, rather than using all genome 

wide markers equally as seen traditionally in GS. Although IPN seems to be the exception to 

polygenic inheritance of disease resistance traits, it is still important to understand the genetic 

architecture of the trait before integration into a breeding program.   

However, another consideration when integrating a disease resistance trait into a breeding 

program is its potential genetic correlations with other disease resistance traits and other 

economically important traits such as growth. Positively correlated traits can be beneficial, as 

selecting for an increase in one trait will also increase the correlated trait through indirect 

selection. For example, Gjedrem et al., (1991b) found a positive genetic correlation (rG = 0.30) 

between furunculosis survival in Atlantic salmon and growth rate. Positive genetic correlations 

have also been found between survival to bacterial diseases furunculosis, BKD, and cold water 

vibriosis (Gjedrem and Gjøen, 1995). However, negatively correlated traits can become 

problematic to a breeding program. Several disease resistance traits have been shown to be 

negatively correlated, meaning breeding to increase resistance of one trait can reduce the 

resistance to the other trait in the breeding population, however progress can still be made for 

both traits with the use of a selection index (Falconer and Mackay, 1996). Gjøen et al. (1997) 

found a weakly negative genetic correlation between resistance to ISA, a viral disease, and cold 

water vibriosis and furunculosis, bacterial diseases. However, subsequent studies have found a 

weakly positive genetic correlation between ISA and furunculosis (rG = 0.15) (Ødegård et al., 

2007). Therefore, genetic correlations with other economically important traits needs to be 

considered when developing a breeding program, and trait prioritization will need to be 

considered for negatively correlated traits in the development of a selection index.  

1.1.5 Atlantic salmon study population 

The Atlantic salmon population used in the subsequent studies is the commercial Saint John 

River (SJR) strain from Kelly Cove Salmon, a division of Cooke Aquaculture. This project is a 

collaboration with Kelly Cove Salmon/Cooke Aquaculture to develop and utilize genomic tools 
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to expand their Atlantic salmon breeding program in Eastern Canada through a Genome Canada 

grant. Fish used in these studies were sourced from the breeding nucleus at Oak Bay Hatchery in 

New Brunswick. The Oak Bay hatchery keeps all potential broodstock candidates in freshwater 

at the hatchery for biosecurity reasons. 

The commercial SJR strain is based on founders from the SJR in New Brunswick, 

Canada, from fish collected from four separate year classes from below the Mactaquac dam 

(Farmer, 1991; Friars et al., 1995; Glebe, 1998; O’Flynn et al., 1999). The commercial farming 

of Atlantic salmon in Eastern Canada began in the 1980s. Early performance trials of various 

New Brunswick river strains of Atlantic salmon at sea cage sites determined the SJR strain to be 

superior, resulting in its preferred use in commercial sites in the Bay of Fundy (Glebe, 1998). 

Genetic evidence of historical admixture in the commercial SJR strain with fish of European 

origin has been demonstrated (O’Reilly et al., 2006; Liu et al., 2017; Holborn et al., 2018). 

Previously, there has been an exchange of salmon eggs and smolts between New Brunswick and 

Maine, due to the proximity of cage sites with optimal conditions around the US-Canadian 

border (Glebe, 1998). In the early 1980s eggs of European origin were imported to Maine 

Atlantic salmon producers (Glebe, 1998), so this is likely a source of this European origin. 

However, current New Brunswick government regulations only permit the culture of Atlantic 

salmon from the SJR system (Quinton et al., 2005). Therefore, any further improvement in 

economically important traits must rely solely on selection and breeding within this commercial 

strain (Quinton et al., 2005). In other Canadian provinces such as Nova Scotia, commercial stock 

is comprised of mostly the SJR strain and some local river strains (Glebe, 1998).          

Since the establishment of the commercial SJR strain, selection has been acting on the 

breeding population. Selection for the largest individuals, through mass selection, increased 

market size in the population (Glebe, 1988; Quinton et al., 2005). This selection for seawater 

growth also selected for a three to four year generation interval, where fish sexually mature 

normally around four years of age (Glebe, 1998; Quinton et al., 2005). At Oak Bay Hatchery, a 

four year generation interval is used for the breeding nucleus, which essentially results in four 

distinct breeding lines within the whole breeding population. After establishment, subsequent 

generations within these four lines were created by crossing 50 males and 100 females from the 
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broodstock candidate population in a paternal half sibling design based on seawater growth 

EBVs (J.A.K Elliott, per. comm.). These lines are not entirely discrete, as three year mature fish, 

or grilse, have been used only when necessary. With this four year generation interval, this SJR 

strain has undergone six or seven generations of selection, depending on the line (Quinton et al., 

2005; Liu et al., 2017). Comparatively, some Norwegian strains of Atlantic salmon have 

undergone 12 generations of selection (Gutierrez et al., 2016). The focus of the six to seven 

generations of selection in the SJR strain has been on seawater growth and age of sexual maturity 

(O’Flynn et al., 1992; Quinton et al., 2005), while carcass traits such as flesh colour and fat 

content have also become a greater focus in this breeding program.  

  The producers wished to expand the breeding program to include disease resistance traits 

for diseases common to the Bay of Fundy (K. Pee Ang and J.A.K. Elliott, pers. comm.). These 

three diseases are of great concern in New Brunswick, BKD, the salmon louse (L. salmonis), and 

ISA, and are thus the focus of this thesis. This research was made possible due to funding of the 

Salmon SNPs and Chips grant through Genome Canada’s Genomic Applications Partnership 

Program. There were also contributions from many other organizations such as Fisheries and 

Oceans Canada and the Aquaculture Collaborative Research and Development Program, and the 

University of Guelph.  

 

1.2 Thesis Overview 

The focus of this PhD thesis has been to utilize recent genomic technology to determine the 

genetic architecture of three disease resistance traits economically important to the New 

Brunswick Atlantic salmon aquaculture industry. An unpublished custom 50K SNP array was 

designed for North American Atlantic salmon (NA Ssa50K), specifically using the Saint John 

River strain, based on a previously existing 220K SNP array for European Atlantic salmon. The 

three diseases investigated in this thesis are BKD, salmon louse (ectoparasite) infection, and ISA, 

however the use of the SNP array can be used for a variety of economically important traits that 

have phenotypes recorded. Disease resistance traits have been shown to be polygenic for most 
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diseases (Yáñez et al., 2014), however some diseases such as IPN show an almost monogenic 

inheritance (Moen et al., 2009) so it is important to determine the genetic inheritance of specific 

diseases in the cultured population before implementing a rigorous breeding program to increase 

resistance. Additionally, GWA studies can help elucidate the genetic basis of disease resistance. 

As SNPs used in the association between genotype and phenotype are from across the genome, 

there is a good chance that the SNP will be in linkage disequilibrium with a QTL that accounts 

for differences in disease resistance (Gondro et al., 2013). Using the location of significant SNPs, 

nearby candidate genes can be identified that may be linked to the differences seen in disease 

resistance phenotypes. Although knowledge of the genes involved in disease resistance is not 

necessary to implement genomic based breeding, understanding the genetic basis of disease 

resistance will assist with understanding the mechanisms of disease resistance in Atlantic 

salmon.    

1.2.1 Chapter 2 

BKD, caused by the bacterium Renibacterium salmoninarum (Sanders and Fryer, 1980), is a 

chronic disease that has a large economic impact on the aquaculture industry (Bruno et al., 

2013). As the disease is chronic, mortalities can occur at later stages of seawater grow out after a 

large monetary and temporal investment has already been made. BKD is a disease of importance 

not just to New Brunswick aquaculture but global aquaculture as well, but relatively little 

investigation into the genomic architecture of BKD resistance has been done compared to other 

Atlantic salmon diseases. This could likely be due to the complex nature of the disease, such as 

the long growth time of the bacteria (Evelyn, 1977; Bruno et al., 2013) which makes laboratory 

testing difficult and unpredictable. For this chapter, multiple year classes were challenged with 

BKD but only one challenge yielded an intermediate mortality rate while the other year class had 

a 97% mortality rate, which is unsuitable for GWA analysis. Phenotypes were collected from the 

one year class as well as genotypes of the fish representing a range of phenotypic from each 

family. Using a multi-step mixed model, the association between overall survival and time to 

death traits were analyzed. BKD resistance in this population shows a polygenic model of 

inheritance, with one chromosome wide significant SNP for survival located on Ssa08 and one 

chromosome wide significant SNP for time to death on Ssa04. The SNP on Ssa08 accounted for 
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4.0% of the phenotypic variation in BKD survival and the SNP on Ssa04 accounted for 5.3% of 

the phenotypic variation in time to death.    

Chapter 2 is published in Aquaculture (Holborn et al., 2018) and was coauthored by Keng 

Pee Ang. J.A.K. Elliott, Frank Powell, and Elizabeth G. Boulding. MKH assisted with the 

execution of the BKD disease challenge, led and performed DNA extractions, performed the 

genome wide association analysis, and prepared the manuscript. FP reared pedigreed fish. KPA, 

JAKE, and FP provided genetic material from their pedigreed year classes for DNA extractions. 

EGB contributed with the filtering of SNPs, instruction on how to remove fish with European 

ancestry, statistical analysis discussion, manuscript discussion, and overall supervision of the 

work of MKH.  

1.2.2 Chapter 3 

Salmon lice are arguably one of the most economically costly infections to Atlantic salmon 

aquaculture both in New Brunswick and globally. Abolofia et al. (2017) has estimated the global 

cost of sea lice infection be about 9% of the total production value of Atlantic salmon, which is 

equivalent to $436 million USD for the Norwegian industry in 2011. Major costs associated with 

salmon lice infections include various treatments to reduce lice load, increased veterinary costs 

for treatment prescription, and product downgrading and mortality which decreases profits. 

Salmon lice infection is a great animal welfare concern, as the salmon lice feed off the skin of 

the fish leading to open sores. These open wounds can also lead to secondary infections (Mustafa 

et al., 2001), and salmon lice themselves can be vectors for disease transmission (Nylund et al., 

1994; Barker et al., 2009). In this chapter, five year classes of Atlantic salmon were 

experimentally challenged with salmon lice in five different years of challenges, and the number 

of attached salmon lice where counted to record a phenotype. The phenotypic extremes for lice 

load within each family were genotyped. Due to the larger number of year classes in this dataset, 

and the four year generation interval of these Atlantic salmon causing four different lines or 

population, there was a greater amount of population structure in this dataset. As a result, I 

utilized a different method to perform a genome wide association study called the family-based 

association test for quantitative traits, which is more robust to population structure (Purcell et al., 
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2007). Seven SNPs were significant at the chromosome wide level for the salmon lice resistance 

trait located on chromosomes Ssa04, Ssa14, and Ssa20. This study demonstrates that salmon lice 

resistance in this North American population of Atlantic salmon is polygenic, as it has been 

shown to be polygenic in European populations (Tsai et al., 2016). I investigated the regions of 

the genome where there were significant SNPs to look for nearby genes that may be linked with 

a SNP that accounts for some of the differences in lice load. On Ssa04, three of the significant 

SNPs including the most significant SNP were located near a region that codes for ceramide-1-

phophate transfer protein which is involved with pathophysiological functions.      

Chapter 3 has been submitted for publication in Aquaculture and is currently under 

review, and was coauthored by Christina M. Rochus, Keng Pee Ang. J.A.K. Elliott, Steve 

Leadbeater, Frank Powell, and Elizabeth G. Boulding. CMR and SL assisted with the design and 

execution of the salmon lice challenges (2010 and 2011 year classes). MKH and SL assisted with 

the design and execution of the salmon lice challenges (2013, 2014, 2015 year classes). MKH led 

and performed DNA extractions (all year classes), performed the genome wide association 

analysis, and prepared the manuscript. FP reared pedigreed fish. KPA, JAKE, and FP provided 

genetic material from their pedigreed year classes for DNA extractions. EGB contributed with 

the filtering of SNPs, the translation of parental SNP genotypes, statistical analysis discussion, 

manuscript discussion, and overall supervision of the work of MKH. 

1.2.3 Chapter 4 

ISA is a globally important disease as the virus is highly infectious and can cause mortality up to 

100% at cage sites (Kibenge et al., 2004). Good disease management practices are currently the 

best defense, especially the quarantine of any sites with confirmed ISA, however once present at 

a site the whole site could end up culled as a preventative measure (Canadian Food Inspection 

Agency, 2013). Vaccines against ISAV have been in development and can increase protection 

against ISA (Caruffo et al., 2016), but vaccinations have not fully protected Atlantic salmon 

stocks so other methods of reducing the occurrence of ISA are being investigated. Previous 

studies have shown that resistance to ISA has polygenic architecture in European Atlantic 

salmon, and detected a QTL associated with resistance through QTL mapping with microsatellite 
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markers on Ssa15 (Moen et al., 2007). Another study, using SNP markers, performed QTL 

mapping on the SJR strain and detected three QTL using a single year class (Dussault et al., 

revision requested). This chapter expands on this previous research on the SJR aquaculture strain 

by including more SNP markers from across the entire genome using a GWA approach rather 

than QTL mapping. I used a multi-step mixed model, the association between overall survival 

from an ISA challenge and genotypes was analyzed, using mortalities and survivors from each 

family, where applicable. This association analysis did not detect any statistically significant 

SNPs in the Ssa15 region like the European study. Overall nine significant SNPs were detected 

at the genome wide level that warranted further investigation into nearby genes.       

Chapter 4 has been submitted for publication and is currently under review, and was 

coauthored by Keng Pee Ang. J.A.K. Elliott, Frank Powell, and Elizabeth G. Boulding. MKH led 

and performed DNA extractions, performed the genome wide association analysis, and prepared 

the manuscript. FP reared pedigreed fish. KPA, JAKE, and FP provided genetic material from 

their pedigreed year classes for DNA extractions. EGB contributed with the filtering of SNPs, 

advice on how to remove fish with European ancestry, statistical analysis discussion, manuscript 

discussion, and overall supervision of the work of MKH.   
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2 Genome wide association analysis for bacterial kidney disease 

resistance in a commercial North American Atlantic salmon 

(Salmo salar) population using a 50K SNP panel  

 

2.1 Abstract 

Renibacterium salmoninarum is the causative agent of bacterial kidney disease (BKD), an 

important disease of commercial Atlantic salmon causing substantial economic loss. Genetic 

improvement programs have been developed for many aquaculture species for a variety of 

economically important traits, and selective breeding has been proposed for low to moderate 

heritability disease traits to increase disease resistance. The aim of this study was to perform a 

genome wide association (GWA) analysis to identify the genomic architecture of BKD resistance 

and detect SNP markers associated with BKD resistance in a commercial population of Atlantic 

salmon held in seawater. We experimentally challenged 652 post-smolts from 63 families with 

R. salmoninarum through intraperitoneal injection. A binary trait, overall challenge survival, and 

a quantitative trait, day of death, were recorded for each challenged individual. DNA extraction 

and 50K SNP genotyping was performed for 576 individuals. Fish and loci that did not pass 

quality control and fish with > 10% European ancestry were removed leaving 507 post-smolts 

genotyped for 44,527 SNPs. GWA for survival and time to death was conducted using a mixed 

model approach using the relationship matrix to account for population and family structure and 

a Cox proportional hazards model, respectively. A single marker on Ssa08 was significantly 

associated with survival at the chromosome wide level. One marker located on Ssa04 was 

significantly associated with time to death at the chromosome wide level. The two significant 

SNPs explained a small percentage of the phenotypic variance and were located on different 

chromosomes, 4.0% (Ssa08) and 5.3% (Ssa04), indicating a polygenic trait.   
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2.2 Introduction 

An important challenge in aquaculture is the control of infectious diseases and parasites to 

minimize economic loss and maximize animal welfare. In Atlantic salmon aquaculture there are 

a variety of fungal, viral, and bacterial diseases that have caused issue to the industry (Bruno et 

al., 2013). One disease of great importance to salmonid aquaculture is bacterial kidney disease 

(BKD) caused by Renibacterium salmoninarum (Sanders and Fryer, 1980). R. salmoninarum is a 

fastidious, slow growing, intracellular bacterium that is difficult to treat (Bruno, 1986; Evelyn, 

1977; Ordal and Earp, 1956). Phylogenies of R. salmoninarum resolve two lineages with Lineage 

2 restricted to Europe and suggests that Lineage 1 was recently introduced to Europe from North 

America (Brynildsrud et al., 2014). Although vaccines against the bacterium exist, BKD is still 

prevalent in sea cages due to poor efficacy of vaccines and antibiotics (Boerlage et al., 2017). 

The ability of the bacteria to transfer both vertically and horizontally (Balfry et al., 1996; Evelyn 

et al., 1986), and to exist in both freshwater and seawater environments likely contributes to the 

pathogen’s ability to persist. Therefore, mitigation of BKD has predominately been through 

disease control and prevention.        

Recently, genetic improvement programs have been devised and developed for aquaculture 

species improving a variety of traits including reduced disease prevalence (Janssen et al., 2017; 

Nguygen, 2016; Skagemo et al., 2014). Specifically, genetic improvement has been successful in 

Atlantic salmon aquaculture over the past 40 years (Gjedrem, 2012; Gjøen and Bentsen, 1997; 

Quinton et al., 2005). Improvement of disease resistance traits is often difficult to implement in 

selective breeding programs because disease challenges must use siblings of the broodstock, 

rather than the broodstock themselves for biosecurity reasons and to reduce broodstock loss. This 

results in family-level estimated breeding values, in which every individual from a full-sibling 

family is given the same breeding value for that disease trait (Nielsen et al., 2009; Sonesson and 

Meuwissen, 2009). Genomic methods often offer an improvement on traditional family-level 

selection methods, because they allow individual-level breeding values to be obtained from 

sibling disease trials by using genetic information (Sonesson and Meuwissen, 2009). Individual-

level breeding values allow for the best individuals within each family to be selected as 
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broodstock (Meuwissen and Goddard, 1996; Sonesson and Meuwissen, 2009). These genomic 

methods often have higher accuracies of breeding value estimation than family methods, leading 

to greater genetic gain per generation (Vallejo et al., 2017; VanRaden et al., 2009).    

The rapid advancement of genomic technology has made the implementation of genetic 

improvement programs more thorough and cost effective. Molecular markers such as single 

nucleotide polymorphisms (SNPs) are not only more readily available throughout the genome, 

but also cheaper to run in dense panels than microsatellite markers, therefore allowing more 

individuals to be genotyped at a higher level of genome coverage (Vignal et al., 2002). High 

density SNP panels for Atlantic salmon have previously been developed for European Atlantic 

salmon and used extensively (Barson et al., 2015; Correa et al., 2015; Correa et al., 2017; Tsai et 

al., 2015; Tsai et al., 2016; Yáñez et al., 2016), and unpublished SNP panels for North American 

Atlantic salmon now exist. Greater genome coverage is advantageous as it provides greater 

sampling of SNPs across the genome that may be in linkage disequilibrium with quantitative trait 

loci (QTL) responsible for the phenotypic and genetic variation in the trait of interest. SNPs that 

are significantly associated with a trait can be used to inform trait improvement through selective 

breeding. Generally, if one or more SNP accounts for a moderate to large proportion of the 

phenotypic variation then marker assisted selection can be implemented. Genomic selection is 

more appropriate than single marker selection if traits show a polygenic architecture with many 

SNPs each accounting for a small proportion of the phenotypic variation in the trait.  

Genome wide association (GWA) studies have been used to identify associations between 

SNP markers that cover a large portion of the genome and phenotypes of traits, providing insight 

into the genetic architecture of the trait. Several GWA studies have been performed on Atlantic 

salmon for a variety of traits including growth (Tsai et al., 2015), age of sexual maturity 

(Christensen et al., 2017; Gutierrez et al., 2015), and disease traits such as sea lice parasitism 

(Correa et al., 2017; Tsai et al., 2016) and Piscirickettsia salmonis resistance (Correa et al., 

2015). Disease resistance traits have also been investigated in other salmonid species (Vallejo et 

al., 2017). Determining the genomic architecture of BKD resistance will identify the most 

appropriate approach to integrate genomic information into artificial selection decisions in 

Atlantic salmon breeding.  
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In this study, we performed GWA analysis on two BKD resistance traits in a commercial 

North American Atlantic salmon breeding population. A mixed model incorporating a genomic 

kinship matrix to simultaneously correct for population and family structure and the Cox 

proportional hazards model was used to detect phenotype-genotype associations between 

resistance to BKD and SNP markers. This research presents the first published GWA analysis of 

BKD resistance in a commercial Atlantic salmon breeding population, and provides insight into 

the genetic architecture of BKD resistance traits. This information can help inform genetic 

improvement programs for BKD resistance.    

 

2.3 Methods 

2.3.1 Study population 

The Atlantic salmon used in this study were from the Kelly Cove Salmon breeding nucleus from 

the 2014 year class. This commercial population is derived from the Saint John River strain of 

North American Atlantic salmon, and this year class lineage has undergone six generations of 

artificial selection for traits such as growth and late sexual maturation (Liu et al., 2017). Fish 

were raised communally until they reached an appropriate weight to be PIT (passive integrated 

transponder) tagged (approx. 20 g) and initially assigned to family using 12 microsatellite 

markers.  

2.3.2 Disease challenge 

Six hundred and fifty-two naïve post-smolts from 63 full sibling families (9-12 fish per family) 

with an average weight of 537 g (SD = 119.7 g) were experimentally challenged with R. 

salmoninarum at the Atlantic Veterinary College in Prince Edward Island, Canada with the 

Center for Aquaculture Technologies Canada. Exposure was through an intraperitoneal injection 

of 0.2 ml of bacteria suspended in phosphate buffered saline provided by the Research and 

Productivity Council of New Brunswick, and was administered by one individual for consistent 

injection. Fish were anesthetized with tricaine methanesulfonate (0.1g/L dosage) prior to 
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handling and injection. The dose of bacteria injected was predetermined by a titration study 

performed on a subset of fish representing the same genetic composition. The fish were 

distributed amongst seven tanks, with at least one individual from each family in a tank. 

Recirculating artificial seawater was kept at 30 ppt salinity and 12 ± 1ºC. The recirculating water 

was sand filtered and UV treated to prevent re-infection of fish from shed pathogens.  

Fish handling and procedures were approved by the University of Prince Edward Island 

Animal Care Committee (protocol 15-007) and in compliance with regulations set by the 

Canadian Council for Animal Care. All fish handlers had animal care training provided by the 

University of Prince Edward Island.  

Post injection fish were monitored daily for mortalities. Mortalities were measured for 

weight and length, and then a necropsy for sex and gross clinical pathology was performed. The 

time to death (in days) was also recorded. Early mortalities had a sample of head kidney taken 

and stored in RNAlater for future TaqMan-based qPCR to confirm the presence of R. 

salmonarium. Any fish that showed early sexual maturity was removed from the dataset as they 

have been shown to be physiologically immunologically different from normally-maturing 

salmon. The challenge was terminated when mortalities plateaued at 102 days post infection. All 

fish alive on this day were classified as survivors of the challenge (with survivors coded as 0, 

mortalities coded as 1). Survivors were sampled in a similar manner as outlined above for early 

mortalities. As all fish had been PIT tagged for identification, family level mortality could then 

be calculated. 

2.3.3 Genotyping 

At the time of injection, before exposure to the pathogen, a fin clip was taken from each fish in 

the trial for future use. Genomic DNA was extracted from 576 challenged fish using a DNeasy 

Blood & Tissue Kit (Qiagen) to retrieve high quality and high molecular weight DNA. Extracted 

DNA was sent to CIGENE (Ås, Norway) for genotyping on an unpublished custom 50K 

Affymetrix Axiom SNP chip, the NA Ssa50K, designed specifically for North American salmon. 

Differences in SNP allelic frequencies between European and North American Atlantic salmon 
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(Bourret et al., 2013) and the fact that some SNPs are not polymorphic in the other populations 

made the development of a SNP panel specific to the North American subspecies necessary.  

SNPs were exported from Axiom Analysis Suite (version 1.1.1.66) if they presented 2 

(NoMinorHom) or 3 (PolyHighResolution) well-separated clusters (FLD ≥ 5) and it was clear 

that the SNPs were in a diploid region of the Atlantic salmon genome.    

This year class had a low average linkage disequilibrium between any two successive 

SNPs on the custom SNP chip. Only 7,817 strong haplotype blocks (sensu Gabriel et al., 2002) 

were found using the “--blocks --blocks-strong-lowci 0.700” command in PLINK (version 1.9). 

These blocks had an average length of 32.3Kb and contained an average of only 3.24 SNPs. This 

showed that most adjacent pairs of SNPs were in low linkage disequilibrium and could be 

considered statistically independent of one another.  

2.3.4 Association analysis 

The package GenABEL (version 1.8-0) (Aulchenko et al., 2007) for use in R statistical software 

(version 3.3.2) was used to perform the association analysis. First quality control was performed 

on genotypes to filter out any SNPs with poor clustering or individual fish with low call rates. 

Quality control thresholds were set at a SNP call rate of >0.95, a sample call rate of >0.9, for 

minor allele frequency (MAF > 0.01), and for SNPs in Hardy-Weinberg equilibrium (p value < 

1x10-6). Due to historical admixture in the population with European strains of Atlantic salmon 

(Glebe, 1998), only fish that clustered as mostly North American in origin were used in the 

analysis. The level of admixture was determined by comparing the SNP allele frequencies with 

purebred individuals of known continent of origin using STRUCTURE (version 2.3.4), assuming 

two population clusters (k = 2) (Pritchard et al., 2000; Hubisz et al., 2009). STRUCTURE 

parameters were similar to those used in Liu et al. (2017) using a subset of 744 SNPs with a 

burn-in period of 5,000 and 20,000 Markov Chain Monte Carlo iterations. Fish with >90% North 

American ancestry were included in the subsequent GWA analyses.  

A multi-step mixed model approach was selected that incorporates both structure due to 

familial relatedness and historical population admixture for the trait survival. Not fully 
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accounting for population structure can lead to spurious associations (Freedman et al., 2004; 

Voight and Pritchard, 2005). The genomic kinship matrix, which describes the extent of genomic 

similarity through identity by state between individuals, was estimated using all available 

genotypic data and estimated using identity by state with the ibs function and used to account for 

known and cryptic familial relatedness. Using the polygenic function a linear mixed model 

including the kinship matrix and tank as a fixed effect was estimated:  

!"#$ = 	'	 + )" +	*# +	+"#$             (1) 

where yijk is the survival phenotype which was analyzed as a quantitative trait, µ is the overall 

mean of the population, Gi is the additive polygenic effect estimated from the genomic kinship 

matrix (random effect), tj is the tank effect (fixed effect), and eijk is the residual. Tank was added 

as a fixed effect as it was significantly associated with time to death (ANOVA) and survival 

(logistic regression). The residual from the polygenic model was then fitted into a second model 

that separately tested the effect of each SNP on the trait using the mmscore function:  

+̂ = 	-(/01) +	+"	                    (2) 

where +̂ is the estimate of the residual from the polygenic model, -(/01) is the SNP effect on 

the trait, and ei is the residual from the second model. Using the polygenic and mmscore 

functions sequentially results in family-based association tests called FAmily-based Score Test 

for Association (FASTA) suitable for large datasets (Chen and Abecasis, 2007).  

The time to death trait was analyzed using a different model to take censoring into 

account, as only fish that died during the duration of the trial would have a time to death 

phenotype. Using only fish that died during the trial would limit the sample size of the analysis, 

losing valuable and expensive data. We used a Cox proportional hazards model to analyze the 

time to death trait (Ødegård et al., 2011). Unlike the FASTA method for the trait survival, the 

Cox proportional hazards model does not utilize a genomic kinship matrix to account for 

relatedness, so it was anticipated that correction for genomic inflation would be necessary (Chen 

and Abecasis, 2007; Therneau, 2015). The function mlreg was used in GenABEL and the 

specification of survival type data was required to run a Cox proportional hazards model 
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(Therneau, 2015). Again, tank was included as a factor in the model. Any fish that survived the 

trial did not have time to death phenotypes and were recorded as ‘NA’ or missing in the 

phenotype dataset.  

As the GWA method involves testing each SNP individually, multiple testing was 

accounted for by using a Bonferroni correction to set a conservative significance threshold at 

both the genome and chromosome wide levels. The genome wide Bonferroni threshold was 

calculated as 0.05/M, where M is the total number of SNPs tested, and the chromosome wide 

Bonferroni threshold was calculated as 0.05/C, where C is the total number of SNPs tested for 

each respective chromosome. If the SNP had a p value <0.05/M then it would be considered 

significant at the genome wide level, and if the p value was <0.05/C then it would be considered 

significant at the chromosome wide level. The significance threshold was also determined for the 

5% false discovery rate (FDR), which is less conservative than Bonferroni correction (Benjamini 

and Hochberg, 1995).   

The percentage of phenotypic variation explained by any given SNP was calculated by 

dividing the number of samples genotyped for a given SNP by the chi-square statistic value from 

the mmscore test function.   

 

2.4 Results 

The cumulative mortality for 580 fish (sexually mature individuals removed) was 56% with the 

raw individual family mortality ranging from 0% to 90% and family average time to death 

ranged from 65 days to 103 days (Fig. 2.1). Time to death and survival are positively 

phenotypically correlated (r = 0.71, N = 63) (Fig. S2.1, Appendix A). 

All early mortalities were associated with the disease, as confirmed by positive qPCR 

results for the presence of R. salmoninarum in head kidney samples. All mortalities also showed 

gross pathology consistent with manifestation of the disease, such as swollen kidney, granulomas 
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in the kidney, pale liver, ascites, internal petechial hemorrhaging, and/or a pseudomembrane 

covering the internal organs.  

A total of 44,527 SNP markers and 507 samples passed all quality control measures. The 

number of SNPs per chromosome ranged from 910 to 2585. The heritability of BKD resistance, 

estimated from the polygenic model in GenABEL, was 0.143 for the survival trait, and 0.145 for 

time to death (both statistically different from zero, p value < 0.0001).  

The SNPs identified by the association analysis differed for the survival trait and the time 

to death trait. One SNP marker was significantly associated with the survival trait on Ssa08 at the 

chromosome wide level after both Bonferroni and FDR correction, and explained 4.0% of the 

phenotypic variation in BKD resistance. No SNP markers were statistically significant at the 

genome wide level with either FDR or Bonferroni correction. The Manhattan plot (Fig. 2.2), 

indicates that BKD survival is a polygenic trait as many chromosome have small peaks that do 

not surpass Bonferroni significance and no major QTL was identified.  For the survival trait, the 

resistant allele was the minor allele (A2), however there were no fish that were homozygous for 

the minor allele in the samples that were genotyped (Table 2.1).   

For the time to death trait, one SNP was statistically significant at the chromosome wide 

level after Bonferroni correction (Fig. 2.3). This SNP, located on Ssa04, was the most significant 

and explained 5.3% of the phenotypic variation in time to death. The significant SNP had a 

hazard ratio of 1.6128 for the minor allele (A2) indicating the major allele was the resistant allele 

(Table 2.2). No SNP markers were statistically significant at the genome wide level with either 

FDR or Bonferroni correction for the trait time to death. The 5% FDR threshold at the 

chromosome wide level did detect more significant SNPs than the Bonferroni correction. 

Notably, chromosomes Ssa04 had 10 significant SNPs, Ssa05 had 4 significant SNPs, and Ssa25 

had 6 significant SNPs. However, chromosomes Ssa04 and Ssa25 are the two chromosomes of 

interest as the significant SNPs appear to create peaks on the Manhattan plot, indicating stronger 

associations with the trait (Fig. 2.3).  
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2.5 Discussion 

The results of our BKD challenge indicate significant genetic variation for BKD resistance in 

this population of Atlantic salmon, which is congruent with studies performed on Atlantic 

salmon of European origin (Gjedrem and Gjøen, 1995). There is a large difference in mortality 

between families, indicating family level resistance to BKD. Average time to death also had a 

large difference between families, ranging from 65 days to 103 days, 103 days representing the 

single family that had no mortalities. BKD survival and time to death are both traits that can be 

used to measure BKD resistance, and we showed that these two traits were phenotypically 

correlated.   

The heritabilities of the survival and the time to death traits calculated in GenABEL 

(0.143 and 0.145 respectively) were similar to results previously calculated for BKD resistance 

in this population using a recorded pedigree in ASReml (h2 = 0.10) (L.R. Schaeffer, unpublished 

report). Gjedrem and Gjøen (1995) estimated the heritability of BKD resistance to be 0.23 ± 0.10 

in a European population of Atlantic salmon parr that were challenged in freshwater. The 

differences between their values and ours can be attributed to being estimated in different 

populations, at different life history stages, and in different environmental conditions (freshwater 

versus salt) (Falconer and Mackay, 1996). Even with the observed low heritability, it is still 

possible to make genetic improvements in BKD resistance in this commercial population of 

Atlantic salmon.  

For the trait survival, the minor allele of the significant SNP is the resistant allele (MAF 

= 0.078), and for time to death the major allele of the significant SNP is the resistant allele (MAF 

= 0.41). This indicates the potential to increase the frequency of these alleles within the 

broodstock population through selective breeding. The significant survival SNP on Ssa08 has a 

very low MAF (Table 2.1), which is likely why there were no minor allele homozygotes in this 

subset of the population, as under Hardy-Weinberg Equilibrium only 2.9 individuals are 

expected given this MAF. Increasing the frequency of this allele in this Atlantic salmon 

population would take several generations because avoidance of inbreeding between close 

relatives is also a breeding consideration.  
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The results from the GWA indicate that BKD resistance has a polygenic genetic 

architecture with the largest SNP explaining only 5.3% of the phenotypic variance. No major loci 

were identified for either trait, and given the large genome coverage we would anticipate 

discovery if such a locus existed. Most disease traits are complex with a polygenic architecture 

(Ødegård et al., 2011), and this study indicates that architecture for BKD resistance in this 

population. Similar genetic architecture has been found for other bacterial Atlantic salmon 

pathogens, such as P. salmonis (Correa et al., 2015). SNP markers, located on Ssa08 for survival 

and on Ssa04 for the time to death trait, were significant at the chromosome wide level. Using a 

5% FDR threshold, peaks of significant SNPs were detected on Ssa04 and Ssa25 for time to 

death, and these areas of the chromosomes should be investigated further. The statistical power 

to detect significant associations would be improved by the addition of more individuals and 

more year classes to represent all the genetic variation present within the population. Disease 

challenges are expected to continue in subsequent years such that BKD resistance can be added 

as a trait to the breeding program.  

A limitation of this type of disease challenge is that R. salmoninarum is a slow growing 

bacterium, therefore the time taken for the bacteria to grow and then horizontally transfer to 

naïve fish, as seen in cohabitation experimental designs, is not practical. Thus, our experiment 

used a recognized method of artificial exposure by injecting the bacterial solution into the 

peritoneum through IP injection. This method would bypass any first-barrier defence mechanism 

that prevents the disease because bacteria are not transferred from the environment to the fish. 

Therefore, any SNPs associated with barrier-defence type of immunity would not be captured in 

this GWA study. This analysis effectively only detects SNPs associated with the ability to fight 

off infection once contracted (survival) or tolerate infection for a longer period (time to death).                  

Polygenic traits, or quantitative traits, are often not improved greatly through selection 

based solely on a few significant markers due to the small proportion of phenotypic variance 

explained by a single marker (Bernardo, 2008). Polygenic traits determined by many alleles of 

small effect benefit from genomic selection using dense SNP marker arrays where the effects of 

all markers are considered. This has been suggested for other polygenic disease traits in Atlantic 

salmon such as P. salmonis and sea lice ectoparasites (Correa et al., 2015; Correa et al., 2017; 
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Tsai et al., 2016). Future analysis will include more year classes, and thus more individuals, 

increasing the statistical power to detect associations between BKD resistance and SNP markers. 

Investigations into candidate genes where these significant SNP are located can also be 

undertaken. It is important to emphasize that understanding the biological mechanism of BKD 

resistance is not necessary for implementation of genomic selection, as only the effects of SNPs 

are required (Hayes and Goddard, 2010). Genomic prediction methods should be evaluated as a 

possible route to enhance BKD resistance in this population of Atlantic salmon.  

 

2.6 Conclusion 

This was the first GWA for BKD resistance in Atlantic salmon published in the literature. One 

SNP was associated with survival and a different SNP with time to death. We found one SNP 

associated with each trait but none with an effect size larger than 5.3%. Overall both traits can be 

described as having a polygenic architecture. Disease challenges currently underway will 

increase both the number of individuals in the analysis and the number of year classes. Genomic 

breeding values that utilize within family BKD resistance compared to conventional between 

family selection could be predicted to achieve greater genetic gain per generation (Schaeffer et 

al., 2018).  
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2.10 Figures and tables 

 

 

 

Figure 2.1 Percent survival (bars, primary axis) and time to death (points, secondary axis) of 

each family (N = 63) experimentally infected with Renibacterium salmoninarum, the causative 

agent of bacterial kidney disease. Family level mortality ranged from 0% to 90%. 
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Figure 2.2 Genome wide association study for bacterial kidney disease resistance measured as binary survival for 44,527 SNP 

markers. The black dash and dotted line represents the genome wide Bonferroni threshold (-log10(5.97)) and the black dotted line 

represents the chromosome wide Bonferroni threshold for Ssa08 (-log10(4.39)). 
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Figure 2.3 Genome wide association study for bacterial kidney disease resistance measured as time to death for 44,527 SNP markers. 

The black dash and dotted line represents the genome wide Bonferroni threshold (-log10(5.97)), the black dotted line represents the 

chromosome wide Bonferroni threshold for Ssa04 (-log10(4.53)).
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Table 2.1 Chromosome wide significant SNP markers for BKD survival and corresponding 

allele and genotype parameters. 

 

SNP P value n A1 A2 MAF A1A1 

Mortality 

A1A2 

Mortality 

A2A2 

Mortality 

Effect A2 

(SE) 

Ssa08 

SNP  

6.29 x 

10-6 

505 C T 0.078 59.4% 30.3%  --  -0.290 

(0.064)  

A1 is major allele; A2 is minor allele. Survival trait is coded as 0 survived, 1 dead. Effect of A2 

allele and standard error in brackets.   
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Table 2.2 Chromosome wide significant SNP markers for BKD time to death and corresponding 

allele and genotype parameters. 

 

SNP P 

value* 

n A1 A2 MAF A1A1 

Mean 

Time to 

Death 

A1A2 

Mean 

Time to 

Death 

A2A2 

Mean 

Time to 

Death 

Hazard 

Ratio 

(SE) 

Ssa04 

SNP 

5.58 x 

10-6 

503 T C 0.41 72.3 68.7 69.1 1.61 

(1.09) 

A1 is the major allele; A2 is the minor allele. Mean time to death indicated for each genotype for 
fish with records.  

*P value indicated is the genomic inflation corrected P value 
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3 Family-based genome wide association analysis for salmon lice 

(Lepeophtheirus salmonis) resistance in North American Atlantic 

salmon using a 50K SNP array 

 

3.1 Abstract 

The salmon louse, Lepeophtheirus salmonis, is an economically important parasite on 

aquaculture stocks of Atlantic salmon grown in sea cages. The aim of this study was to perform a 

family-based genome wide association study to identify the genomic architecture of salmon 

louse resistance in a commercial population of Atlantic salmon using five year classes of data. A 

total of 1756 fish were genotyped from 248 families, which were experimentally infected with L. 

salmonis copepodids, using a 50K SNP array designed specifically for North American Atlantic 

salmon. A within family-based association test for quantitative traits was run using QFAM in 

PLINK with salmon lice counts pre-adjusted for contemporary group as the phenotype. Salmon 

lice counts varied significantly among families with family averages ranging from 31 to 99 lice 

per fish. After correcting for multiple testing, seven SNPs from three chromosomes were 

significant at a suggestive chromosome wide level. Ssa04 had the most significant SNP, and four 

other significant SNPs within a close range on the chromosome. A single SNP was significant on 

each of Ssa14 and Ssa20. The most significant SNP, and two tag SNPs, were located near a 

predicted gene on Ssa04 that codes for ceramide-1-phophate transfer protein which is involved 

with pathophysiological functions such as cell survival and inflammation. No loci with major 

effects were detected suggesting a polygenic trait architecture. However, several loci were 

detected that could be included directly in models used to estimate genomic breeding values. 

Therefore, genomic selection should continue to be used to breed Atlantic salmon naturally more 

resistant to L. salmonis infection.  
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3.2 Introduction 

The salmon louse, Lepeophtheirus salmonis, is the predominant marine ectoparasite found on 

wild and farmed populations of salmonids in the North Atlantic (Hogans, 1995). In farmed 

populations, the high density of salmon in commercial sea cages provides suitable hosts for 

salmon lice, resulting in high levels of infection (Torrissen et al., 2013). Salmon lice feed on the 

skin, mucus, and blood of Atlantic salmon causing lesions to the skin that can lead to 

osmoregulatory stress and secondary infection (Mustafa et al., 2001). A recent analysis suggests 

that salmon lice infection of salmon creates economic losses through treatment and product 

downgrading or loss of up to 9% of the value of the product (Abolofia et al., 2017). Further costs 

occur as salmon lice may be vectors for viral and bacterial diseases (Nylund et al., 1994; Barker 

et al., 2009). Therefore, the control of salmon louse infection is important to the aquaculture 

industry.  

Treatments of salmon lice have not been fully effective in reducing the salmon louse 

problem in aquaculture. Chemotheraputant treatments available for use are limited in number, 

and overuse can lead to a reduced efficacy due to increased pesticide resistance of salmon lice 

populations to the chemotheraputants (Denholm et al., 2002; Westcott et al., 2004). Mechanical 

methods of removal are being utilized such as high pressure water systems, and biological 

control appears promising such as cleaner fish (Powell et al., 2018). However, sea lice infections 

persist, so other methods of decreasing parasite load on aquaculture strains of Atlantic salmon 

are being investigated such as utilizing the genetic variation in salmon lice resistance within a 

population. Selective breeding has been utilized to select for other economically important traits 

in salmonid aquaculture such as growth and age of sexual maturation, through the use of 

traditional phenotype based selection (Gjerde 1986; Quinton et al., 2005). However, phenotype 

based selection can be complicated in breeding programs where phenotypes cannot be collected 

on individuals in the breeding nucleus, such as when the nucleus is kept in freshwater where 

salmon lice will not survive the low salinity (Goddard et al., 2010; Bricknell et al., 2006). Sib-

testing, where traits are measured on siblings of the candidate broodstock is performed in this 

case, but it will only provide pedigree-based estimated breeding values (EBVs) at the full-sib 
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family level that are based on the mid-parent mean for candidate broodstock (Ødegård et al., 

2014). Breeding programs for pathogen resistance based solely on the family EBV often will 

favour close relatives for breeding. As reduced inbreeding is a breeding objective, this will 

reduce selection for these sib-tested traits in comparison to individual level traits (Ødegård et al., 

2014). Including genomic information would allow for individual level breeding values to be 

calculated by connecting the genomic information of the challenged siblings and breeding 

candidate siblings (Schaeffer et al., 2018).  

Several studies have looked at genetic variation of resistance to the salmon louse in the 

European subspecies of Atlantic salmon (Glover et al., 2005; Kolstad et al., 2005; Gjerde et al., 

2011; Tsai et al., 2016) as well as other species of sea lice (Caligus rogercresseyi, Lhorente et 

al., 2012; Correa et al., 2017; Robledo et al., 2019). These studies have estimated a moderate 

heritability for sea lice resistance in their populations of Atlantic salmon (h2 = 0.22-0.33) in 

highly controlled laboratory settings (reduced environmental variation). This indicates that there 

is enough genetic variation within these populations for selective breeding to increase the level 

of resistance to sea lice. Kolstad et al. (2005) determined that the genetic correlation between 

salmon lice resistance measured in a laboratory and resistance measured in a cage site was high 

(0.88 ± 0.26). Therefore, measuring salmon louse resistance in a controlled laboratory 

environment is a suitable substitute to measuring salmon louse resistance in natural infections at 

cage sites. To date only one study has been conducted on salmon lice resistance in the North 

American subspecies of Atlantic salmon (Rochus et al., 2018). This study determined the 

heritability of salmon louse counts to be 0.17 ± 0.04 using a three generation pedigree, and using 

approximately 3K single nucleotide polymorphisms (SNPs) from the parents of offspring 

challenged with salmon lice and detected two significant SNPs associated with lice count 

(Rochus et al., 2018).    

 High density SNP arrays have been developed specifically for Atlantic salmon, allowing 

for large amounts of genotypic data to be collected (Houston et al., 2014). This genetic 

information, that spans the entire genome, is useful for dissecting the genetic basis of a variety of 

economically important traits through the use of genome wide association (GWA) studies 

(Johnston et al., 2014; Correa et al., 2015; Correa et al., 2017). GWA analysis can provide 
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insight into the genetic architecture of various disease traits, helping identify regions of the 

genome associated with these traits. GWA analysis utilizes SNP markers spaced across the entire 

genome and phenotypes of the trait of interest to make associations between the genetic variants 

and the trait (Goddard and Hayes, 2007).  

The aim of this study is to perform a GWA analysis for resistance to the salmon louse in 

the Saint John River (SJR) aquaculture population of North American Atlantic salmon to 

determine the genetic architecture of salmon lice resistance and identify any regions of the 

genome associated with resistance using genotypes of lice challenged fish for application of 

genomic selection.  

 

3.3 Methods 

3.3.1 Study population 

Sea cage culture in Atlantic Canada uses primarily the SJR strain of North American Atlantic 

salmon founded from salmon returning to below the Mactaquac Dam on the SJR (Farmer, 1991; 

Friars et al., 1995; Glebe, 1998; O’Flynn et al., 1999). This is due to environmental suitability as 

well as concerns regarding the impacts of introgression on wild Atlantic salmon stocks (Glebe, 

1998). However, this aquaculture population of Atlantic salmon has been historically hybridized 

with a few Atlantic salmon from European origins (Glebe, 1998), and evidence of this historical 

admixture can still be detected within the genome (Liu et al., 2017). Atlantic salmon from 

European origins and from North American origins are considered to be separate subspecies 

(Verspoor, 1997; King et al., 2007; Bourret et al., 2013) and the two subspecies have different 

chromosome numbers and chromosomal arrangements (Brenna-Hansen et al., 2012). Salmon 

from five different year classes (YC), indicating different hatch years (2010, 2011, 2013, 2014, 

2015) were exposed to salmon louse, approximately 18 months from hatch date (see Table 3.1).  
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3.3.2 Disease challenges 

As the salmon louse is a saltwater parasite, challenges directly on the broodstock were not 

performed. Broodstock in this hatchery are kept in freshwater their entire lives for biosecurity 

reasons, therefore, challenges were performed on the siblings of the candidate broodstock.    

All challenges were conducted at the St. Andrews Biological Station (Fisheries and 

Ocean Canada, St. Andrews, New Brunswick, Canada). This laboratory had access to filtered 

and UV sterilized ocean water with a flow through system design. Fish were smolted on site and 

allowed to acclimate for one week prior to infection with freshly molted L. salmonis copepodids. 

Fish were placed in tanks (2010-2013YC 1000L size and 2014-2015YC 3000L) with stocking 

density not exceeding 30 kg/m3.  

The methods used to infect post-smolts with the salmon louse for the 2010YC and 

2011YC challenges can be found in Rochus et al. (2018). The 2013YC, 2014YC, and 2015YC 

challenges followed a similar methodology. One major change was the increase in the number of 

lice added to the tanks to 90-100 copepodids per fish, as this was successful in the 2011YC 

challenge. This was done to increase the infection pressure, and ideally allow for greater 

visualization of the variation in lice resistance due to a wider normal distribution of phenotypes, 

and thus more precise ranking of resistance within families. Additionally, in years where the 

larger 3000L tanks were used, systematic stirring of the water was done to promote lice 

dispersion once added to the water.  

The lice were permitted to grow until reaching the chalimus II stage, as this is a largest 

attached life history stage of the louse (Hamre et al., 2013) which made accurate salmon lice 

counts easier. Lice that were attached to the fin and the body of the fish were used to represent 

lice resistance/susceptibility as a quantitative trait ‘lice count’. Although lice were noted to attach 

within the mouth and gills, these were not included in the phenotype as these lice appear to be a 

product of the infection process and show little variation among families. Any fish that showed 

signs of deformities such as scoliosis or lordosis, or signs of sexual maturity were removed from 

the dataset as this may alter the lice load.  
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3.3.3 Genotyping 

A sample of fin clip was taken from each fish challenged during phenotyping and stored in 95% 

ethanol. For each challenge, the fish were ranked within their families using the residual of a 

linear regression which incorporated tank effects, and where applicable the top four and bottom 

four fish from each family were selected for genotyping. Genomic DNA was extracted using a 

DNeasy Blood & Tissue Kit (Qiagen) to produce high quality and high molecular weight DNA 

suitable for genotyping on a high density SNP array. The extracted DNA was sent to CIGENE 

(Ås, Norway) for genotyping on the NA Ssa50K Affymetrix Axiom SNP array, designed 

specifically for the North American Atlantic salmon subspecies. Some fish from the 2010YC and 

2011YC challenges from the study by Rochus et al. (2018) were also included. However, the 

number of genotyped individuals from the 2011YC was low due to the degradation of tissue 

likely because of ethanol evaporation in the fin clip tubes resulting in low yields of DNA.   

 SNPs were exported from Axiom Analysis Suite (version 1.1.1.66) if they presented two 

(NoMinorHom) or three (PolyHighResolution) well-separated clusters (FLD ≥ 5). Only SNPs 

that were clearly in a diploid region of the Atlantic salmon genome were used.    

3.3.4 Association analysis 

Historical admixture can be problematic in association analyses as allele frequencies between 

populations can differ substantially (Bourret et al., 2013). We used STRUCTURE (version 2.3.4) 

to estimate individual ancestry coefficients (K = 2) based on the method described in Liu et al. 

(2017). Individuals with 90% or greater North American ancestry were to be included in the 

GWA analysis as described in Holborn et al. (2018). However, standard GWA methods such as 

GenABEL were not equipped for the high level of admixture within this multiple year class 

dataset, and based on the STRUCTURE analysis many fish were to be removed due to historical 

admixture which would greatly reduce the statistical power. Therefore, other methods were 

investigated for association analysis that were more robust to population stratification so that all 

available genotypes could be included from all challenged families which would also be more 

genetically representative of the population of study. 



 

 

 67 

 

 For the association analysis between phenotypes and genotypes we used the family-based 

association test for quantitative traits (QFAM) function in PLINK (version 1.9), a linear 

regression method, as we believe that the use of QFAM in our admixed population is appropriate 

(Purcell et al., 2007). This method is suitable for this dataset as the QFAM-within procedure is 

robust to population stratification because the test is family-based (within-sibling) and the 

permutation procedure corrects for relatedness between families (Purcell et al., 2007; 

Duijvesteijn et al., 2010). Therefore, genotypes were not removed from the dataset due to 

population stratification. The QFAM procedure has been used successfully in aquaculture 

populations to detect SNPs associated with disease resistance in channel catfish and blue catfish 

hybrids (Geng et al., 2016; Geng et al., 2017) and SNPs associated with early maturity in post-

smolt Atlantic salmon (Boulding et al., 2018). 

As the QFAM association analysis does not allow for the inclusion of covariates, the lice 

count phenotype needed to first be adjusted for contemporary group. Contemporary group is a 

fixed factor, comprised of both the tank the fish was in during salmon lice challenge as well as 

the year class of the fish, and thus the year of the lice challenge. A linear transformation was 

applied where the residual mean for each contemporary group was subtracted from the lice 

counts of fish within that contemporary group. To avoid negative phenotypic values, a value of 

50 was then added to each louse count as this shifted the smallest phenotypic value to a positive 

value. As QFAM uses a permutation procedure no further transformation was applied to make 

the data normally distributed (Purcell et al., 2007). 

Some families had a low number of genotyped fish represented which is problematic with 

a family-based association test when parent genotypes are not available (Abecasis et al., 2000). 

The within family component of association is calculated using parent genotypes, or when parent 

genotypes are unavailable the parent genotypes are estimated using the genotypes of siblings 

within a family which may be inaccurate due to small sampling size (Abecasis et al., 2000; 

Purcell et al., 2007). Therefore, as many parent genotypes as possible were included within the 

analysis to include the small families. This is important as the higher number of families in the 

analysis the more statistical power to detect SNP associations as sample size will be greater 

(Spencer et al., 2009).  
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The dataset was filtered for Mendelian errors using PLINK to ensure no difference in 

allele states between parent and offspring at the same SNP. Quality control thresholds were set at 

a SNP call rate of >0.95, a sample call rate of >0.9, a minor allele frequency (MAF) of >0.01, 

and for SNPs in Hardy-Weinberg equilibrium (p value < 0.001). The QFAM test was performed 

using 100,000 permutations. P values from the within family test were visualized using the 

qqman package in R (version 3.3.2) using the manhattan function (Turner, 2014).  

As this GWA method involved individual SNP testing, we accounted for multiple testing 

using Bonferroni correction (Korte and Farlow, 2013; Armstrong, 2014). Bonferroni correction 

is known to be overly conservative, therefore a less conservative Bonferroni correction threshold 

(p value < 0.10/N, where N is the total number of SNPs tested), also referred to as a suggestive 

significance threshold, was used. A suggestive significance threshold has been used in previous 

studies for initial discovery of regions of the genome associated with a trait (Geng et al., 2017). 

A suggestive chromosome wide level significance was also considered (p value < 0.10/C, where 

C is the total number of SNPs tested for each respective chromosome). 

Using the resource SalmoBase, an integrated molecular data resource for salmonid species 

(Samy et al., 2017), and the locations of the most significant SNPs, we predicted candidate genes 

and identified gene products.  

 

3.4 Results 

A total of 1756 fish from 248 families from five YCs were both challenged with salmon lice and 

genotyped on a high density SNP array (Table 3.1). After adjusting the raw phenotypes for 

contemporary group, the average lice count was 50.8 lice (SD = 21.1) with a louse count range of 

4.69 to 183.59 lice per fish (Figure 3.1). After removing families with less than three phenotyped 

individuals, the average family lice load ranged from 31.26 to 99.12 lice per fish (Figure 3.2).     

A total of 317 parent genotypes were available for inclusion in the analysis. However, 35 

families had no parental genotypes available as earlier year classes have gaps in parental 
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genotyping. The families that have no parental genotypes however have a minimum of 7 fish per 

family genotyped up to 12 fish per family, which provides sufficient SNP allele information for 

proper execution of the QFAM test in PLINK (Abecasis et al., 2000; Purcell et al., 2007). 

Additionally, 36 families had at least one parent genotyped, and 177 families had both parents 

genotyped.  

A total of 46,538 SNP markers passed initial screening and were exported from Axiom 

Analysis Suite. Subsequent quality control through PLINK resulted in 37,118 SNPs and all 1756 

offspring and 317 parent samples passed all quality control measures. No SNPs were significant 

at the suggestive genome wide level, however, several SNPs were significant at the suggestive 

chromosome wide level (Figure 3.3). Seven SNPs from three chromosomes were significant at 

the suggestive chromosome wide level (Table 3.2). 

The chromosome wide significant SNPs on chromosome Ssa04 are located relatively 

close together. SNPs 4a, 4c, and 4d are located consecutively on the SNP array, and therefore 

form a peak on the resulting Manhattan plot (Figure 3.3). The five significant SNPs on Ssa04 are 

within a 220 SNP range on the SNP array, which represents a 9.4 Mb span of the chromosome.  

The most significant SNP, 4a, was located at 46.6 Mb, and the tag SNPs, 4c and 4d, are 

adjacent. Two potential gene products are within the region: ceramide-1-phophate transfer 

protein and acetylcholine receptor subunit gamma-like isoform. The significant SNP on 

chromosome Ssa14 is located at 31.3 Mb had one gene located within 31.2 and 31.4 Mb, with a 

gene product of protein Wnt-9a. The significant SNP on chromosome Ssa20 located at 78.6 Mb 

had two genes located within 78.5 and 78.7 Mb, with gene products of sialidase-4-like protein 

and P2Y purinoceptor 13-like protein.  

 

3.5 Discussion 

The results of the salmon lice challenges confirm significant variation for lice counts among 

families in this population of Atlantic salmon. The large range in average family lice loads 
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indicated genetic variation for lice resistance in the SJR strain. Heritable variation in lice counts 

among families has already been determined in this population by Rochus et al. (2018), but in 

this study three more year classes were included. Other studies have found heritable variation for 

lice resistance in different populations of Atlantic salmon (Glover et al., 2005; Kolstad et al., 

2005; Gjerde et al., 2011; Tsai et al., 2016). Pre-adjusting the phenotypes for contemporary 

group before the QFAM analysis narrowed the range in lice counts. However, this adjustment 

accounted for both variation in lice challenges between different tanks, including any variation in 

lice number and viability/activity, as well as variation among infection years.  

 The results of the QFAM association analysis indicated several SNPs significant at the 

chromosome level on Ssa04. Five SNPs were significant at a suggestive threshold on Ssa04, and 

these SNPs where located within a relatively small range on the chromosome. Three SNPs (4a, 

4c, and 4d) within a small region of the genome indicated the presence of a QTL in this region of 

the genome, as multiple SNPs in the area were associated with lice count. This 0.2 Mb range of 

the genome has two predicted genes, LOC106603603 (+ strand) and LOC106603604 (- strand). 

LOC106603603 codes for the protein acetylcholine receptor subunit gamma-like isoform which 

is part of the neuroactive ligand reception interaction pathway. LOC106603604 codes for 

ceramide-1-phophate transfer protein which is important in physiological processes associated 

with disease such as cell survival and inflammatory signaling (Gómez-Muñoz et al., 2005).  

 No SNP from the association analysis surpassed the genome wide significance threshold, 

therefore we conclude that there was no evidence in this study for a major locus that accounts for 

a substantial proportion of the phenotypic variation in lice count (Figure 3.3). This is consistent 

with other studies from both the European subspecies (Tsai et al., 2016) and the North American 

subspecies (Rochus et al., 2018).  

Four hypotheses might explain why Rochus et al. (2018) detected two experiment wide 

significant SNPs located on Ssa01 and Ssa23 using 2010YC and 2011YC data whereas the 

current study detected SNPs associated with lice counts on chromosomes Ssa04, Ssa14, and 

Ssa20. The first is that Rochus et al. (2018) did not genotype lice challenged offspring, as was 

done here, but instead used salmon lice counts and seawater weights from the offspring along 
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with parental freshwater weights to estimate EBVs for lice counts for the parents and other 

relatives. They then used GenABEL (Price et al., 2006; Aulchenko et al., 2007) to find 

associations between the EBVs for lice counts and their SNP genotypes. Their analysis used the 

egscore function after correcting for population stratification using the first two principal 

components calculated from the genomic relationship matrix. This method resulted in 

considerably more genomic inflation than was seen in the current study (their Fig. 2b) although 

they attempted to correct by adjusting the p value by dividing the test statistic by the genomic 

inflation factor, lambda. The second hypothesis is that Rochus et al. (2018) used genotypes at 

3034 SNP loci for a total of 299 fish of which only 155 were parents of salmon lice challenged 

fish from 90 full-sibling families whereas the current study used 37,118 SNP genotypes of 1756 

offspring and 317 of their parents from 248 families. The almost three-fold increase in the 

number of families increased the statistical power to detect associations and the ten-fold increase 

in the number of SNPs covered a higher proportion of the genome. The third hypothesis is that 

since the generation interval within this breeding nucleus has historically been four years (Liu et 

al. 2017) the GWA by Rochus et al. (2018) used two isolated breeding lines or populations, 

whereas this study used five year classes including two overlapping lines/populations (2010YC 

and 2014YC as well as 2011YC and 2015YC) and therefore had more related individuals. A 

fourth hypothesis, however, is the reason that the location of significant SNPs between these two 

studies does not overlap is the presence of false positives in one or both studies.  

SNPs from three different chromosomes were significant at the chromosome wide level 

indicating that salmon louse resistance in this population of North American Atlantic salmon is a 

polygenic trait, which was also concluded by Rochus et al. (2018) for this same commercial 

population. The salmon lice resistance trait has also been shown to be polygenic in other 

commercial populations (Tsai et al., 2016). Therefore, rather than including only SNPs that are 

significantly associated with salmon lice load into a breeding program, genomic selection which 

integrates either all available SNPs or a large subset should be used to add salmon lice resistance 

into the breeding program. The significant SNPs found to be associated with salmon lice 

resistance in this GWA study can be added to the subset of SNPs currently being used for 

genomic breeding values. Genomic selection approaches have been recommended by studies 
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with European Atlantic salmon subspecies for the salmon louse (Tsai et al., 2016) and C. 

rogercresseyi, a louse species common in Chile (Correa et al., 2017).      

Genomic selection for salmon louse resistance will become an integral part of an integrated 

pest management program. This approach includes a variety of traditional methodologies such as 

existing treatments for lice removal to novel ideas of salmon lice maintenance like the use of 

cleaner fish such as cunners and lumpfish, potential vaccination, and other developing 

innovations (Aaen et al., 2015; Yossa and Dumas, 2016). Utilizing genomic selection to enhance 

salmon louse resistance in this population of Atlantic salmon has already been implemented in 

breeding programs, and results from this study support its continued use. However, noticeable 

differences in salmon lice counts may take many years as inbreeding needs to be avoided while 

strongly selecting for increased resistance (Ødegård et al., 2014) and the long generational 

interval of commercial Atlantic salmon of four years (Liu et al., 2017). Norwegian aquaculture 

has already seen a measurable increase in resistance within lice resistance strains, but application 

to Canadian aquaculture could differ depend on breeding objectives. The lice count phenotypes 

were transformed, making the resulting estimated SNP effects more difficult to interpret, and lice 

counts being higher than those encountered in sea cages due to higher lice infection pressure in 

the study. The genetic correlations between other economically important traits such as growth 

and age at sexual maturity and salmon louse resistance should be investigated before full scale 

integration into the breeding program. If two important traits have a negative correlation a 

weight needs to be placed on each trait based on the level of importance to the company’s 

specific breeding strategy (Gjedrem, 2000; Quinton et al., 2005).  

 

3.6 Conclusion 

This was the first GWA analysis for salmon louse resistance in North American Atlantic salmon 

performed using high density genotypes of the challenged fish. This GWA analysis detected 

seven SNPs significant at a suggestive Bonferroni threshold at the chromosome wide level 

located on three chromosomes. Chromosome Ssa04 had five of the significant SNPs within a 
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relatively small region of the chromosome, which suggests at least one QTL for the trait of 

salmon lice load is present nearby. The most significant SNP on Ssa04 is near a predicted gene 

which codes for ceramide-1-phophate transfer protein which is involved with pathophysiological 

functions such as cell survival and inflammation. Further investigation into the roles of these 

genes and gene products is required to make any concrete conclusions about the effects of these 

genes on salmon lice resistance or susceptibility. As salmon lice resistance is a polygenic trait, 

these seven SNPs should be integrated into the subset of SNPs used for generating genomic 

estimated breeding values to increase salmon lice resistance in this population. 
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3.8 Figures and tables 

 

 

 

Figure 3.1 Distribution of adjusted lice count for all genotyped Atlantic salmon. 
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Figure 3.2 Average adjusted lice count per family, only considering families with 3 or more individuals (218 families out of 248). 
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Figure 3.3 Genome wide association study for salmon lice resistance measured as total lice count. The solid line represents the 

suggestive genome wide Bonferroni threshold, the dashed line represents the suggestive chromosome wide Bonferroni threshold for 

Ssa14 (-log10(4.26)), and the dotted line represents the suggestive chromosome wide Bonferroni thresholds for Ssa04 and Ssa20 (-

log10(4.18) and -log10(4.16), respectively).  
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Table 3.1 The number of fish and families challenged in salmon lice challenges and the 

subsequent number of fish and families genotyped for each year class of Atlantic salmon. 

 

Year Class Number of 
challenged fish 

Number of 
challenged 
families 

Number of 
genotyped fish 

Number of 
genotyped 
families 

2010YC 790 41 377 41 

2011YC 942 47 82 39 

2013YC 563 56 386 52 

2014YC 732 53 421 53 

2015YC 1684 63 490 63 

Total 4711 260 1756 248 
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Table 3.2 Significant SNPs associated with salmon lice resistance at the suggestive chromosome 

wide level (p value < 0.10/C, where C is the total number of SNPs tested for each respective 

chromosome) from three chromosomes.  

 

SNP Chromosome Position MAF Beta* P value 

4a Ssa04 46.4 Mb 0.12 0.3764 0.00002 

14 Ssa14 31.3 Mb 0.070 -2.18 0.00002 

4b Ssa04 41.9 Mb 0.17 1.036 0.00005 

20 Ssa20 78.6 Mb 0.079 -1.268 0.00005 

4c Ssa04 46.6 Mb 0.18 0.3741 0.00006 

4d Ssa04 46.6 Mb 0.13 0.116 0.00006 

4e Ssa04 51.4 Mb 0.24 -0.06071 0.00006 

* Beta represents the regression co-efficient and the direction of the SNP effect.  
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4 Genome wide analysis of infectious salmon anemia resistance in 

commercial Saint John River Atlantic salmon  

 

4.1 Abstract 

Infectious salmon anemia (ISA) is an economically costly viral disease to the global Atlantic 

salmon aquaculture industry due to the high virulence and high mortality rate. Selective breeding 

for disease resistance traits using genomic information has been suggested to increase the 

resistance to various diseases in the breeding population. The aim of this study was to perform a 

genome wide association (GWA) analysis to identify regions of the genome associated with ISA 

resistance in the commercial Saint John River population. A total of 2233 parr from 72 families 

from the 2015 year class were challenged with ISA using a cohabitation trial. The heritability of 

ISA resistance was 0.16 ± 0.04 on the observed scale for the binary trait of ISA survival at 50% 

mortality of all cohabitating fish. Binary phenotypes were recorded for all fish with those that 

survived the challenge being classified as resistant and those that died being classified as 

susceptible. Selective genotyping using a custom North American 50K SNP chip was performed 

by choosing, where possible, four resistant fish and four susceptible fish from each challenged 

family (n = 572). After quality control a total of 547 fish and 38,954 SNP markers remained for 

GWA analysis. Two survival traits were analyzed for the genotyped fish: ‘survival to day 37’ 

when mortality had reached 50% and ‘survival at trial termination’ on day 54. Two SNPs on 

Ssa03 and on Ssa07 were significant associated with ‘survival to day 37’ but only at the 

chromosome wide level. More notably nine significant SNPs on nine different chromosomes, 

were significantly associated with ‘survival at trial termination’ at the genome wide level. The 

most significant SNP, on Ssa13, explained 8.6% of the phenotypic variation, while  SNPs on 

Ssa12 and Ssa11 explained 7.6% and 6.4% respectively. The remaining six SNPs explained 

between 4-6% of the phenotypic variation, indicating oligogenic architecture of the ‘survival at 

trial termination’ trait. A total of 33 genes known to be differentially expressed during infection 

with ISA were located downstream on the same chromosome arm of the nine significant SNPs. 
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Identification of causal mutations is not necessary to implement genomic information into 

selective breeding programs, but improves understanding of the genetic basis of ISA resistance.   

 

4.2 Introduction 

Infectious salmon anemia (ISA) is a serious viral disease that mainly affects Atlantic salmon but 

has also been observed in other salmonid and non-salmonid species (Raynard et al., 2001; 

Nylund et al., 1997; Nylund and Jakobsen, 1995; Nylund et al., 2002; MacLean et al., 2003). The 

causative agent of ISA is infectious salmon anemia virus (ISAV), a waterborne virus in the 

Orthomyxoviridae family and closely related to influenza viruses (Falk et al., 1997; Krossøy et 

al., 1999). The disease is characterized by severe anemia and hemorrhagic lesions (Falk et al., 

1995). Gross pathological symptoms of ISA also include gill paleness, ascites, liver congestion, 

spleen inflammation, intestinal congestion, and petechial hemorrhaging of the viscera (Thorud 

and Djupvik, 1988; Evensen et al., 1991; Falk et al., 1995; Jones et al., 1999; Simko et al., 2000; 

Speilberg et al., 1995).  

ISA is a global concern to the aquaculture industry and is a disease of high importance 

due to the high mortality and thus high economic impact. ISA was first detected in Norway in 

1984 (Thorud and Djupvik, 1988) and has since been reported to occur globally where Atlantic 

salmon aquaculture is prevalent: Atlantic Canada in 1997 (Mullins et al., 1998), Scotland in 1998 

(Rodger et al., 1998), Faroe Islands in 1999 (Lyngøy, 2003), Maine (Atlantic USA) in 2000 

(Bouchard et al., 2001), and Chile in 2007 (Godoy et al., 2008), although ISAV was detected in 

Coho salmon in Chile before detection in Atlantic salmon (Kibenge et al., 2001). Clinical 

outbreaks of ISA can have a high mortality rate, as cumulative mortality for natural and 

experimental infections can drastically range from 0 to 100% (Kibenge et al., 2004).    

ISAV has been detected in both aquaculture and wild fish (Raynard et al., 2001). ISA 

outbreaks typically occur during seawater lifecycle stages of Atlantic salmon, but ISA has been 

detected in freshwater stages as well (Lyngstad et al., 2008). Transmission of ISAV is thought to 

be primarily through horizontal transfer, and notably there can be transmission of ISAV from 
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wild fish to hatchery-reared post-smolts into commercial sea cage Atlantic salmon (Nylund et al., 

1994). While the impact of ISAV on wild fish stocks is not currently well known, it is 

hypothesized that wild populations possess a non-virulent but still transmissible strain of ISAV 

(ISAV-HPR0 strain) (Christiansen et al., 2011). The ISAV-HPR0 strain, after transmission to 

aquaculture fish mutates into more virulent strains that are adapted to the high host densities 

typical of intensive aquaculture practices due to the high mutation rate of the ISAV genome 

(Mjaaland et al., 2002; Markussen et al., 2008) and there is some evidence that mutation from a 

non-pathogenic to a low-pathogenic virus can occur (Christiansen et al., 2017; Cárdenas et al., 

2019). Due to the high virulence of ISAV, ISA can spread quickly through a cage site through 

fish to fish transfer and can also be passively transferred to neighbouring sites by equipment 

sharing and further by shipping containers as the virus can survive for 20 hours in seawater 

(Nylund et al., 1994; Murray et al., 2002). Sea lice, a prevalent ectoparasite of farmed salmonids, 

could be a mechanical vector for transmission of ISAV (Oelckers et al., 2014). There is also 

evidence of vertical transmission of ISAV from dam to offspring through ovarian fluid and eggs 

(Marshall et al., 2014). Therefore, improved management practices have been crucial at reducing 

the risk of the disease, however outbreaks still occur in the Atlantic salmon industry.   

ISA outbreaks globally have resulted in major economic losses. The Chilean aquaculture 

industry experienced a massive ISA outbreak shortly after initial detection in Atlantic salmon in 

2007, the worst disease outbreak in salmon aquaculture to date (Asche et al., 2009). This Chilean 

outbreak reduced the production of Atlantic salmon by more than 60%, causing a devastating 

loss of profit (Asche et al., 2009). ISA in New Brunswick has not been as severe as the Chilean 

outbreak, but there are several instances of ISAV being detected in New Brunswick and other 

maritime provinces in Canada (Canadian Food Inspection Agency, 2018). In Canada as well as 

other Atlantic salmon producing countries such as Norway, Scotland, and Chile, the 

confirmation of ISA at a cage site requires the cull of all exposed fish, not just fish that are 

symptomatic, to prevent the spread of the virus (Canadian Food Inspection Agency, 2013).    

In addition to developing management practices and vaccines to control ISAV, a genomic 

approach can be taken to breed Atlantic salmon that have increased genetic resistant to ISA so 

that ISAV is less likely to be transmitted to fish (Kjøglum et al., 2008). As ISA primarily affects 
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fish while in the seawater life stages and because many aquaculture companies keep broodstock 

quarantined in freshwater hatcheries, there has rarely been direct selection on the phenotypes of 

the broodstock for ISA resistance. Additionally, deliberate challenges of broodstock with 

pathogenic ISAV is ill-advised due to biosecurity concerns of vertical transmission to potential 

future offspring but also the high virulence of the disease could cause large mortalities in the 

only breeding stock available. Therefore, the use of sibling testing is beneficial for disease traits 

such as ISA resistance, and combined with genomic data, accurate evaluations of both family 

and individual levels of resistance is possible.  

Several studies have utilized a sibling testing methodology in commercial Atlantic 

salmon populations to look for genotype-phenotype associations for a variety of disease 

resistance traits using QTL mapping and genome wide association (GWA) studies (Moen et al., 

2007; Correa et al., 2015; Correa et al., 2017, Tsai et al., 2015; Rochus et al., 2018; Holborn et 

al., 2018; Holborn et al., in review). Moen et al. (2007) performed quantitative trait loci (QTL) 

analysis using ISA survival data and found a QTL that explained 6% of the phenotypic variation 

in resistance to ISA on Ssa15, using a population of Atlantic salmon from European origin. 

However, QTL mapping needs to be verified in different populations, and there is a large 

difference between the European population in Moen et al. (2007) and this North American 

population, as European and North American Atlantic salmon are currently considered separate 

subspecies (Verspoor, 1997; King et al., 2007; Bourret et al., 2013). QTL mapping with SNP 

molecular markers has been performed on the commercial Saint John River population of 

Atlantic salmon. Using a SNP dataset of approximately 11,000 markers, three QTL were 

identified to be significantly associated with ISA survival in the 2009 and 2010 year classes at 

the chromosome wide level (Dussault et al., revision requested). 

Investigating ISA resistance in Atlantic salmon using a GWA study design has some 

benefits over the previously performed QTL mapping designs. With a GWA study design, rather 

than QTL linkage mapping within large families, which has been done in previous studies, more 

families can be included as fewer individuals per family require genotyping. A GWA study 

design utilizes the within-family genetic variation much like a QTL mapping design, but 

additionally GWA studies also exploit the between-family genetic variation (Sonesson and 
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Meuwissen, 2009). The increase in the number of families is more representative of the breeding 

population, increasing the sampling of genetic variance within the population.  

In this study, a GWA analysis using SNP markers from across the whole Atlantic salmon 

genome was performed to detect SNPs in linkage disequilibrium (LD) with QTLs associated 

with ISA resistance. This research presents the first GWA study of ISA resistance in this 

commercial population of Atlantic salmon. The information from this study will assist breeders 

in developing a genetic improvement program that incorporates increased ISA resistance.  

 

4.3 Methods 

4.3.1 Study population 

The Atlantic salmon used in this study were ~5 month old parr from the Kelly Cove Salmon 

breeding nucleus from the 2015 year class. This commercial population has undergone six to 

seven generations of artificial selection for economically important traits (Liu et al., 2017) after 

establishment from the North American Saint John River strain. Fish were raised in family tanks 

until a passive integrated transponder (PIT) tag could be inserted, therefore the parentage of each 

fish was known. Prior to exposure to ISAV, all fish in the challenge were fin clipped for future 

DNA extractions, and the fin clip was stored in ethanol for preservation. 

4.3.2 Disease challenge 

A controlled cohabitation disease challenge was conducted at the Center for Aquaculture 

Technologies Canada’s (CATC) biological containment laboratory in Souris, Prince Edward 

Island. This challenge design involved the intraperitoneal injection of a virulent strain of ISAV 

into fish called “Trojans” which would then cohabitate and horizontally transfer ISAV to the fish 

in the family challenge (called cohabs) (Jones and Groman, 2011). Prior to a full scale family 

disease challenge, a pre-challenge was conducted to determine the dosage of ISAV. In addition 

to testing different dosages, the pre-challenge also tested different Trojan pressures. The aim of 
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the pre-challenge was to select the dosage and the percent of Trojan fish that would yield an end 

mortality of approximately 50%, the point with the most variation in phenotypes.  

The family disease challenge had a total of 2982 fish, 749 Trojan fish and 2233 cohab 

fish, from 72 full-sib families. Each family had a minimum of 15 fish and up to 40 fish, with an 

average of 30.9 fish per family. After a 14 day acclimation period after transfer to the facility, 

fish were anesthetized for handling to prepare for the challenge. Cohab designated fish were 

weighed (average weight of 94.3 g (SD = 17.7 g)) and fish from each family were distributed 

into 18 tanks after a fin clip was taken. Each Trojan fish was injected with 100 μl of inoculate, 

which contained ISAV in the dosage determined from the pre-challenge and phosphate buffered 

saline. Each tank had a Trojan pressure of approximately 25%. The challenge was conducted in 

freshwater kept at 12 ± 1 °C.    

Post challenge start, fish were monitored daily for mortalities and fed up to 1.5% body 

weight per day of commercial fish feed. Mortalities had the day of mortality and external disease 

symptoms recorded and a necropsy was performed to record sex and gross pathology. Fish that 

showed signs of early maturity were removed from the dataset. Heart samples from the first 100 

cohab mortalities were collected and stored in RNAlater for subsequent qPCR analysis to 

confirm ISAV presence and estimate viral load. The challenge was terminated on day 54 post 

challenge once mortalities plateaued at approximately 1% per day for five days. All fish alive the 

day of challenge termination were classified as survivors, and survivors were sampled similarly 

to the mortalities, however sex was not recorded. 

The heritability of ISA resistance in this population was estimated with ASReml using 

data from 2223 cohabs that were not sexually mature or possessed deformities that may affect 

their performance in the ISA challenge. An animal model, with tank as a fixed effect, was used 

to estimate the heritability of ISA resistance, measured as survival at 34 days, the point in the 

challenge where 50% of the 2223 cohabs had died. The recorded pedigree used to estimate the 

heritability included up to the parent generation (n = 2413), and therefore provided a rough 

estimation of the heritability of the trait. The heritability estimate was based on 40,000 Gibbs 

samples after an 8000 burn-in. The model analyzed ISA resistance as a binary trait:  
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!"# = % + 	(" + )# + *"#                                   (1) 

where, yij is the survival phenotype (‘death before 34 days’ at 50% mortality coded as 0, and 

‘survival to after 34 days’ coded as 1) which is analyzed as a quantitative trait, µ is the overall 

mean of the population, ti is the tank effect (a fixed effect), aj is the animal effect from the 

pedigree (a random effect), and eij is the residual. 

4.3.3 Genotyping 

Genomic DNA was extracted from 770 cohabs using a DNeasy Blood & Tissue Kit (Qiagen), 

representing four mortalities and four survivors from each of the 72 families, where applicable. 

As there were differences in mortality levels between tanks, the binary survival phenotype was 

corrected for tank effects, allowing for ranking of each individual within a family. Selective 

genotyping was performed due to budget limitations and the high cost of genotyping and to 

ensure sampling of fish with variability in survival. Due to the small size of the fish and the fact 

that fin tissue was taken antemortem before exposure to ISAV, many of the samples did not yield 

sufficient concentrations of DNA for genotyping. Therefore, a replacement for that fish from the 

same family with a similar phenotype was selected. High quality and high molecular weight 

DNA from 572 fish samples was sent to CIGENE (Ås, Norway) for genotyping on the custom 

NA Ssa50K SNP array (Holborn et al., 2018; Boulding et al., 2019). SNPs were exported from 

Axiom Analysis Suite (version 1.1.1.66) if they presented as 2 (NoMinorHom) or 3 

(PolyHighResolution) well-separated clusters (FLD ≥ 5) indicating that they were in a diploid 

region of the ancestrally tetraploid Atlantic salmon genome (Gidskehaug et al., 2011).  

As sex was not recorded for the surviving fish, the genotypic sex was determined for each 

fish with an available genotype using six previously determined sex SNPs that have an 

approximately 95% accuracy of prediction (Boulding, unpublished data). The phenotypic sex 

recorded, where applicable, of the challenged fish were compared with the genotypic sex and 

some differences in sex were noted. These differences between phenotypic and genotypic sex 

could likely be due to the small size of the fish and the fact that they were not sexually mature. 
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Therefore, the genotypic sex was used for all fish in the analysis regardless of the recorded 

phenotypic sex.  

4.3.4 Association analysis 

Quality control was performed on the returned genotypes to filter out poor SNPs and fish with 

low call rates. PLINK (version 1.9; www.cog-genomics.org/plink/1.9/) was used to filter based 

on a SNP call rate of >0.95, a sample call rate of >0.9, for a SNP minor allele frequency (MAF > 

0.05), and for SNPs in Hardy-Weinberg Equilibrium (p value < 0.001). The fish samples that 

passed quality control were analyzed for continent of origin using STRUCTURE (version 2.3.4) 

using the methods in Liu et al. (2017). Previous disease resistance studies used a cut-off 

threshold for continent of origin of 90% or greater North America ancestry (Holborn et al., 2018) 

however this criterion would result in using only 325 fish genotypes which greatly lowered the 

power to detect any significant associations due to small sample size. Within this dataset, the 

lowest percent of North American ancestry was 85%, and given the potential margin of error 

with the STRUCTURE analysis all individuals in the dataset were kept by using a threshold of 

85% North American ancestry.  

A multi-step mixed model approach was used for the GWA analysis for the survival trait 

using the package GenABEL (version 1.8-0) (Aulchenko et al., 2007) in R statistical software 

(version 3.3.2). This model incorporates a genomic kinship matrix to account for structure due to 

familial relatedness, which is important with a full-sib design, as well as structure due to 

historical population admixture. The genomic kinship matrix was estimated in GenABEL using 

the ibs function using all available SNPs, which estimates the relationships among individuals 

using identity by state. The polygenic and mmscore functions were used to perform a multi-step 

association analysis, called the Family-based Test for Association (FASTA) which is suitable for 

large family-based datasets (Chen and Abecasis, 2007). Using logistic regression, tank effects 

and genotypic sex had a significant effect on survival, while weight was not significant, therefore 

both tank and sex were included in the polygenic model.  
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The polygenic function is first used to estimate the residual, after accounting for other 

fixed and random factors (equation 1), and the residual is then fitted into a model using the 

mmscore function that tests the effect of each SNP on the trait (equation 2).  

!"#+, = 	 %	 +	-" +	(# + .+ +	*"#+,     (2) 

where, yijkl is the survival phenotype (survivors coded as 0, mortalities as 1) which is analyzed as 

a quantitative trait, µ is the overall mean of the population, Gi is the additive polygenic effect 

estimated from the genomic kinship matrix (a random effect), tj is the tank effect (a fixed effect), 

sk is the sex effect (a fixed effect), and eijkl is the residual, that will be used in the next equation.  

*̂ = 	0(234) +	*"     (3) 

where, *̂ is the estimate of the residual from the polygenic model (equation 1), 0(SNP) is the 

SNP effect on the survival trait, and ei is the residual.    

Two survival traits were analyzed using this multi-step mixed model approach. The first 

trait was ‘survival at trial termination’ on day 54, the second trait was ‘survival to day 37’. The 

trait ‘survival on day 37’ was analyzed as this is the point in the trial where there were 50% 

mortalities in the subset of fish genotyped. This point in the trial represents the time with the 

most variation in phenotypes.   

The mixed model approach involved the individual testing of all SNPs, and therefore a 

Bonferroni correction is commonly used to account for multiple testing. Bonferroni corrections 

are a conservative method where the threshold of significance is determined by α/M, where α is 

the significance level and M is the number of SNPs tested. Traditionally Bonferroni corrected 

critical values uses α = 0.05, however Bonferroni correction is rather strict and can increases the 

type II error rate (Hochberg, 1988). Therefore, a value of α = 0.1 was used, which is a suggestive 

level of significance and is useful when doing discovery work where thresholds can be relaxed. 

SNPs can also be significant at the chromosome wide level, which is calculated as α/C, where C 

is the number of SNPs tested on the chromosome of interest.  
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The percentage of phenotypic variation was also estimated using GenABEL. The number 

of samples genotyped for a given SNP divided by the chi-square statistic value from the 

mmscore test function provides the proportion of phenotypic variation. This value was calculated 

for all SNPs that pass the suggestive Bonferroni threshold (0.1/M).   

Although this SNP chip contains SNPs from across the genome, not all regions have 

significant LD. PLINK was used to estimate the LD (r2) between any significant SNPs and the 

flanking regions within 0.1 Mb upstream and downstream.    

The area surrounding any significant SNPs was searched for potential genes that could 

account for differences in resistance to ISA. SalmoBase was used to scan the area within ± 0.1 

Mb of the estimated SNP location, and the gene product was recorded where applicable. The 

locations of significant SNPs were compared against genes that were differentially expressed 

during an ISA challenge of North American farmed salmon using the NCBI database (LeBlanc et 

al., 2010). All genes that were >2-fold differentially expressed between ISAV injected and sham 

injected fish, either upregulated or downregulated, at different time points of exposure to ISAV 

were blasted using the NCBI database against the Salmo salar genome to identify the 

chromosome location of the gene. Phillips et al. (2009) and Brenna-Hansen et al. (2012) were 

used to determine the chromosome type for each chromosome with a significant SNP 

(acrocentric or metacentric).    

 

4.4 Results 

The ISA challenge had a higher than anticipated cumulative mortality with differences in 

mortality rates between tanks. The trial was terminated on day 54 and no mortalities occurred the 

day of trial termination. On day 53, the last day of mortalities, the trial had a cumulative 

mortality of 83% (Fig. 4.1), which was higher than expected based on the pre-challenge. There 

was a difference in tank mortalities across the 18 tanks, ranging from 74% mortality to 97% 

mortality, therefore the inclusion of a tank effect into the association analysis model was 

required. Most importantly though, there was a range in the family level mortality, which was 
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expected if there was family level genetic variation in ISA resistance. The family level mortality 

ranged from 42% to 100% (Fig. 4.2). 

The narrow sense heritability of ISA resistance was estimated to be 0.16 ± 0.04 (mean ± 

SE) on the observed scale for the binary trait of ISA survival at 50% mortality for all cohabs in 

the challenge including those that were not genotyped. The phenotypic mean was 0.495 ± 0.50 

(mean ± SE). This was based on 2413 animals in pedigree file and 2223 animals with phenotypic 

observations for the ISA resistance trait.        

The viral load for surviving fish was lower than that of early mortalities. All early 

mortalities were symptomatic for ISA, and the 100 heart samples collected from the first 

mortalities were all positive for ISAV and had high viral loads (number of ISAV copies/µg 

RNA). This provides evidence that mortalities were caused by the viral infection and likely not 

other causes. The mean viral load for the 100 early cohab mortalities was 2.32 x 105 copies/µg 

RNA (SD = 1.29 x 105). The heart samples taken from the 378 fish that survived the challenge 

also had viral load estimated by qPCR. Of the survivors, 302 were positive for ISAV, 65 fish 

were near the limit of detection for the qPCR method, 9 fish were negative, and 2 fish had 

inconclusive results after several attempts of retesting. Of the 302 fish heart samples positive for 

ISAV, the mean viral load was 59.31 copies/µg RNA (SD = 117.68), which is significantly (p 

value <0.0001) lower than the viral load from the early mortalities, indicating an ability to fight 

an infection, restricting the virus from entering the body, or another mechanism of ISAV 

resistance.  

A total of 38,954 SNP markers and 547 fish, comprising of 195 survivors on day 54 and 

352 mortalities, passed all quality control parameters. The genotyped fish represent all 72 

families, and between five and nine fish per family passed quality control, with an average of 7.6 

fish per family. Not accounting for population stratification can cause over-inflation of 

association, however there was no evidence of over-inflation based on the QQplots (Fig. 4.3). 

Rather, the association analyses showed under-inflation with lambda values of 0.95 for ‘survival 

at day 37’ and 0.95 for ‘survival at trial termination’, where the null hypothesis, indicating no 

over- or under-inflation, has a lambda value of 1.  
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The association analysis identified nine SNPs significantly associated with ‘survival at trial 

termination’ at the suggestive (α = 0.1) genome wide level (see SNP details in Table 4.1) from 

nine different chromosomes (Fig. 4.4). For all nine of the significant SNPs the minor allele (A2) 

was associated with ISA resistance. The most significant SNP located on Ssa13 accounted for 

8.61% of the phenotypic variation of the trait, while the remaining SNPs ranged from 7.56% to 

4.42% in this population (Table 4.1). In addition, SNPs on Ssa09, Ssa14, and Ssa18 were 

significant at their respective suggestive (α = 0.1) chromosome wide thresholds. This indicated 

that ISA survival is an oligogenic trait due to these significant SNPs with a relatively large 

effect. 

The association analysis of ‘survival to day 37’ did not yield any suggestive genome wide 

significant SNPs, however two chromosome wide significant SNPs (α = 0.05) were detected. 

The most significant SNP for this trait was located on Ssa03 while the second most significant 

SNP was located on Ssa07 (Fig. 4.5).  

Although nine different SNPs on nine chromosomes were significantly associated with 

ISA resistance, there was no evidence that flanking SNPs (within ± 0.1Mb) were also associated 

with ISA resistance (Fig. 3). We hypothesized that this was because the pairwise LD between the 

significant SNP and the flanking SNPs was low. This hypothesis was supported in that the 

majority of the flanking SNPs had a r2 value less than 0.2 with the significant SNP. An exception 

to this was Ssa05, Ssa12, and Ssa24 which had one or more SNPs with a r2 value above 0.2 and 

Ssa14 had the highest amount of LD with two SNPs with r2 values of 0.450 and 0.418 (Fig. 4.6). 

All of the SNPs with a r2 value above 0.2 had low MAF, with a range between 0.054 and 0.127. 

In total 41 candidate genes were found within ± 0.1 Mb of the estimated SNP location of 

the nine significant SNPs (Table 4.2). From the LeBlanc et al. (2010) study, 324 unique gene 

sequences from the cGRASP microarray and eight from pre-selected candidate genes for qRT-

PCR were blasted. Ninety gene sequences from the cGRASP microarray were co-located on 

chromosomes with a significant SNP, with 30 genes located downstream from a significant SNP 

on the same chromosome arm (Table 4.3). The majority of the chromosomes of interest were 

acrocentric, meaning there is a single chromosome arm, however Ssa05 is metacentric, so the 
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location of the centromere was estimated based on approximate location in Philips et al. (2009) 

and the total chromosome length from SalmoBase. Four genes from the candidate genes co-

located with a significant SNP, of which three genes were located downstream on the same 

chromosome arm (Table 4.4).     

 

4.5 Discussion 

The results of this ISA challenge indicate genetic variation for ISA resistance in this North 

American Atlantic salmon population. This was expected as several other studies have shown 

ISA resistance to be genetically variable in Atlantic salmon of European origin (Moen et al., 

2007; Kjøglum et al., 2008). The range in family level mortality from 42% to 100% and 

significant effect of family on survival indicated the existence of family level genetic variation 

for ISA resistance in this commercial Atlantic salmon population.  

We demonstrated that ISA resistance in this population of Atlantic salmon is heritable, 

with a heritability estimate of 0.16. This estimate is lower than estimates calculated based on 

European Atlantic salmon populations, which have estimates ranging from 0.24 to 0.40 (Ødegard 

et al., 2007; Olesen et al., 2007; Kjølum et al., 2008; Gjerde et al., 2009). However, this lower 

estimate is likely due to the large amount of environmental variation introduced through the use 

of 18 tanks, which is reflected in the large differences in mortality between tanks. Regardless, 

this heritability estimate indicates that ISA resistance can be selected for in this population.  

 The STRUCTURE analysis indicated that this subset of fish from the 2015 year class had 

lower amounts of European ancestry within the genome (Holborn et al., in review). Additionally, 

the inclusion of fish with 85% or greater North American ancestry did not cause over-inflation of 

the association as lambda values were below a value of 1.  

The two resistance traits analyzed, ‘survival at trial termination’ and ‘survival to day 37’, 

were associated with different SNPs confirming that they are not the same trait. ‘Survival at trial 

termination’, when mortality naturally levels off, is likely to represent more fish that were truly 
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able to resist infection, tolerate infection, or clear a viral infection from their system. In contrast, 

the ‘survival to day 37’ trait was defined as survival to a fixed point where 50% of the fish are 

alive resulted in survival phenotypes that were a mixture of fish that had died and had survived at 

the termination of the trial which can introduce biases (Ødegård et al., 2011). The classification 

of fish that would ultimately die throughout the challenge as survivors may conflict with the 

association analysis, reducing the power to detect SNPs associated with ISA resistance as these 

fish may possess the genotypes associated with mortality. This could explain why the ‘survival 

to day 37’ trait had no associated SNPs at the genome wide level (Fig. 4.5) but the trait ‘survival 

at trial termination’ did (Fig. 4.4).  

The nine SNPs significantly associated with ISA resistance as ‘survival at trial 

termination’ were located on nine different chromosomes. A previous study on the commercial 

Saint John River population of Atlantic salmon was also performed using QTL linkage mapping 

and detected two QTL significant at the chromosome wide level on Ssa03 and Ssa04, and one 

QTL at the experiment wide level on Ssa25 (Dussault et al., revision requested). Our GWA 

analysis for ‘survival at trial termination’ did not detect any significant SNPs on these 

chromosomes, however ‘survival to day 37’ did have a chromosome wide significant SNP on 

Ssa03 but was not located within the same genome region as the QTL in Dussault et al., (revision 

requested). The QTL mapping study utilized fewer families but had more individuals genotyped 

from those families due to the experimental design. However, in the Dussault et al. (revision 

requested) study only QTL that happen to be segregating within the families selected for 

genotyping would be detected, as specific family crosses were not created for the study. 

Additionally, the year classes used differed between this GWA study and Dussault et al. 

(revision requested), which could also lead to differences in the number and location of 

significant SNPs associated with ISA resistance in the Saint John River strain.   

No large, broad peaks of significant SNPs were detected in this GWA analysis as the 

majority of the flanking SNPs were not in LD with the significant SNP and therefore can be 

considered independent of each other. Several of the significant SNPs had flanking SNPs with a 

low level of LD while chromosome Ssa14 had moderate levels of LD. Therefore, it is possible 

that the significant SNP on Ssa14 is a false positive as these moderately linked SNPs did not 
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show association with ISA resistance. However, the MAF of these two SNPs are low (0.091 and 

0.127) so this may hamper the ability to detect associations. Further analysis with more 

individuals would be necessary to determine if the significant SNP on Ssa14 is a false positive or 

a true association by increasing the sample size of fish possessing the minor allele.   

A study by Moen et al. (2007) using QTL mapping with microsatellites identified a QTL 

associated with ISA resistance on Ssa15 that accounted for 6% of the phenotypic variation of the 

trait in a European population of Atlantic salmon. The ‘survival at trial termination’ or ‘survival 

to day 37’ analyses did not indicate any region passing significance thresholds on Ssa15, 

however, there is a peak of several SNPs on Ssa15 for the ‘survival to day 37’ trait at 

approximately 33 Mb along the chromosome. This region, although not significant, is of interest 

as this is the region of the genome where the QTL was detected in Moen et al. (2007). The QTL 

found on Ssa15 in Moen et al. (2007) was nearby the gene HIV-EP2/MBP-2, which is located 

around 34.8 Mb according to SalmoBase. It is not uncommon that areas of the genome 

associated with traits differ between the North American and European subspecies of Atlantic 

salmon (Boulding et al., 2019), so the homeolog of this region of Ssa15 was identified to be on 

Ssa06 using figure 2 in Lien et al. (2016). This region on Ssa06 did not have any significant 

SNPs or show any trend towards significance. Although it cannot be claimed that this region on 

Ssa15 is associated with ISA resistance in North American Atlantic salmon as it is in the 

European subspecies as significance thresholds have not been passed, it was of interest to note as 

future datasets may have more power to detect associations in this region of the genome.   

A candidate gene on chromosome Ssa24, neu4, is of particular interest because 4-O-

acetylated sialic acids (Neu4,5Ac), is the preferred receptor of ISAV (Aamelfot et al., 2012). 

Neu4 is located at a 6.77 Mb in the Atlantic salmon genome and facilitates the binding of the 

virus to endothelial cells (Aamelfot et al., 2012). The most significant SNP on Ssa24 at the 

genome wide level was located upstream of this position at 3.60 Mb.  

A total of 41 protein coding genes were detected within a 0.1 Mb distance from the nine 

significant SNPs that could be associated with ISA resistance in this population. There were also 

30 differentially expressed genes from the cGRASP microarray and three from a candidate gene 
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approach that were located downstream, on the same chromosome arm, from statistically 

significant SNPs. The SNPs located upstream from these genes, many of the genes involved in 

innate and adaptive immunity (LeBlanc et al., 2010), could be cis-regulating these genes, but 

further testing into the biological pathways of these genes is needed.   

The underlying genetic cause is not required to implement genomic information into 

selective breeding programs, but it is important for fully understanding the genetic basis of ISA 

resistance. Li et al. (2011) were able to identify several candidate genes within the region of the 

QTL for ISA resistance identified by Moen et al. (2007). Li et al. (2011) identified one particular 

gene of interest, HIV-EP2/MBP-2, which is thought to influence the expression of other genes 

that have been linked to having a response to ISAV infection, likely though changes in the 

structure of the protein. Major histocompatibility complex class I and II genes have also been 

associated with resistance to ISA (Grimholt et al., 2003), but since ISA resistance is an 

oligogenic trait there are likely more genes that contribute to resistance as well as epistasis, so a 

candidate gene approach would not be ideal (Yáñez et al., 2014).  

This study used ISA survival as a proxy for resistance to ISA. However, as detection and 

confirmation of the disease requires the culling of the cage site in many countries it is important 

to understand the differences between the traits investigated and the trait of greatest importance. 

In this study all fish were equally exposed to the pathogen, and some of the fish that survived the 

challenge still had detectable levels of the virus within their tissue. Future selection of 

individuals that are truly resistant may not be feasible, as that would severely limit the pool of 

candidate broodstock, so selection should be made on individuals that demonstrate an increased 

level of resistance to ISAV. Dettleff et al. (2017) demonstrated that fish that were considered 

resistant and susceptible to ISAV showed considerable differences in viral loads, where fish that 

were resistant had lower viral loads indicating a capability of overcoming virus replication. 

Therefore selecting fish that show an increased level of resistance to ISAV may also be selecting 

for individuals that have lower viral replication, or do not replicate the virus at all, decreasing the 

chances of transmission of the virus to cohabitating fish in the sea cages.      
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As this is the first and only year class to undergo an ISAV challenge and subsequent GWA 

analysis, further investigation into the genetic architecture of ISA resistance in this population of 

Atlantic salmon is encouraged. Year classes are usually not crossed with other years, and these 

commercial salmon have a four year generation interval so each of the resulting four breeding 

lines show Fst values supporting their status as historically different populations (Liu et al., 

2017). The inclusion of more year classes into the dataset would help estimate the effect of year 

class on the trait, so year class can be accounted for like sex or tank within the association 

analysis. Accounting for year class effects can potentially remove any significant SNPs 

associated with a year class effect that were initially attributed to ISA survival. This will allow 

researchers to further pinpoint regions of the genome truly associated with ISA resistance. 

Additionally, the continuation of ISA disease challenges will allow for the utilization of 

phenotypes and genotypes of the siblings of the broodstock to be applied to the broodstock using 

genomic estimated breeding values to make informed breeding decisions. As ISA resistance is a 

polygenic trait, genomic selection using all available SNPs or a subset of SNPs, including the 

nine significant SNPs detected in this study, from all chromosomes would be the best course of 

action to breed increased resistance into the commercial strains of Atlantic salmon.  

 

4.6 Conclusion 

This was the first GWA analysis for ISA resistance using a high density SNP array in this 

commercial population of Atlantic salmon. This GWA analysis on the 2015 year class detected 

nine SNPs from nine different chromosomes significantly associated with ISA resistance at the 

suggestive genome wide level, indicating an oligogenic trait inheritance with some SNPs 

accounting for a larger percentage of the phenotypic variation in ISA resistance and some SNPs 

with a smaller effect. For all nine SNPs the minor allele was the resistant allele, so increasing the 

proportion of these alleles in the population is possible. We identified 41 genes within the 0.1 

Mb surrounding each of the nine SNPs that could be associated with ISA resistance. However, 

understanding the genes underlying ISA resistance is not necessary for genomics selection but 

could be of future interest in understanding the genetic basis of ISA resistance. Continued ISA 
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disease challenges would benefit the breeding program to increase ISA resistance in the 

population to mitigate the costly effects of the disease at sea cage sites due to the highly 

infectious and fatal nature of ISAV.    

  



 

 

 103 

 

4.7 References 

Aamelfot, M., Dale, O.B., Weli, S.C., Koppang, E.O., Falk, K., 2012. Expression of the 
infectious salmon anemia virus receptor on Atlantic salmon endothelial cells correlated 
with the cell tropism of the virus. J. Virol. 86(19), 10571-10578. 
https://doi.org/10.1128/JVI.00047-12   

 
Asche, F., Hansen, H., Tveteras, R., Tveterås, S., 2009. The salmon disease crisis in Chile. Mar. 

Resourc. Econ. 24, 405-411. https://doi.org/10.1086/mre.24.4.42629664 
 
Aulchenko, Y.S., Ripke, S., Isaacs, A., van Dujin, C.M., 2007. GenABEL: an R library for 

genome-wide association analysis. Bioinformatics 23, 1294-1296. 
https://doi.org/10.1093/bioinformatics/btm108 

 
Bouchard, D.A., Brockway, K., Giray, C., Keleher, W., Merrill, P.L., 2001. First report of 

infectious salmon anaemia (ISA) in the United States. Bull. Eur. Assoc. Fish Pathol. 
21(2), 86-88.  

 
Boulding, E.G., Ang, K.P., Elliott, J.A.K., Powell, F., Schaeffer, L.R., 2019. Difference in 

genetic architecture between continents at a major locus previously associated with sea 
age at sexual maturity in European Atlantic salmon. Aquaculture 500, 670-678. 
https://doi.org/10.1016/j.aquaculture.2018.09.025 

 
Bourret, V., Kent, M.P., Primmer, C.R., Vasemägi, A., Karlsson, S., Hindar, K., McGinnity, P., 

Verspoor, E., Bernatchez, L., Lien, S., 2013. SNP-array reveals genome-wide patterns of 
geographical and potential adaptive divergence across the natural range of Atlantic 
salmon (Salmo salar). Mol. Ecol. 22(3), 532-551. https://doi.org/10.1111/mec.12003 

 
Brenna-Hansen, S., Li, J., Kent, M.P., Boulding, E.G., Dominik, S., Davidson, W.S., Lien, S., 

2012. Chromosomal differences between European and North American Atlantic salmon 
discovered by linkage mapping and supported by fluorescence in situ hybridization 
analysis. BMC Genetics 13, 432. https://doi.org/10.1186/1471-2164-13-432 

 
Canadian Food Inspection Agency., 2013. Infectious Salmon Anemia – Fact Sheet. (22 

December 2013). Canadian Food Inspection Agency – Government of Canada. 
http://www.inspection.gc.ca/animals/aquatic-animals/diseases/reportable/isa/fact-
sheet/eng/1327198930863/1327199219511 

 
Canadian Food Inspection Agency., 2018. Locations infected with infectious salmon anaemia in 

2018. (6 December 2018). Canadian Food Inspection Agency – Government of Canada. 
http://www.inspection.gc.ca/animals/aquatic-animals/diseases/reportable/2018/infectious-
salmon-anaemia-2018-/eng/1520361142560/1520361212232 

 



 

 

 104 

 

Cárdenas, C., Ojeda, N., Labra, Á., Marshall, S.H., 2018. Molecular features associated with the 
adaptive evolution of Infectious Salmon Anemia Virus (ISAV) in Chile. Infect. Genet. 
Evol. 68, 203-211. https://doi.org/10.1016/j.meegid.2018.12.028 

 
Chen, W.M., Abecasis, G.R., 2007. Family-based association tests for genome wide association 

scans. Am. J. Hum. Genet. 81, 913-926. https://doi.org/10.1086/521580 
 
Christiansen, D.H., McBeath, A.J., Aamelfot, M., Matejusova, I., Fourrier, M., White, P., 

Petersen, P.E., Falk, K., 2017. First field evidence of the evolution from a non-virulent 
HPR0 to a virulent HPR-deleted infectious salmon anaemia virus. J. Gen. Virol. 98(4), 
595-606. https://doi.org/10.1099/jgv.0.000741 

 
Christiansen, D.H., Østergaard, P.S., Snow, M., Dale, O.B., Falk, K., 2011. A low-pathogenic 

variation of infectious salmon anemia virus (ISAV-HPR0) is highly prevalent and causes 
a non-clinical transient infection in farmed Atlantic salmon (Salmo salar L.) in the Faroe 
Islands. J. Gen. Virol. 92: 909-918. https://doi.org/10.1099/vir.0.027094-0 

 
Correa, K., Lhorente, J.P., Bassini, L., López, M.E., Di Genova, A., Maass, A., Davidson, W.S., 

Yáñez, J.M., 2017. Genome wide association study for resistance to Caligus 
rogercresseyi in Atlantic salmon (Salmo salar L.) using a 50K SNP genotyping array. 
Aquaculture 472, 61-65. https://doi.org/10.1016/j.aquaculture.2016.04.008 

 
Correa, K., Lhorente, J.P, López, M.E., Bassini, L., Naswa, S., Deeb, N., Di Genova, A., Maass, 

A., Davidson, W.S., Yáñez, J.M., 2015. Genome-wide association analysis reveals loci 
associated with resistance against Piscirickettsia salmonis in two Atlantic salmon (Salmo 
salar L.) chromosomes. BMC Genomics 16, 854. https://doi.org/10.1186/s12864-015- 
2038-7 

 
Dettleff, P., Moen, T., Santi, N., Martinez, V., 2017. Transcriptomic analysis of spleen infected 

with infectious salmon anemia virus reveals distinct pattern of viral replication on 
resistance and susceptible Atlantic salmon (Salmo salar). Fish Shellfish Immunol. 61, 
187-193. https://doi.org/10.1016/j.fsi.2017.01.005 

 
Dussault, F.M., Ang, K.P., Elliott, J.A.K., Glebe, B.D., Leadbeater, S., Manning, A.J., Powell, 

F., Boulding, E.G., (revision requested Aquaculture Research ARE-OA-19-Jan-083.R1 
submitted April 3, 2019). Mapping quantitative trait loci for infectious salmon anemia 
resistance in a North American strain of Atlantic salmon. Aquac. Res.  

 
Evensen, Ø., Thorud, K.E., Olsen, Y.A., 1991. Morphological study of the gross and light 

microscopic lesion of infectious anaemia in Altantic salmon (Salmo salar). Res. Vet. Sci. 
51(2), 215-222. https://doi.org/10.1016/0034-5288(91)90017-I  

 
Falk, K., Namork, E., Rimstad, E., Mjaaland, S., Dannevig, B.H., 1997. Characterization of 

infectious salmon anemia virus, an Orthomyxo-like virus isolated from Atlantic salmon 



 

 

 105 

 

(Salmo salar L.). J. Virol. 71(12), 9016-9023. https://doi.org/10.1128/JVI.79.19.12544-
12553.2005 

 
Falk, K., Press, C.M., Landsverk, T., Dannevig, B.H., 1995. Spleen and kidney of Atlantic 

salmon (Salmo salar L.) show histochemical changes early in the course of 
experimentally induced infectious salmon anaemia (ISA). Vet. Immunol. Immunop. 49, 
115-126. https://doi.org/10.1016/0165-2427(95)05427-8 

 
Gidskehaug, L., Kent, M., Hayes, B.J., Lien, S., 2011. Genotype calling and mapping of 

multisite variations using an Altantic salmon iSelect SNP array. Bioinformatics 27(3), 
303-310. https://doi.org/10.1093/bioinformatics/btq673 

 
Gjerde, B., Evensen, Ø., Bentsen, H.B., Storset, A., 2009. Genetic (co)variation of vaccine 

injuries and innate resistance to furunculosis (Aeromonas salmonicida) and infectious 
salmon anaemia (ISA) in Atlantic salmon (Salmo salar). Aquaculture 287, 52-58. 
https://doi.org/10.1016/j.aquaculture.2008.10.028 

 
Godoy, M.G., Aedo, A., Kibenge, M.J.T., Broman, D.B., Yason, C.V., Grothusen, H., 

Lisperguer, A., Calbucura, M., Avendaño, F., Imilán, M., Jarpa, M., Kibenge, F.S.B., 
2008. First detection, isolation and molecular characterization of infectious salmon 
anaemia virus associated with clinical disease in farmed Atlantic salmon (Salmo salar) in 
Chile. BMC Vet. Res. 4, 28. https://doi.org/10.1186/1746-6148-4-28 

 
Grimholt, U., Larsen, S., Nordmo, R., Midtlyng, P., Kjoeglum, S., Storset, A., Saebø, S., Stet, 

R.J., 2003. MHC polymorphism and disease resistance in Atlantic salmon (Salmo salar); 
facing pathogens with single expressed major histocompatibility class I and class II 
loci. Immunogenetics 55(4), 210–219. https://doi.org/10.1007/s00251-003-0567-8 

 
Hochberg, Y., 1988. A sharper Bonferroni procedure for multiple tests of significance. 

Biometrika 75, 800-802. https://doi.org/10.1093/biomet/75.4.800  
 
Holborn, M.K., Ang, K.P., Elliott, J.A.K., Powell, F., Boulding, E.G., 2018. Genome wide 

association analysis for bacterial kidney disease resistance in a commercial North 
American Atlantic salmon (Salmo salar) population using a 50K SNP panel. Aquaculture 
495, 465-471. https://doi.org/10.1016/j.aquaculture.2018.06.014 

 
Holborn, M.K., Rochus, C.M., Ang, K.P., Elliott, J.A.K., Leadbeater, S. Powell, F., Boulding, 

E.G., (in review Aquaculture AQUA_2019_227). Family-based genome wide association 
study for salmon lice (Lepeophtheirus salmonis) resistance using a 50K SNP array. 

 
Jones, S.R.M., Groman, D.B., 2011. Cohabitation transmission of infectious salmon anemia 

virus among freshwater-reared Atlantic salmon. J. Aquat. Anim. Health. 13(4), 340-346. 
https://doi.org/10.1577/1548-8667(2001)013<0340:CTOISA>2.0.CO;2 

 



 

 

 106 

 

Jones, S.R.M., MacKinnon, A.M., Groman, D.B., 1999. Virulence and pathogenicity of 
infectious salmon anemia virus isolated from farmed salmon in Atlantic Canada. J. 
Aquat. Anim. Health. 11, 400-405. https://doi.org/10.1577/1548-
8667(1999)011<0400:VAPOIS>2.0.CO;2 

 
Kibenge, F.S.B., Garate, O.N., Johnson, G., Arriagada, R., Kibenge, M.J.T., Wadawska, D., 

2001. Isolation and identification of infectious salmon anemia virus (ISAV) from Coho 
salmon in Chile. Dis. Aquat. Org. 45, 9-18. https://doi.org/10.3354/dao045009 

 
Kibenge, F.S.B., Munir, K., Kibenge, M.J.T., Joseph, T., Moneke, E., 2004. Infectious salmon 

anemia virus: causative agent, pathogenesis and immunity. Anim. Health Res. Rev. 5(1), 
65-78. https://doi.org/10.1079/AHRR200461 

 
King, T.L., Verspoor, E., Spidle, A.P., Gross, R., Phillips, R.B., Koljonen, M.-L., Sanches, J.A., 

and Morrison, C.L., 2007. Biodiversity and population structure. In E. Verspoor, L. 
Stradmeyer, and J. Nielsen (Eds.), The Atlantic Salmon: Genetics, conservation and 
management. 117–166. Oxford: Blackwell. https://doi.org/10.1002/9780470995846.ch5 

 
Kjøglum, S., Henryon, M., Aasmundstad, T., Korsgaard, I., 2008. Selective breeding can 

increase resistance of Atlantic salmon to furunculosis, infectious salmon anemia and 
infectious pancreatic necrosis. Aquac. Res. 39(5), 498-505. 
https://doi.org/10.1111/j.1365-2109.2008.01904.x  

 
Krossøy, B., Hordvik, I., Nilsen, F., Nylund, A., Endresen, C., 1999. The putative polymerase 

sequence of infectious salmon anemia virus suggests a new genus within the 
Orthomyxoviridae. J. Virol. 73, 2136-2142.  

 
LeBlanc, F., Laflamme, M., and Gangné, N., 2010. Genetic markers of the immune response of 

Atlantic salmon (Salmo salar) to infectious salmon anemia virus (ISAV). Fish Shellfish 
Immun. 29(2), 217-232. https://doi.org/10.1016/j.fsi.2010.03.007  

 
Li, J., Boroevich, K.A., Davidson, W.S., 2011. Comparative genomics identifies candidate genes 

for infectious salmon anemia (ISA) resistance in Atlantic salmon (Salmo salar). Mar. 
Biotechnol. 13(2), 232-241. https://doi.org/10.1007/s10126-010-9284-0 

 
Lien, S., Koop, B.F., Sandve, S.R., Miller, J.R., Kent, M.P., Nome, T., Hvidsten, T.R., Leong, 

J.S., Minkley, D.R., Zimin, A., Grammes, F., Grove, H., Gjuvsland, A., Walenz, B., 
Hermansen, R.A., von Schalburg, K., Rondeau, E.B., Di Genova, A., Samy, J.K.A., Vik, 
J.O., Vigeland, M.D., Caler, L., Grimholt, U., Jentoft, S., Våge, D.I., de Jong, P., Moen, 
T., Baranski, M., Palti, Y., Smith, D.R., Yorke, J.A., Nederbragt, A.J., Tooming-
Klunderud, A., Jakobsen, K.S., Jiang, X., Fan, D., Hu, Y., Liberles, D.A., Vidal, R., 
Iturra, P., Jones, S.J.M., Jonassen, I., Maass, A., Omholt, S.W., Davidson, W.S., 2016. 
The Atlantic salmon genome provides insights into rediploidization. Nature 533, 200-
205. https://doi.org/10.1038/nature17164    



 

 

 107 

 

 
Liu, L., Ang, K.P., Elliott, J.A.K., Kent, M.P., Lien, S., MacDonald, D., Boulding, E.G., 2017. A 

genome scan for selection signatures comparing farmed Atlantic salmon with two wild 
populations: Testing colocalization among outlier markers, candidate genes, and 
quantitative trait loci for production traits. Evol. Appl. 10, 276-296. 
http://dx.doi.org/10.1111/eva.12450. 

 
Lyngøy, C., 2003. Infectious salmon anemia in Norway and the Faroe Islands: an industrial 

approach. In: Miller, O., Cipriano, R.C. (Eds.), International response to infectious 
salmon anemia: prevention, control, and eradication: proceedings of a symposium, New 
Orleans, LA, 3–4 September, 2002. Tech. Bull. No. 1902, Washington, DC: U.S. 
Department of Agriculture, Animal and Plant Health Inspection Service; U.S. 
Department of the Interior, U.S. Geological Survey; U.S. Department of Commerce, 
National Marine Fisheries Service, 97–109. 

 
Lyngstad, T.M., Jansen, P.A., Sindre, H., Jonassen, C.M., Hjortaas, M.J., Johnsen, S., Brun, E., 

2008. Epidemiological investigation of infectious salmon anaemia (ISA) outbreaks in 
Norway 2003-2005. Prev. Vet. Med. 84(3-4), 213-227. 
https://doi.org/10.1016/j.prevetmed.2007.12.008 

 
MacLean, S., Bouchard, D., Ellis S., 2003. Survey of non-salmonid marine fishes for detection 

of infectious salmon anaemia virus and other salmonid pathogens. In: Miller, O., and 
Cipriano, R.C., technical coordinators. International response to infectious salmon 
anemia: prevention, control, and eradication: Proceedings of a symposium, 3-4 
September 2002, New Orleans, LA. Technical Bulletin 1902 Washington, D.C.: 
Department of Agriculture, Animal and Plant Health Inspection Service pp. 135-143.  

 
Markussen, T., Jonassen, C.M., Numanovic, S., Braaen, S., Hjortaas, M., Nilsen, H., Mjaaland, 

S., 2008. Evolutionary mechanisms involved in the virulence of infectious salmon 
anaemia virus (ISAV), a piscine orthomyxovirus. Virology 374, 515-527. 
https://doi.org/10.1016/j.virol.2008.01.019 

 
Marshall, S.H., Ramírez, R., Labra, A., Carmona, M., Muñoz, C., 2014. Bona fide evidence for 

natural vertical transmission of infectious salmon anemia virus (ISAV) in freshwater 
brood stocks of farmed Atlantic salmon (Salmo salar) in southern Chile. J. Virol. 88(11), 
6012-6018. https://doi.org/10.1128/JVI.03670-13 

 
Mjaaland, S., Hungnes, O., Teig, A., Dannevig, B.H., Thorud, K., Rimstad, E., 2002. 

Polymorphism in the infectious salmon anemia virus hemagglutinin gene: importance and 
possible implications for evolution and ecology of infectious salmon anemia disease. 
Virology 304, 379-391. https://doi.org/10.1006/viro.2002.1658 

 
Moen, T., Sonesson, A.K., Hayes, B., Lien, S., Munck, H., Meuwissen, T.H.E., 2007. Mapping 

of a quantitative trait locus for resistance against infectious salmon anaemia in Atlantic 



 

 

 108 

 

salmon (Salmo salar): a comparing survival analysis with analysis on affected/resistant 
data. BMC Genet. 8, 53. https://doi.org/10.1186/1471-2156-8-53 

 
Mullins, J.E., Groman, D., Wadowska, D., 1998. Infectious salmon anaemia in salt water 

Atlantic salmon (Salmo salar L.) in New Brunswick, Canada. Bull. Eur. Assoc. Fish 
Pathol. 18(4), 110-114.  

 
Murray, A.G., Smith, R.J., Stagg, R.M., 2002. Shipping and the spread of infectious salmon 

anemia in Scottish aquaculture. Emerg. Infect. Dis. 8, 1-5. 
https://doi.org/10.3201/eid0801.010144 

 
Nylund, A., Devold, M., Mullins, J., Plarre, H., 2002. Herring (Clupea harengus): a host for 

infectious salmon anemia virus (ISAV). Bull. Eur. Ass. Fish Pathol. 22, 311-318.  
 
Nylund, A., Hovland, T., Hodneland, K., Nilsen, F., Levik, P., 1994. Mechanisms for 

transmission of infectious salmon anaemia (ISA). Dis. Aquat. Organ. 19, 95-100.  
 
Nylund, A., Jakobsen, P., 1995. Sea-trout as a carrier of infectious salmon anemia virus. J. Fish 

Biol. 47, 174-176. https://doi.org/10.1111/j.1095-8649.1995.tb01885.x 
 
Nylund, A., Kvenseth, A.M., Krossoy, B., Hodneland, K., 1997. Replication of the infectious 

salmon anaemia virus (ISAV) in rainbow trout, Oncorhynchus mykiss (Walbaum). J. Fish 
Dis. 20, 275-279. https://doi.org/10.1046/j.1365-2761.1997.00300.x 

 
Ødegård, J., Baranski, M., Gjerde, B., Gjedrem, T., 2011. Methodology for genetic evaluation of 

disease resistance in aquaculture species: challenges and future prospects. Aquac. Res. 
42(s1), 103-114. https://doi.org/10.1111/j.1365-2109.2010.02669.x   

 
Ødegård, J., Olesen, I., Gjerde, B. Klemetsdal, G., 2007. Positive genetic correlation between 

resistance to bacterial (furunculosis) and viral (infectious salmon anaemia) diseases in 
farmed Atlantic salmon (Salmo salar). Aquaculture 273, 173-177. 
https://doi.org/10.1016/j.aquaculture.2007.06.006 

 
Oelckers, K., Vike, S., Duesund, H., Gonzalez, J., Wadsworth, S., Nylund, A., 2014. Caligus 

rogercresseyi as a potential vector for transmission of Infectious Salmon Anaemia (ISA) 
virus in Chile. Aquaculture 420-421, 125-132. 
https://doi.org/10.1016/j.aquaculture.2013.10.016  

 
Olesen, I., Hung, D., Ødegård, J., 2007. Genetic analysis of survival in challenge tests of 

furunculosis and ISA in Atlantic salmon. Genetic parameter estimates and model 
comparisons. Aquaculture 272, S297–S298. 
https://doi.org/10.1016/j.aquaculture.2007.07.155 

 



 

 

 109 

 

Philips, R.B., Keatley, K.A., Morasch, M.R., Ventura, A.B., Lubieniecki, K.P., Koop, B.F., 
Danzmann, R.G., Davidson, W.S., 2009. Assignment of Atlantic salmon (Salmo salar) 
linkage groups to specific chromosomes: Conservation of large syntenic blocks 
corresponding to whole chromosome arms in rainbow trout (Oncorhynchus mykiss). 
BMC Genetics 10, 46. https://doi.org/10.1186/1471-2156-10-46 

 
Raynard, R.S., Murray, A.G., Gregory, A., 2001. Infectious salmon anaemia virus in wild fish 

from Scotland. Dis. Aquat. Organ. 46(2), 93-100. https://doi.org/10.3354/dao046093 
 
Rochus, C.M., Holborn, M.K., Ang, K.P., Elliott, J.A.K., Glebe, B.D., Leadbeater, S., Tosh, J.J., 

and Boulding, E.G., 2018. Genome-wide association analysis of salmon lice 
(Lepeophtheirus salmonis) resistance in a North American Atlantic salmon population. 
Aquac. Res. 49(3), 1329-1338. https://doi.org/10.1111/are.13592 

 
Rodger, H.D., Turnbull, T., Muir, F., Millar, S., Richards, R.H., 1998. Infectious salmon 

anaemia (ISA) in the United Kingdom. Bull. Eur. Assoc. Fish Pathol. 18(4), 115-116.  
 
Simko, E., Brown, L.L., MacKinnon, A.M., Byrne, P.J., Ostland, V.E., Ferguson, H.W., 2000. 

Experimental infection of Atlantic salmon, Salmo salar L., with infectious salmon 
anaemia virus: a histopathological study. J. Fish Dis. 23, 27-32. 
https://doi.org/10.1046/j.1365-2761.2000.00203.x  

 
Sonesson, A.K., Meuwissen, T.H.E., 2009. Testing strategies for genomic selection in 

aquaculture breeding programs. Gen. Sel. Evol. 41, 37. https://doi.org/10.1186/1297-
9686-41-37 

 
Speilberg, L., Evensen, Ø., Dannevig, B.H., 1995. A sequential study of the light and electron 

microscopic liver lesion of infectious anemia in Atlantic salmon (Salmo salar L.). Vet. 
Pathol. 32(5), 466-478. https://doi.org/10.1177/030098589503200503 

 
Thorud, K.E., Djupvik, H.O., 1988. Infectious salmon anaemia in Atlantic salmon (Salmo salar 

L.). Bull. Eur. Assoc. Fish Pathol. 8, 109-111.   
 
Tsai, H.Y., Hamilton, A., Tinch, A.E., Guy, D.R., Gharbi, K., Stear, M.J., Matika, O., Bishop, 

S.C., Houston, R.D., 2015. Genome wide association and genomic prediction for growth 
trait in juvenile farmed Atlantic salmon using a high density SNP array. BMC Genomics 
16, 969. https://doi.org/10.1186/s12864-015-2117-9 

 
Verspoor, E., 1997. Genetic diversity among Atlantic salmon (Salmo salar L.) populations. ICES 

J. Mar. Sci. 54, 965-973. https://doi.org/10.1016/S1054-3139(97)80001-X 
 
Yáñez, J.M., Houston, R.D., Newman, S., 2014. Genetics and genomics of disease resistance in 

salmonid species. Front. Genet. 5, 415. https://doi.org/10.3389/fgene.2014.00415 



 

 

 110 

 

4.8 Figures and Tables 

 

 

 

Figure 4.1 Cumulative percent mortality for the 53 days of the ISA challenge. The trial was 

terminated on day 54 after mortalities leveled off at no more than 1% mortalities per day for five 

consecutive days. 
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Figure 4.2 Overall percent mortality for all 72 families present in the ISA challenge. The 

average percent mortality at termination of the trial at 53 days. 
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Figure 4.3 QQplots for genome wide association analyses for ISA resistance indicated that there was slight under-inflation that was 

corrected by adjusting the p values using the genomic control factor lambda, l. Black line represents the theoretical χ2 values expected 

under the null hypothesis. A. QQplot for ‘survival at trial termination’ where l = 0.94. B. QQplot for ‘survival to day 37’ where l = 

0.95. 
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Figure 4.4 Genome wide association analysis for ISA survival as ‘survival at trial termination’. The solid line represents genome 

wide Bonferroni significance while the dotted line represents the suggestive genome wide Bonferroni significance threshold. 
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Figure 4.5 Genome wide association analysis for ISA ‘survival to day 37’, where there was 50% mortality in the genotyped dataset. 

The solid line represents genome wide Bonferroni significance while the dotted line represents the suggestive genome wide 

Bonferroni significance threshold. 
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 Upstream SNPs  Downstream SNPs 
 9 8 7 6 5 4 3 2 1  1 2 3 4 5 6 7 8 9 
Ssa01 0.008 0.000 0.006 0.006 0.013 0.014 0.004 0.013 0.014 Sig SNP 0.041 0.014 0.014 0.009 0.006 0.005 0.000 0.000 0.000 

Ssa05 0.024 0.045 0.015 0.119 0.012 0.100 0.018 0.229 0.173 Sig SNP 0.211 0.034 0.010 0.007 0.007 0.006 0.006 0.005 0.001 

Ssa10 0.018 0.029 0.000 0.034 0.031 0.000 0.000 0.029 0.031 Sig SNP 0.000 0.028 0.000 0.031 0.029 0.032 0.031 0.154 0.154 

Ssa11 0.001 0.000 0.001 0.002 0.002 0.002 0.001 0.000 0.001 Sig SNP 0.001 0.003 0.000 0.017 0.002 0.002 0.002 0.002 0.002 

Ssa12 0.007 0.005 0.004 0.005 0.001 0.001 0.002 0.002 0.002 Sig SNP 0.310 0.020 0.001 0.001 0.000 0.002 0.003 0.000 0.007 

Ssa13 0.000 0.000 0.000 0.000 0.004 0.004 0.003 0.000 0.002 Sig SNP 0.004 0.040 0.035 0.001 0.009 0.001 0.000 0.002 0.008 

Ssa14 0.072 0.002 0.003 0.088 0.088 0.005 0.083 0.450 0.090 Sig SNP 0.418 0.029 0.042 0.040 0.046 0.005 0.050 0.040 0.014 

Ssa16 0.005 0.005 0.067 0.028 0.058 0.076 0.085 0.000 0.006 Sig SNP 0.085 0.004 0.005 0.123 0.044 0.112 0.088 0.020 0.043 

Ssa24 0.001 0.001 0.001 0.001 0.005 0.005 0.018 0.029 0.027 Sig SNP 0.214 0.222 0.217 0.231 0.222 0.090 0.090 0.090 0.055 

 

Figure 4.6 The level of pairwise linkage disequilibrium (r2) between the significant single nucleotide polymorphism (Sig SNP – see 

Table 1) and the nine upstream and nine downstream flanking SNPs, representing 0.1 Mb distance to the significant SNP. The grey 

coded SNPs represent SNPs with a r2 value of 0, light blue a r2 value lower than 0.2, medium blue a r2 value between 0.2 and 0.4, and 

dark blue a r2 value of above 0.4. 
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Table 4.1 Genome wide significant SNP markers for ISA ‘survival at trial termination’ and corresponding SNP parameters. The 

variable n represents the number of fish successfully genotyped at this SNP. The A2 allele represents the minor allele. 

SNP 
Chromoso

me 
Positiona p value n A1 A2 MAF Effect A2 (SE) 

Percent Phenotypic 

Variation 

AX-87024549 13 55007327 1.53 x 10-11 533 G A 0.106 -0.222 (0.0329) 8.61 

AX-87248478 12 34981886 1.08 x 10-9 523 C T 0.162 -0.164 (0.0269) 7.56 

AX-87806676 11 9190503 1.21 x 10-8 532 G A 0.0987 -0.197 (0.0345) 6.42 

AX-96490180 5 8566307 3.55 x 10-8 532 C T 0.140 -0.161 (0.0291) 5.83 

AX-87545217 10 103636938 3.42 x 10-7 535 G A 0.124 -0.153 (0.0230) 5.22 

AX-87710310 1 142039673 1.68 x 10-6 532 A C 0.195 -0.116 (0.0243) 4.59 
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a The position on the chromosome is an approximate location. 
 
 

 

 

 

 

 

AX-87453983 24 3601575 1.98 x 10-6 520 C A 0.135 -0.141 (0.0296) 4.52 

AX-86955267 14 32136776 1.48 x 10-6 527 C T 0.189 -0.121 (0.0252) 4.38 

AX-96136557 16 27381873 1.65 x 10-6 520 T C 0.133 -0.144 (0.0300) 4.42 
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Table 4.2 Protein coding genes within a 0.1Mb distance from nine genome wide significant SNPs associated with the trait ‘survival 

at trial termination’ at the suggestive (α = 0.05) genome-wide level. 

 

Chromosome Gene Name Position Gene Product 

Ssa13 LOC106567521 ssa13:54801869..54945875 (+ strand) rap guanine nucleotide exchange factor 6-like, 

transcript variant X1 

Ssa13 LOC106567522 ssa13:55079115..55297652 (- strand) follistatin-related protein 4-like 

Ssa12 LOC106565061 ssa12:34898127..34980877 (- strand) dystroglycan-like, transcript variant X3 

Ssa12 LOC106565062 ssa12:34943220..34945025 (+ strand) uncharacterized LOC106565062, transcript variant 

X2 

Ssa11 LOC106561937 ssa11:8949290..9126433 (- strand) leucine zipper protein 2-like, transcript variant X2 

Ssa11 LOC106561938 ssa11:9144268..9150312 (- strand) 39S ribosomal protein L21, mitochondrial-like, 

transcript variant X1 

Ssa11 LOC106561939 ssa11:9159006..9215406 (- strand) CUGBP Elav-like family member 1, transcript 

variant X3 
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Ssa11 LOC106561940 ssa11:9215641..9219193 (+ strand) uncharacterized LOC106561940, transcript variant 

X5 

Ssa11 LOC106561941 ssa11:9226163..9238858 (- strand) complement C1q tumor necrosis factor-related 

protein 4-like 

Ssa11 LOC106561942 ssa11:9221145..9225781 (+ strand) NADH dehydrogenase [ubiquinone] iron-sulfur 

protein 3, mitochondrial-like 

Ssa05 LOC106604223 ssa05:8462248..8469211 (- strand) uncharacterized LOC106604223 

Ssa05 LOC106604222 ssa05:8470224..8498096 (+ strand) BTB/POZ domain-containing protein KCTD16-like 

Ssa05 LOC106604221 ssa05:8541796..8581300 (+ strand) SH3 domain-containing RING finger protein 3-like, 

transcript variant X3 

Ssa05 kif3a ssa05:8582691..8608263 (+ strand) kinesin family member 3A, transcript variant X5 

Ssa10 LOC106561554 ssa10:103520912..103530846 (- strand) caveolin-1 

Ssa10 LOC106561555 ssa10:103532194..103539415 (- strand) caveolin-2-like 

Ssa10 LOC106561556 ssa10:103633788..103649768 (- strand) testin-like, transcript variant X2 

Ssa10 LOC106561558 ssa10:103652046..103669422 (+ strand) carboxypeptidase A1-like, transcript variant X3 
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Ssa10 LOC106561560 ssa10:103659509..103663532 (+ strand) carboxypeptidase A1-like, transcript variant X1 

Ssa10 cep41 ssa10:103669441..103677257 (- strand) centrosomal protein 41kDa, transcript variant X1 

Ssa10 poc1b ssa10:103677333..103746798 (+ strand) POC1 centriolar protein B, transcript variant X1 

Ssa01 LOC106569485 ssa01:141997378..142008536 (- strand) probable global transcription activator SNF2L2, 

transcript variant X2 

Ssa01 LOC106569472 ssa01:142023415..142053554 (- strand) KN motif and ankyrin repeat domain-containing 

protein 1-like, transcript variant X3 

Ssa01 LOC106569451 ssa01:142072572..142087824 (+ strand) urea transporter 2-like, transcript variant X1 

Ssa01 LOC106569446 ssa01:142095352..142099584 (+ strand) dnaJ homolog subfamily B member 5-like 

Ssa01 LOC106569438 ssa01:142105919..142107960 (+ strand) uncharacterized LOC106569438 

Ssa01 LOC106569430 ssa01:142108057..142127112 (- strand) transitional endoplasmic reticulum ATPase-like 

Ssa01 LOC106569424 ssa01:142128054..142134348 (- strand) ATP synthase subunit alpha, mitochondrial 

Ssa01 haus1 ssa01:142134127..142136664 (+ strand) HAUS augmin-like complex, subunit 1, transcript 

variant X2 

Ssa24 LOC106585228 ssa24:3507761..3631854 (+ strand) reticulon-4 receptor-like, transcript variant X1 
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Ssa24 CIGSSA_115407 ssa24:3652916..3653113 (- strand) PiggyBac transposable element-derived protein 

4|hypothetical; weakly similar(predicted) 

Ssa14 LOC106569323 ssa14:32014784..32028932 (+ strand) THO complex subunit 1-like, transcript variant X1 

Ssa14 LOC106569325 ssa14:32029033..32036081 (- strand) ubiquitin carboxyl-terminal hydrolase 14-like, 

transcript variant X1 

Ssa14 LOC106569322 ssa14:32037088..32114484 (- strand) rho-associated protein kinase 1-like, transcript 

variant X1 

Ssa14 LOC106569321 ssa14:32122105..32214857 (+ strand) GREB1-like protein, transcript variant X6 

Ssa14 CIGSSA_076364 ssa14:32146699..32148356 (+ strand) Uncharacterized protein|hypothetical(predicted) 

Ssa14 CIGSSA_076368 ssa14:32210119..32210855 (+ strand) Unknown(predicted) 

Ssa14 LOC106569320 ssa14:32235160..32266752 (- strand) phospholipase ABHD3-like 

Ssa16 LOC106573504 ssa16:27155158..27295386 (- strand) talin-2, transcript variant X1 

Ssa16 LOC106573529 ssa16:27300078..27301788 (+ strand) C2 calcium-dependent domain-containing protein 

4C-like 
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Ssa16 LOC106573506 ssa16:27440279..27710925 (+ strand) nuclear receptor ROR-alpha-like, transcript variant 

X1 
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Table 4.3 Atlantic salmon genes from the cGRASP microarray that showed differential expression after ISA infection from LeBlanc 

et al. (2010) that co-located with a statistically significant SNPs associated with ISA resistance measured as ‘survival at trial 

termination’ located upstream and on the same chromosome arm. 

 

GB Accession number Gene ID Chromosome 
Gene location on 

chromosome (Mb) 

Up or Down 

Regulation 

 

CB493346 
Cyclophilin_ABH-like 1 

 

142.8 
up 

CB505886 
Peptidyl-protyl cis-trans isomerase 

A 
1 142.8 up 

CA054167 Lysozyme C II precursor 1 150.6 up 

CA040401 
Stonustoxin subunit beta (TRIM 

protein) 
5 13.6 up 

EG871962 
Tripartite motif-containing protein 

25 
5 13.6 up 
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CA042241 
Tripartite motif-containing protein 

16 
11 19.4 up 

CA049433 Ferritin heavy subunit 11 24.2 up 

CB501070 Cytochrome p450 1A3 11 26.1 up 

CB511232 
Peptidyl-protyl cis-trans isomerase 

A 
11 49.6 up 

EG936494 
Glucose regulated protein 

precursor 
11 65.7 up 

CB497878 Proactivator polypeptide precursor 11 72.4 up 

CA049405 
Ras association domain-containing 

protein 1 
12 44.4 up 

CA055175 
Translocator protein 

(benzodiazepine receptor) 
12 50.1 down 

CB512696 Cathepsin Z precursor 12 52.8 up 

CA041370 Transcription factor MafB 12 70.8 up 
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DW565581 Sulfate transporter 13 90.1 up 

CK990501 
Guanine nucleotide-binding 

protein 
14 32.7 down 

CA056363 Peroxiredoxin 14 33.8 up 

EG770376 CD9 tetraspannin 14 38.7 up 

CB496983 
Hematopoietically-expressed 

homeobox protein hex 
14 45.5 down 

CA044407 Class I histocompatibility antigen 14 51.0 up 

CA044472 
BOLA class I histocompatibility 

antigen, alpha chain 
14 59.5 up 

CA043257 Class I histocompatibility antigen 14 59.5 up 

DY714754 
Tripartite motif-containing protein 

29 
14 63.0 up 

CA049981 Selenoprotein Pa precursor 24 5.8 down 

BU965885 Myosin light chain 24 7.3 down 
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CA061671 Unknown 24 24.8 up 

CB496964 Linker histone (Histone H1) 24 38.5 down 

CK991241 Linker histone (Histone H1) 24 38.5 down 

CA063753 Chemokine_CC_DCCL 24 41.0 up 
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Table 4.4 Atlantic salmon candidate genes differentially expressed after ISA infection from LeBlanc et al. (2010) that co-located with 

a statistically significant SNP associated with ISA resistance measured as ‘survival at trial termination’ located upstream and on the 

same chromosome arm. 

 

GB Accession number Gene ID Chromosome Gene location on chromosome (Mb) 

BT044710 Class I MHC antigen alpha chain 14 51.0 

EG871962 Tripartite motif-containing protein 25 10 13.6 

BT049801 CC chemokine 19 24 41.0 
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5 General Discussion 

 

5.1 Discussion and conclusions 

The application of genomic technology to breeding programs in aquaculture, and specifically the 

Atlantic salmon aquaculture industry, has revolutionized the selection of elite candidate 

broodstock. Traditional family-based breeding programs have allowed for the selection of 

families suitable for breeding for select traits, as the between-family genetic variation is 

measured, but with genomic information both the between-family and within-family genetic 

variation can be measured (Sonesson and Meuwissen, 2009). This allows for individual level 

breeding values to be estimated, not just family level breeding values, increasing the accuracy of 

selection and therefore the genetic gain per generation and potentially reducing inbreeding 

(Daetwyler et al., 2007; Goddard and Hayes, 2007; Tsai et al., 2016; Bangera et al., 2017). The 

reduction of inbreeding is a benefit of genomic selection over traditional breeding methods, but 

only when the generation interval remains the same (Hayes et al., 2009). With Atlantic salmon, 

genomic selection is not being implemented to reduce the generation interval as it is with other 

animals such as dairy cattle, but the effects of genomic selection on rates of inbreeding should be 

investigated to confirm this within the breeding population.  

The focus of this thesis has been to utilize novel genomic tools, specifically the NA 

Ssa50K SNP array designed specifically for North American Atlantic salmon, to investigate the 

genetic architecture of economically important disease resistance traits in New Brunswick 

salmon aquaculture. Knowledge of the genomic architecture of BKD, the ectoparastic salmon 

louse, and ISA will allow for informed decisions to be made about the future directions of 

breeding programs using North American Atlantic salmon. To investigate the genomic 

architecture of these three disease resistance traits I performed genome wide association (GWA) 

analyses using phenotypes collected from environmentally controlled disease challenges and 

SNP genotypes from fish challenged fish that represented the phenotypic extremes within their 

respective families.  
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The first GWA analyses involved analysing two traits of interest with regards to BKD 

resistance, overall survival and time to death. This study is valuable as it is the first published 

GWA analysis on BKD resistance not only in North American Atlantic salmon but European 

Atlantic salmon as well (Holborn et al., 2018). BKD challenges are difficult to run as the 

causative bacteria extremely slow growing (Evelyn, 1977; Bruno et al., 2013). This requires the 

intraperitoneal injection of a bacterial solution directly into the fish rather than infection through 

contact with diseased fish, which is contrary to how infection develops in sea cages. However, 

challenges that involve the horizontal transmission of BKD (Balfry et al., 1996), as seen in a 

cohabitation trials, are often months long and many unpredictable and uncontrollable issues may 

arise during the challenge and are often not feasible. This is a limitation of the study, as the 

collected phenotype is only capturing fish that can survive or survive longer after contracting the 

disease, rather than any natural pathways to resist infection. SNPs were found to be associated 

with both these phenotypic traits in one year class of Atlantic salmon. For overall survival, a 

single SNP on Ssa08 was associated at the chromosome wide level that accounted for 4.0% of 

the phenotypic variation in the trait, and for time to death a single SNP on Ssa04 that accounted 

for 5.3% of the phenotypic variation was significant again at the chromosome wide level. The 

area of the genome on Ssa04 associated with time to death also showed a peak for the survival 

trait, but did not pass significance thresholds. As no major SNPs were detected for either of these 

traits both BKD survival and time to death demonstrate a polygenic trait inheritance in this 

population of Atlantic salmon.  

Salmon lice is one of the salmonid pathogens that can have a catastrophic effect on the 

aquaculture industry and as a result is one of the most studied pathogens within the Atlantic 

salmon literature and a large focus of breeding programs. Several previous studies on European 

and North American Atlantic salmon have shown that lice load, indicating 

resistance/susceptibility to salmon lice, has a polygenic architecture (Houston et al., 2014; Tsai et 

al., 2016; Rochus et al., 2018). In this study I expand on the pre-existing literature by using a 

larger SNP array than Rochus et al. (2018) that covers more of the Atlantic salmon genome to 

detect regions associated with increased or decreased lice load in the North American subspecies. 

Additionally, Rochus et al. (2018) used genotypes from the parents of the challenged fish, where 
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as in this study genotypes of the fish used directly in the challenge were used, so the genotypes 

are representing an individual’s phenotype, not the average of the progeny. The dataset used also 

covered more year classes, five in total, which means a greater sampling of the genetic variation 

of the entire breeding population as there is now sampling from the relatively discrete four 

breeding lines due to the four year generation interval. Seven SNPs were significantly associated 

with salmon lice load at the chromosome wide level from three different chromosomes, of which 

Ssa04 had five of the significant SNPs. Again, no major locus was detected, supporting the 

hypothesis that salmon lice load is a polygenic trait which is consistent with previous findings 

(Tsai et al., 2016; Rochus et al., 2018). Further investigation into Ssa04 found that the most 

significant SNP was located near a gene that codes for ceramide-1-phophate transfer protein, a 

protein involved with pathophysiological functions such as cell survival and inflammation.  

The final study was to determine the genetic architecture of the viral disease ISA in this 

Atlantic salmon population. Previous research on another salmonid viral disease, IPN, detected a 

major locus associated with IPN resistance, indicating the potential to find major loci for viral 

disease resistance. Previous QTL mapping using an 11K subset of SNPs from the NA Ssa50K 

SNP array was previously performed on this population and some chromosome wide significant 

SNPs were associated with ISA survival (Dussault, 2016). In my study, a larger ~39K sampling 

of SNPs and more families were used due to the difference in experimental design between QTL 

linkage mapping and GWA studies. Comparatively, traditional QTL linkage mapping detects 

associations with QTL that are segregating within families, therefore requiring large families, 

while GWA studies detects associations within and between families using linkage 

disequilibrium that is segregating within families. More families used again means a greater 

sampling of genetic variation. The survival phenotypes for GWA analyses were collected though 

a cohabitation trial, which as previously mentioned has the benefit of representing a natural 

pathway of infection, and was performed on freshwater parr. The GWA analysis detected nine 

genome wide SNPs from nine chromosomes, as well as three SNPs significant at the 

chromosome wide level. Although this was the first disease resistant trait to detect SNPs highly 

significant at the genome wide level there was no evidence of a major locus controlling ISA 

resistance and resistance is shown to be oligogenic, with some SNPs contributing a larger effect 
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than others. The most significant SNP, located on Ssa13, accounted for 8.61% of the phenotypic 

variation in ISA survivability. The other significant SNPs were located on Ssa12, Ssa11, Ssa05, 

Ssa10, Ssa01, Ssa24, Ssa14, and Ssa16, and accounted for between 4.38 and 7.56% of the 

phenotypic variation in ISA survivability. Several genes near significant SNPs and genes 

downstream from significant SNPs were identified that could be useful to further understand the 

genetic basis of ISA resistance. 

When looking at SNPs associated with the four disease resistance traits, BKD survival, 

BKD time to death, salmon lice count, and ISA survival to trial termination, there are no 

significant SNPs that overlapped between the GWA associations. However, there were some 

significant areas of the genome with overlap (Table 5.1). The significant region of the genome 

on Ssa04 for both the BKD time to death trait and the BKD overall survival trait which can be 

expected as they are correlated traits. There is a peak of SNPs on Ssa04 associated with salmon 

lice resistance, but this peak is located further downstream on the chromosome than the peaks 

associated with the two BKD resistance traits. The significant SNP on Ssa14 associated with ISA 

survival is located at 32.1 Mb and the significant SNP forming a peak for salmon lice resistance 

on Ssa14 is located at 31.3 Mb, a 0.79 Mb distance, so these regions could be linked. More areas 

were expected to overlap due to the involvement of key genes that initiate an immune response 

against pathogens, even though we are investigating different pathogen types (bacterial, viral, 

parasitic). The genes of the major histocompatibility complex (MHC) are involved in vertebrate 

adaptive immunity (Klein, 1986), and have been the focus of candidate genes studies for disease 

resistance in salmonids (Ødegård et al., 2011). Studies have found a strong association between 

MHC genes and ISA resistance (Grimholt et al., 2003; Kjølum et al., 2006), furunculosis 

resistance (Grimholt et al., 2003), and infectious hematopoietic necrosis resistance (Miller et al., 

2004; Yang et al., 2016), and weaker associations with AGD resistance (Wynne et al., 2007), sea 

lice resistance (Glover et al., 2007; Gharbi et al., 2009), and bacterial cold-water disease 

resistance (Johnson et al., 2008) in Atlantic salmon. Therefore, the GWA analyses were expected 

to detect some overlap in genome regions associated to BKD, the salmon louse, and ISA 

resistance, such as regions of the genome containing MHC genes. These three chapters indicate 
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that MHC genes may not be the only genes responsible for resistance to pathogens, as an overlap 

of genomic regions would be expect between studies.  

The construction of the Atlantic salmon physical genome map (Ng et al., 2005) and the 

reference genome assembly (Lien et al., 2016) has enabled the searching for genes nearby 

significant SNPs. Further annotation of the Atlantic salmon genome will allow for unknown 

genes within the vicinity of significant SNPs to be characterized. This in turn will aid in the 

identification of the potential causal mutations responsible for these disease resistance trait 

(Yáñez et al., 2014) and will enable researcher to determine if the same biological pathways 

confer resistance to ISA and salmon lice on Ssa14.     

For all three diseases economically important to the New Brunswick aquaculture 

industry, the four phenotypic traits analysed through GWA analysis showed a polygenic or 

oligogenic trait inheritance in the commercial SJR strain. Therefore, Kelly Cove Salmon should 

utilize genomic selection to increase resistance to BKD, salmon lice, and ISA within their 

commercial population of Atlantic salmon. Previous generations have had selection for disease 

resistance traits using the phenotypes collected on the siblings of the broodstock and the 

genotypes of the broodstock candidates, however this leads to a family-level EBV. Using 

phenotypes and genotypes of the challenged individuals as well as genotypes of the broodstock 

candidates will allow for individual level breeding values, as each SNP will be given a value that 

contributes to the overall breeding value of the individual (Meuwissen et al., 2001; Goddard and 

Hayes, 2007).   

The continuation of BKD, salmon lice, and ISA trials will not only yield information 

valuable for selective breeding through GS, but continuing these trials will also allow for the 

collection of more year classes. The BKD and ISA GWA studies presented in this thesis include 

only one year class of data, the 2014YC for BKD and the 2015YC for ISA. By increasing the 

number of year classes in the study the greater the representation of the total genetic variation of 

the population. This is also beneficial as some of the SNPs that are statistically significant in 

these two studies may just be year class effects that cannot be separated without the inclusion of 

other year classes. As the Atlantic salmon in these breeding population have a four year 
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generation interval, with some exceptions, there are effectively four breeding lines which are 

essentially four almost discrete populations (Liu et al., 2017). Therefore, the continuation of the 

disease challenges will pinpoint which regions of the genome are truly associated with disease 

resistance for the respective disease and continue to provide valuable phenotypes to make 

informed breeding decisions.   

Continuing the disease challenges in this population of Atlantic salmon will not only 

increase the phenotype dataset to detect SNPs, and thus potential genes associated with disease 

resistance, but will also assist with the continuation of genomic selection. Using only the 

information gathered from these studies may not be usual for fish from other breeding lines, but 

also it will not consider the changes in the host-pathogen interaction. The co-evolution of 

parasites and hosts, known as the Red Queen Hypothesis (Van Valen, 1973), indicates that if 

Atlantic salmon become more resistant to salmon lice, then the salmon lice populations will 

eventually evolve to counter the resistance. Additionally, with bacterial and viral strains, 

mutations may arise to make the disease more or less virulent, or alter the pathway of infection. 

Therefore, continuous testing with current pathogens strains local to the area will assist with 

recording accurate phenotypes similar to those expected in sea cages.  

The results of these studies may also be of value to researchers studying other salmonid 

species such as Arctic charr and rainbow trout, which are also cultured species. The regions of 

the genome associated with these quantitative disease resistance traits may also be conserved in 

other salmonid species. This information could be useful to researchers investigating the 

evolution following the salmonid whole genome duplication event which occurred 

approximately 96 million year ago (Allendorf and Thorgaard, 1984; Berthelot et al., 2014). Reid 

et al. (2005) detected QTL affecting body weight in Atlantic salmon in genome regions where 

previous studies detected similar effects on homologous regions in Arctic charr and rainbow 

trout. These types of studies identifying homologous or homeologous genes can give insight into 

gene evolution following a whole genome duplication event (Glasauer and Neuhauss, 2014).          

Future directions of pathogen studies in New Brunswick aquaculture should also focus on 

emerging diseases. Two skin diseases of concern are winter ulcer and tenacibaculosis, both 
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caused by bacterial pathogens (Lunder et al., 1995; Avendaño-Herrera et al., 2006). Current 

research projects are developing a challenge model through bath exposure (McPhee et al., 2017), 

which once developed can be utilized to phenotype siblings of broodstock candidates for 

genomic selection. As the 2015YC BKD challenge was cancelled due to an outbreak of a skin 

ulcer disease right after transfer to seawater, this can pose a serious problem during transfer of 

smolts to sea cages. The lesions observed on these fish were large, and clearly an animal welfare 

concern, but also an economic concern due to the potential downgrading of fish and mortality, 

especially once ulcers reach the muscle tissue.  

Globally, future pathogen studies should focus on amoebic gill disease (AGD). This 

disease is an emerging disease as well, caused by the amoeba parasite Neoparamoeba 

pemaquidensis which attaches to the gills of fish and causes respiratory issues (Munday et al., 

1993; Munday et al., 2001). AGD has historically been associated with higher water 

temperatures, usually having peak diagnoses in summer months, however, outbreaks have been 

documented to occur and cause mortality at lower, cold water temperatures (Douglas-Helders et 

al., 2001). As high water temperatures are still viewed as one of the environmental risk factors of 

AGD, this disease should become more of a global concern as global water temperatures are 

expected to rise 1-4 °C by 2100 (Laffoley and Baxter, 2016).        

 

5.2 Future directions 

This thesis has focused to detecting regions of the genome associated with resistance to three 

economically important disease traits to further understand the genetic architecture in this 

population. The application of this research to North American Atlantic salmon will assist with 

developing breeding programs to enhance disease resistance in this commercial Atlantic salmon 

population. However, understanding the genetic basis of quantitative traits like disease resistance 

does have implications beyond selective breeding. Identifying the genes involved in disease 

resistance can assist with understanding the pathways of infection. This can assist with the 
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development of treatments and vaccines to prevent the disease, which can work in combination 

with breeding for increased resistance in the population.  

Another area of future research is to introduce the variable of vaccination into disease 

challenges. The disease challenges within this thesis involve the testing of naïve fish that had not 

received vaccinations for BKD, salmon lice, or ISA, however the fish in sea cages do receive 

several vaccinations against furunculosis, vibriosis, BKD, and ISA. The administration of oil 

adjuvant vaccinations can cause adhesions between the viscera and body wall in the area of 

injection as well as reduced appetite and growth (Midtlyng, 1996; Midtlyng and Lillenhaug, 

1998). A study by Gjerde et al. (2009) demonstrated genetic variation in side effects of 

vaccination such as adhesion and viscera discolouration. Therefore, selection for good 

performance following vaccination should also be investigated to increase the success of 

vaccination. Additionally, the combination of both vaccination and disease should be 

investigated together, as this is truer to field conditions. Although likely correlated, the survival 

of a naïve fish exposed to a disease versus the survival of a vaccinated fish exposed to a disease 

can be different as the process of vaccination is another environmental factor. As breeding for 

disease resistance is not the end solution for combating pathogens common to the aquaculture 

industry, and rather a multi-solution approach is needed, it would be worth investigating how 

these approaches work together.       

Atlantic salmon breeding programs will select for more than just disease resistance traits. 

A previously mentioned selecting for growth, age at sexual maturation, and carcass traits such as 

flesh colour and fat content are economically important traits to select for (Gjerde, 1984; 

Quinton et al., 2005; Gjedrem, 2010). Therefore, disease resistance will also need to be selected 

for, and introduced in the selection index. A selection index is used when multiple traits are 

being selected simultaneously, so weights of importance need to be placed on each trait (Smith, 

1936). The weights of each trait in the selection index will be dependent on the goals of the 

breeding program as a whole, or if specific fish lines are being created, such as a disease 

resistance line, the goal of that specific line. An important component in developing selection 

indices is knowing the genetic correlations between economically important traits. For example, 

there is a positive genetic correlation between body weight and flesh colour and flesh fat 
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(Quinton et al., 2005). Selecting for increased body weight, which would increase fillet yield, 

will also increase both flesh colour and fat to varying degrees. If increasing fat content is not a 

desired effect, then knowing the genetic correlation between body weight and fat content is 

important for controlling the two traits. The genetic correlations between these disease resistance 

traits need to be investigated, and the genetic correlations of these disease traits with other 

economically important traits also should be researched further. The accuracy of prediction for 

low heritability traits, such as many diseases resistance traits, can be increased through multi-

trait genomic selection when correlated with a higher heritability trait such as growth (Gjerde 

and Gjedrem, 1984; Gjerde et al., 1994; Jia and Jannink, 2012). Gjedrem et al. (1991) detected a 

positive correlation between furunculosis survival, a bacterial disease, and growth, while 

Henryon et al. (2002) found a negative correlation in the closely related rainbow trout between 

viral haemorrhagic septicaemia and body weight. Even between diseases there are differences in 

genetic correlations. Positive genetic correlations have been found between furunculosis 

resistance and cold water vibriosis resistance (Gjedrem and Gjøen, 1995), however both of these 

diseases are bacterial so may have shared genes responsible for increasing resistance. However, 

negative (Gjøen et al., 1997) and positive (Ødegård et al., 2007) genetic correlations have been 

found between ISA and furunculosis. Therefore, the correlations between these diseases should 

be investigated within the population of interest, as different studies have shown different genetic 

correlations.  

Another correlation that should be further investigated is the genetic correlation between 

ISA resistance in freshwater and ISA resistance in seawater. The current methodology of the ISA 

challenges was to challenge freshwater parr to ISA, however the aim is to increase resistance to 

fish in sea cages. QTL mapping for IPN resistance has been analyzed for both seawater post-

smolts and freshwater fry. In the seawater environment, a QTL was mapped to linkage group 21 

(Houston et al., 2008) and in a freshwater environment the same major QTL was mapped 

(Houston et al., 2010). The interesting thing about this comparison was that fish heterozygous for 

the QTL displayed intermediate level mortality in the seawater challenge while heterozygous fish 

in the freshwater study had very low mortality, indicating a different pattern of inheritance 

(Houston et al., 2010). IPN resistance is different from ISA resistance as IPN resistance was 
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shown to be controlled by a major locus that explains 83% of the genetic variation of the trait 

(Moen et al., 2009) and no major locus was identified for ISA resistance. However, ISA 

resistance in freshwater should be confirmed to have the same genetic basis in seawater.     

Identification of candidate causal mutations responsible for disease resistance traits may 

lead to future explorative studies. Genome editing may be a useful tool for follow-up studies that 

have identified candidate genes responsible for disease resistance to test hypotheses about the 

molecular basis of these traits as well as other economically important traits with Atlantic 

salmon. With genome editing technology such as CRISPR-Cas9, it has been proposed that 

candidate genes can be targeted and modified in vivo to assess the effect of that gene region to 

the trait of interest (Houston and Macqueen, 2019; Robledo et al., 2019). An interesting 

advantage of Atlantic salmon over other agricultural species is their high fecundity, allowing for 

many individuals from the same full sibling family to undergo various experiments. Therefore, 

there is a higher degree of reproducibility, as potentially hundreds of fish within the same family 

can be tested. As a quantitative traits may have dozens or more candidate genes, the ability to 

test these hypotheses within similar genetic stock is a valuable aspect of Atlantic salmon.   

The benefits of breeding for increased disease resistance in the Atlantic salmon industry 

are greater than the costs associated with phenotyping through controlled disease challenges and 

genotyping. However, breeding for increased resistance is not the only solution to diseases 

impacting the industry as other management practices and treatments or vaccines will also play a 

vital role in the mitigation of disease. Understanding the genetic basis of various important 

disease traits will allow for increased knowledge of the diseases and the impact on the host, and 

investigating the genetic correlations with other important traits will allow for the development 

of selection indices that suit the needs of the breeding program.  
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5.4 Tables and Figures 

 

Table 5.1 Comparison of the genome wide and chromosome wide significant SNPs for the four 

disease resistance traits studied in this thesis, including the chromosome and the physical 

position of the SNP on the chromosome. 

Trait Genome Wide Significant 
SNPs (SNP position, Mb) 

Chromosome Wide Significant SNP 
(SNP position, Mb) 

 
Time to death – 
BKD resistance 
 

--- 

 
Ssa04 (17.1) 

Survival – BKD 
resistance 
 

--- 
Ssa08 (9.80) 

Lice load – salmon 
lice resistance 

--- 

Ssa04 (46.4) 
Ssa14 (31.3) 
Ssa04 (41.9) 
Ssa20 (78.6) 
Ssa04 (46.6) 
Ssa04 (46.6) 
Ssa04 (51.4) 

 
 

 

 
 
 

Table continued on next page 
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Survival at trial 
termination – ISA 
resistance 

Ssa13 (55.0) 
Ssa12 (35.0) 
Ssa11 (9.19) 
Ssa05 (8.57) 
Ssa10 (103.6) 
Ssa01 (142.0) 
Ssa24 (3.60) 
Ssa14 (32.1) 
Ssa16 (27.4) 

Ssa18 (28.4) 
Ssa09 (23.6) 
Ssa14 (25.4) 
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Appendix A 

 

Figure S2.1  Correlation between the two phenotypic traits recorded for BKD resistance, family 

survival (%) and average family time to death (days). As expected the two traits are positively 

correlated, as families with higher levels of survival will have a longer time to death value.   


