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Advisor: 
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Atlantic salmon (Salmo salar) contain a complex genome structure that may present 

polymorphic chromosomal rearrangements between different populations. For example, 

European and North American populations of S. salar have been shown to exhibit 29 

and 27 chromosomes, respectively. Genetic linkage maps allow us to better study and 

understand these chromosomal rearrangements. My goal was to construct high-density 

SNP-based linkage maps for North American S. salar using the R package OneMap. 

Individual maps contained an average of 13,114 SNPs for each of nine full-sibling  

families, with lengths of female and male maps averaging 3,034.83 cM and 1659.11 cM, 

respectively, with an average female to male ratio of 1.83:1. My findings provide higher 

resolution mapping that allow for identification of the correct orientation of three 

chromosomal polymorphisms already observed in North American S. salar (Ssa01p/23, 

Ssa08/29, Ssa26/28) as well as evidence for three novel chromosomal polymorphisms 

(Ssa06, Ssa11, and Ssa16).  
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CHAPTER I: GENERAL INTRODUCTION 

1.1 ATLANTIC SALMON  

Atlantic salmon (Salmo salar) contain significant commercial and ecological value, 

and in combination with other salmonid fishes, contribute significantly to the aquaculture 

industry (Gross 1998; Ng et al. 2005). The native range of this anadromous species 

spans the Atlantic Ocean from various regions in North American (NA) to European 

(EU) waters (Gross 1998; Thorstad et al. 2012). The aquaculture industry vastly 

increases this range, rearing S. salar around the world at different facilities (Gross 

1998). Aquaculture produces upwards of 94% of the world’s S. salar yield - with the 

number of S. salar produced in this way continuing to grow compared to native 

populations (Gross 1998).  

Aquaculture breeding programs aim to produce salmon with optimal phenotypic 

traits for the hatchery and sea cage environments. As these traits can be influenced by 

a wide variety of genetic and environmental factors, often the aim of these programs is 

to capitalize on traits of commercial interest as they express themselves in the fish, 

such as disease resistance (Holborn et al. 2018; Dussault et al. 2019), spawning time 

(Sakamoto et al. 1999), and growth (Wringe et al. 2010). Selective breeding for these 

traits not only reduces costs, but also increases the quality of fish being produced 

(Gross 1998). However, limitations regarding a thorough understanding of how traits 

may be associated with one another and therefore inherited together may produce 

some undesirable effects (Allen et al. 2017). Increasing our knowledge of the salmonid 

genome is one way to better locate and influence these traits in ways that can benefit 

the broodstock development.  

Genomics can often be applied to aquacultural programs in order to increase the 

success of their breeding programs. For example, trait values of interest can be 

identified within stocks using genetic markers, allowing fish to be selected with greater 

accuracy through marker-assisted selection (Liu and Cordes 2004; Gutierrez et al. 

2012). Individuals identified to have these trait values can then be selected to improve 
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genetic quality of broodstock and increase the chances of inheriting valuable traits (Liu 

and Cordes 2004; Gutierrez et al. 2012).  

 

1.2 SALMONID GENOMICS 

Whole genome duplication (WGD) is hypothesized to be a significant driver of 

events that promote speciation and evolution (Allendorf and Thorgaard 1984; Lien et al. 

2011). WGDs are rare events that result in the genome being duplicated (Berthelot et al. 

2014). The increase in genetic diversity from duplicated chromosome regions allows for 

the development of novel functions in the genome as well as evolutionary changes for 

the species in which is occurs (Berthelot et al. 2014; Rondeau et al. 2014).  

The ancestors of salmonid fishes have undergone four rounds of WGD. The first 

two events, deemed 1R and 2R, occurred prior to the divergence of lamprey from jawed 

vertebrates (Lien et al. 2016). A third teleost specific WGD (Ts3R) event occurred ~320 

MYA (Lien et al. 2016). A fourth salmonid-specific WGD (Ss4R) occurred in the 

common ancestor of salmonid fishes ~80-100 MYA (Glasauer and Neuhauss 2014; Lien 

et al. 2016). Though modern-day salmonid fishes largely contain two copies of each 

chromosome (a diploid state), we can infer from this WGD event that the common 

ancestor of salmonid fishes contained four copies of chromosomes (an autotetraploid 

state) (Allendorf and Thorgaard 1984; Allendorf and Danzmann 1997; Glasauer and 

Neuhauss 2014; Lien et al. 2016). These duplicated chromosome pairs are deemed 

homeologous chromosomes – causing salmonid fishes to have twice the chromosome 

arms (with some instances of four chromosome arms continuing to be observed) than 

seen in most other bony fishes (Moen et al. 2008; Brenna-Hansen et al. 2012; Lien et 

al. 2016). 

Post-WGD, the polyploid genome undergoes the process of diploidization where 

the genome attempts to return a more stable diploid state over time (Brieuc et al. 2014; 

Lien et al. 2016). The genome undergoes this process by reducing similarity between 
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homeologous chromosomes (Brieuc et al. 2014; Kodama et al. 2014); often 

accomplished by reorganization of the genomic structure which helps to reduce the 

number of duplicated chromosomes or the similarity between duplicated regions 

(Brenna-Hansen et al. 2012; Brieuc et al. 2014; Kodama et al. 2014; Rondeau et al. 

2014; Lien et al. 2016). This reorganization can result in major genomic 

rearrangements, such as the fission, fusion, and translocation of chromosomal regions, 

or minor genomic rearrangements, such as inversions or deletions (Lien et al. 2016). 

Large chromosomal rearrangements are suggested to be highly important in helping to 

differentiate homeologous regions through limiting the frequency at which these regions 

pair together, therefore better promoting the process of diploidization (Gharbi et al. 

2006; Lien et al. 2016). Chromosomal rearrangements also allow the genome to 

undergo a more gradual change to disomic inheritance as it loses its duplicated 

chromosome regions (Brieuc et al. 2014). Recombination is an important process for 

diploidization as crossovers between pairs of homeologous chromosomes retain 

duplicated regions, thus slowing down the rate at which diploidization occurs in these 

areas (Brieuc et al. 2014; Limborg et al. 2015). Regions of the chromosome that 

experience high rates of recombination are therefore likely to undergo a slower process 

of diploidization – resulting in an uneven process throughout the genome (Nugent et al. 

2017).  

Salmonid fishes are still undergoing the process of diploidization, maintaining 

largely disomic inheritance with some chromosomal regions continuing to express 

residual tetrasomic inheritance (Allendorf and Thorgaard 1984; Brieuc et al. 2014; 

Kodama et al. 2014; Limborg et al. 2015; Lien et al. 2016; Nugent et al. 2017). This is 

seen in homeologous chromosomes that preserve tetraploidy in high frequencies near 

the telomeres (Nugent et al. 2017). A study done by Lien et al. (2016) suggests that up 

to 10% of the salmonid genome may retain residual tetrasomy. Lien et al. (2011) found 

evidence that duplicated loci were not evenly distributed about the chromosome in S. 

salar and a study by Brieuc et al. (2014) found that homeologous chromosomes 

diverged from each other at different rates – suggesting that the rate of diploidization 
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continues to be uneven in the S. salar genome. Though the rearrangement of 

chromosome arms is an important process to better enable diploidization in salmonid 

fishes (Kodama et al. 2014), it has been suggested that up to 25% of the salmonid 

genome experiences delayed diploidization rates after a large chromosomal 

rearrangement (Lien et al. 2016). This complex process of diploidization and the 

continued retention of duplicated regions across homeologous chromosome pairs have 

likely contributed to speciation in salmonid fishes (Kodama et al. 2014).  

The process of diploidization in the salmonid genome has also resulted in 

heterochiasmy; differences in recombination rates between the sexes. The 

homeologous chromosomes pair together with homologous chromosomes during 

meiosis in male S. salar and result in the formation of tetravalent complexes (four 

chromosomes pairing during meiosis) in the telomeres of the chromosomes, increasing 

the rate of recombination in these areas (Allendorf and Thorgaard 1984; Allendorf and 

Danzmann 1997; Moen et al. 2004; Moen et al. 2008; Nugent et al. 2017). This then 

causes differences where female salmonid fishes exhibit more evenly distributed 

recombination about the chromosome, and male salmonid fishes exhibit elevated rates 

of recombination about the telomeres (Allendorf and Danzmann 1997; Sakamoto et al. 

2000; Moen et al. 2004; Moen et al. 2008).  

Remaining duplicated genes result in genome variation in the form of paralogous 

sequence variants (PSVs) and multisite sequence variants (MSVs) (Lien et al. 2011). 

PSVs are easily mistaken for genetic markers such as single nucleotide polymorphisms  

(SNPs) as they are created from a base-pair substitution between two paralogs (pair of 

genes derived from ancestral gene), however, there is no segregation occurring 

(Gidskehaug et al. 2011). MSVs are similar to PSVs, however segregation occurs in 

one or both of the paralogs (Gidskehaug et al. 2011). As both PSVs and MSVs appear 

highly similar to SNPs, and are present in the salmonid genome, they are frequently 

mistaken for SNPs and therefore complicate the genotyping process (Lien et al. 2011). 
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These chromosomal rearrangements can be observed in geographically distinct 

populations of S. salar, such EU and NA populations, where the number of 

chromosomes has been shown to differ. Respectively, these populations frequently 

present 29 and 27 chromosome pairs (Lubieniecki et al. 2010). These differences in 

chromosome number have resulted from chromosomal rearrangements in the NA 

population that aren’t observed in the EU populations (Brenna-Hansen et al. 2012). 

Genomic variation among diverged populations can be more easily tracked using 

genomic tools and applications. 

 

1.3 CHROMOSOMAL POLYMORPHISMS 

The changes occurring to the salmonid genome include chromosomal 

polymorphisms, resulting in the formation of different chromosome formations within a 

specific population. Chromosomal rearrangements, in which a segment or a whole arm 

of a chromosome is relocated, are one example of how chromosomal polymorphisms 

occur (Dobigny et al. 2017).  

Chromosomal polymorphisms have been observed in salmonid fishes as early as 

1982 (rainbow trout; Hartley and Horne 1982). For S. salar, chromosomal polymorphism 

had been observed in 1984, where another study by Hartley and Horne (1984) found 

different numbers of chromosome pairs between different individuals of S. salar 

(ranging from 56-58), with the number of chromosome arms (74) remaining the same. 

However, due to limitations in technology at the time, they were unable to identify the 

chromosomes that were experiencing these polymorphisms. There have been three 

main chromosomal rearrangements documented in NA S. salar populations compared 

to EU populations: chromosomes Ssa01p/23 (Brenna-Hansen et al. 2012), Ssa08/29 

(Brenna-Hansen et al. 2012; Wellband et al. 2019), and Ssa26/28 (Brenna-Hansen et 

al. 2012); each showing some degree of variability regarding the presence of 

rearrangements from EU structure. While the fusions Ssa01p/23 and Ssa08/29 has 

been documented to be polymorphic in NA families (Dussault et al. 2016; Lehnert et al. 
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2019; Wellband et al. 2019), there are fewer examples of Ssa26/28 being polymorphic 

in NA populations (Brenna-Hansen et al. 2012; Dussault et al. 2016). The limited 

literature on the topic of chromosomal polymorphisms in NA S. salar is a potentially 

important aspect regarding the effects of post-WGD genome stabilization that requires 

further study. 

Chromosomal inversions are another type of rearrangement that may be 

polymorphic and may contribute to speciation and evolutionary events in some species 

(Fuller et al. 2018). A study by Da Cunha et al. (1950) showed that Drosophila 

expressed chromosomal polymorphisms due to inverted blocks of genes in their 

chromosomes. Another study done by Balanya et al. (2003) suggested clines in which 

these inversions occurred, with the distribution and frequency of inversions appearing to 

be affected by changes in climate patterns. Furthermore, Fuller et al. (2018) suggested 

that chromosomal inversions in Drosophila are significant for reproductive isolation, as 

alleles causing reproductive isolation were more likely to be found in regions of 

chromosomal inversion. Chromosomal polymorphisms have also been suggested to be 

beneficial in varying environments (such as occurs with migration) as it allows for 

adaptive variation; as seen in the common shrew (Halkka et al. 1987).  

The exact mechanisms for the formation of polymorphic chromosomes in salmonid 

fishes is still under debate. Wellband et al. (2019) found support for the hypothesis that 

adaptive processes may be driving these chromosomal rearrangements, suggesting 

that the rearrangements of chromosomal structure cause a reduction in gene flow, 

facilitates adaptation. Lehnert et al. (2019) also suggests an adaptive role for 

chromosomal polymorphisms, and further suggests that homeologous regions of the 

chromosome help to limit the negative effects of differing karyotype structures between 

NA S. salar individuals. Additionally, it has been suggested that intra-chromosomal 

polymorphisms may form in chromosomal regions that contribute to sexual 

determination in Icelandic Arctic charr (Küttner et al. 2011).  
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Overall, it has been suggested that chromosomal polymorphisms may be 

important for chromosome evolution, as they help to differentiate the genome and can 

lead to karyotype differentiation (Dobigny et al. 2017). A study by Halkka et al. (1987) 

suggests chromosomal polymorphisms are complex events that require maintenance. 

This may involve chromosomes frequently undergoing rearrangements, a complex 

interaction of genes, and selective processes influencing the presence in variable 

environments (Halkka et al. 1987). 

 

1.4 LINKAGE MAPS 

To study genome structure, being able to locate where variation among 

individuals, families, and populations occurs is highly important. Genetic maps, 

including physical and linkage maps, help accomplish this with the use of genetic 

markers.  

Physical genetic maps are created by placing markers on a map based on their 

nucleotide base-pair position in the genome, creating a map where markers follow a 

linear order (Ng et al. 2005). This type of genetic map can be helpful in identifying 

sequences associated with specific genes as well as their locations. Furthermore, 

physical maps can be used as reference maps for closely related species (Davidson et 

al. 2010). However, this mapping method does not assist in identifying the association 

between alleles (regions on the genome) and the traits that they assign to an individual.  

Genetic linkage maps provide this information by organizing genetic markers 

based on the rate of recombination between markers (Moen et al. 2004; Moen et al. 

2008). The rate of recombination expresses the frequency that chromatids experience 

crossover events, where each map unit (centimorgans (cM)) represents a 

recombination frequency of 1%. The greater the rate of recombination between two 

markers, the greater the distance between two markers becomes, with genes from 

different chromosomes typically having a recombination rate of 50% (50 cM). Due to an 



 

 

8 

 

uneven distribution of recombination events around the genome (e.g. regions of high 

and low recombination), it can be difficult to compare this distance with markers on a 

physical map, which relies on base-pair distance (Córdoba et al. 2010).  

There are several types of genetic markers that can be used to create linkage 

maps, especially as the technology has developed to be able to identify larger arrays of 

markers. Amplified fragment length polymorphisms (AFLPs) can reveal high numbers of 

polymorphisms and can be relatively cost-effective, however difficulty in distinguishing 

homozygotes from heterozygotes limits the suitability of these markers (Liu and Cordes 

2004; Moen et al. 2004). Microsatellites are a highly popular marker type that are highly 

abundant, evenly distributed through the genome, and highly informative for mapping. 

However, microsatellites are very costly and can be very time consuming to analyze 

(Sakamoto et al. 2000; Liu and Cordes 2004; Moen et al. 2004; Lubieniecki et al. 2010). 

Expressed sequence tags (ESTs) are often highly useful in linkage mapping as they 

identify genes and levels of gene expression, however the technology is limited for 

aquacultural species (Liu and Cordes 2004). Single nucleotide polymorphisms (SNPs) 

are one of the most popular genetic markers for constructing linkage maps (Moen et al. 

2008; Lien et al. 2011; Gutierrez et al. 2012; Gonen et al. 2014; Sutherland et al. 2016). 

They are typically highly abundant, relatively cost-efficient to genotype compared to 

microsatellites, and provide an accurate representation of the genome (Moen et al. 

2008; Gonen et al. 2014). 

SNPs result from a single base-pair mutation in a specific allele and are the most 

frequent type of polymorphism (Liu and Cordes 2004). As a result, SNPs are ideal for 

high-throughput sequencing and genotyping, which then makes them ideal for creating 

high-density linkage maps (Moen et al. 2008). Though microsatellites are typically more 

informative markers (Lien et al. 2011), SNPs can be highly informative when associated 

with genes (Moen et al. 2008; Lien et al. 2011). However, as mentioned previously, the 

S. salar genome has high incidences of MSVs and PSVs, which appear like SNPs. This 

can then cause the mapping process to become more challenging (Lien et al. 2011). 

Though limiting, it highlights a need for larger SNP arrays or the development of better 
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imputation programs (Yoshida et al. 2018) to allow for a greater percentage of 

informative SNPs to be located and mapped successfully. As SNPs are so abundant, 

they allow finer mapping of the salmon genome, which will better aid in identifying 

chromosomal rearrangements, and potentially minor rearrangements such as inversions 

or deletions (Lubieniecki et al. 2010).  

Difficulties can often arise in constructing linkage maps, especially in species 

known to have undergone previous genome alterations. Double crossovers, the transfer 

of information between chromatids twice (once exchanged, and then exchanged back) 

in a similar range, rarely occur in fish but can cause overestimations in linkage map 

distances as it appears as though no recombination has occurred in these areas. The 

probability of this impacting map construction increases as map distances between 

markers increase. Furthermore, linkage disequilibrium (LD), the non-random association 

of alleles, can be useful for determining associations between alleles and traits; 

however, this can cause the distances between markers to deviate from how the 

markers would assort if done randomly (Hayes et al. 2006; Moen et al. 2008). LD can 

vary between populations and in instances of long-ranging LD, can affect the quality of 

further research efforts that are dependent on the use of completed linkage maps 

(Moen et al. 2008). The probability of LD affecting map construction increases as map 

distance between markers decreases (Moen et al. 2008). Despite these limitations, 

linkage mapping provides a good estimate of the position of alleles relative to each 

other and the distance between them (Lien et al. 2011). Genetic maps made in this way 

provide better context for the inheritance of the traits with which these alleles are 

associated (Sakamoto et al. 2000). 

As mentioned previously, heterochiasmy is often observed in salmonid fishes 

(Moen et al. 2004). In male salmonid fishes, genetic markers are likely to be more 

prevalent in the telomeres due to elevated rates of recombination in these regions 

(Sakamoto et al. 2000; Moen et al. 2004; Moen et al. 2008; Nugent et al. 2017). This is 

different than marker distribution seen in female salmonid fishes, where genetic markers 

are more likely to be evenly distributed about the chromosome (Sakamoto et al. 2000; 
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Moen et al. 2004; Moen et al. 2008). As female salmonid fishes have more marker 

coverage about the whole chromosome, these clustering patterns of markers result in 

linkage maps that are generally longer for female salmonid fishes than males (Lee and 

Wright 1981; Moen et al. 2004; Moen et al. 2008).  

Pseudolinkage is an effect that can cause alleles to appear and behave as if they 

are linked despite originating from non-homologous chromosomes. This effect is most 

predominantly observed in male salmonid fishes and can affect linkage map 

construction. Pseudolinkage results from multivalent formation during meiosis which 

then results in a preferential pairing between homeologs rather than homologs, which 

furthers the retention of homeologous pairings. Though several papers have largely only 

observed pseudolinkage in male salmonid fishes (Gharbi et al. 2006), a study by 

Nugent et al. (2017) found evidence for pseudolinkage in male and female Arctic charr.  

Linkage maps made from salmonid fish genomes have been successful in a wide 

range of applications which have ultimately improved our understanding of the salmonid 

genome. There have been many linkage maps created for salmonid fishes as well as 

their close relatives. Initially, Sakamoto et al. (2000) constructed a linkage map for 

rainbow trout with microsatellite markers to aid in the improvement of aquacultural 

breeding programs. Linkage maps made by Larson et al. (2015; Sockeye salmon) and 

Gonzalez-Pena et al. (2016; Rainbow trout) were also used to better aquacultural 

breeding practices with trait-association studies. Additionally, several linkage maps 

have been made in an attempt to better study the effects post-WGD has on genome 

structure (Rondeau et al. 2014 (Northern pike); Brieuc et al. 2014 (Chinook salmon); 

Limborg et al. 2015 (Sockeye salmon); Kodama et al. 2014 (Coho salmon); Waples et 

al. 2016 (Chum salmon); Nugent et al. 2017 (Arctic charr); Leitwein et al. 2017 (Brown 

trout)). Some linkage maps have been made to specifically focus on the study of genes 

(Nichols et al. 2003 (rainbow trout); Matsuoka et al. 2004 (Pink salmon); Woram et al. 

2004 (Arctic charr); Danzmann et al. 2005 (Rainbow trout); Gharbi et al. 2006 (Brown 

trout); McClelland and Naish 2008 (Coho salmon); Everett et al. 2012 (Sockeye 

salmon); Geßner et al. 2017 (Chinook salmon); and Christensen et al. 2018 (Arctic 
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charr)). Leitwein et al. (2017) was able to test new techniques for linkage map 

construction by using an Atlantic salmon genome as a reference for Brown trout in 

addition to de novo sequencing. Additionally, McKinney et al. (2016) created a linkage 

map for Chinook salmon using an accumulation of data from previous studies, scaffolds 

from an Atlantic salmon genome, and merging family information prior to map 

construction in order to create a consensus map for the species. Studies such as these 

highlight methods to improve aquacultural practices, genome inferences, and new 

methods to create maps that can be used for Atlantic salmon as well. Comparing 

linkage maps among closely related salmonid fishes may help to better identify 

structural genomic changes occurring between species. 

There are also several S. salar-specific linkage maps published, however there is 

more of a focus on EU populations rather than NA populations. Slettan et al. (1997) ran 

linkage analysis for S. salar using a limited number of microsatellites. Gilbey et al. 2004 

created a microsatellite-based linkage map for S. salar also using a limited 50 markers; 

one of the largest maps created at the time of publication and detailing large differences 

in between the sexes regarding recombination rates (Gilbey et al. 2004). In the same 

year, Moen et al. (2004) created a low-density linkage map for S. salar using ~400 

markers (microsatellites and AFLPs). This map also revealed large differences in 

recombination between sexes (Moen et al. 2004).  

Several years later, Moen et al. (2008) created linkage maps of S. salar from 

various populations, creating what was still considered a low-density linkage map, but 

with more markers (using ~800 SNP markers) and more representation from different 

families. The results of Moen et al. (2008) suggested that male maps required more 

markers to get a more accurate representation due to the magnitude of clustering in 

small areas. Lorenz et al. (2010) utilized the linkage map made by Moen et al. (2008) to 

incorporate a greater number of SNPs into the linkage map and attempt to integrate this 

linkage map with a physical map of the S. salar genome. Phillips et al. (2009) made a 

linkage map for EU S. salar to merge it with the karyotype in order to compare 

genomics with other salmonids. Lubieniecki et al. (2010) constructed a NA S. salar 
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linkage map using microsatellites to compare with linkage maps made for EU S. salar 

and was able to suggest some chromosomal rearrangements present in the NA 

population as a result. Lien et al. (2011) created a ~5,600 SNP EU S. salar linkage map 

to better understand the effects of post-WGD diploidization on the S. salar genome.  

Brenna-Hansen et al. (2012) conducted a study that led to the construction of a 

linkage map for NA S. salar containing ~3,600 SNPs to compare with the EU S. salar 

linkage map. These researchers also performed a FISH analysis which suggested 

several chromosomal rearrangements, such as the movement of the Ssa01p arm 

Ssa23 (Ssa01p/23), and the polymorphic fusions between Ssa26 and Ssa28 

(Ssa26/28), as well as between Ssa08 and Ssa29 (Ssa08/29; Brenna-Hansen et al. 

2012). This study, as well as the study by Lien et al. (2016), suggests that high-density 

S. salar linkage maps would be useful for genomics-based studies involving other 

salmonid fishes. Gonen et al. (2014) created a high-density linkage map using RAD-seq 

to incorporate 6,000 SNP markers into a linkage map for S. salar. Houston et al. (2014) 

and Tsai et al. (2016) have published two of the largest linkage maps constructed for S. 

salar, utilizing larger 40K and ~96K SNP arrays (respectively) and larger family sizes 

(Tsai et al. 2016) to create high-density linkage maps. The map by Tsai et al. (2016) 

however is specific to EU S. salar and may be different in composition to the NA S. 

salar map of equivalent density. Of these studies, only the studies done by Gilbey et al. 

(2004), Lubieniecki et al. 2010, and Brenna-Hansen et al. (2012) represent the NA 

populations of S. salar. Therefore, there is an obvious need for higher density maps 

from large NA-specific families of S. salar that consist of significantly more markers to 

improve accuracy. 

 

1.5 QUESTIONS AND GOALS 

My main question of my thesis was: are there additional chromosomal 

polymorphisms that exist in NA S. salar populations that have yet to be identified? The 

goal of my thesis was to create high-quality linkage maps for NA S. salar using a 50K 
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SNP array in order to be able to identify chromosomal polymorphisms that have 

occurred in this population (SJR strain). I aim to confirm the presence of chromosomal 

polymorphisms that have already been identified (Ssa01p/23, Ssa08/29, and Ssa26/28) 

and to identify novel chromosomal polymorphisms that have not yet been identified in 

this population. My linkage maps will be made using a 50K SNP array and nine large 

families (N>50) of NA S. salar. Many linkage maps constructed for S. salar are made 

using explicitly information from EU populations, and linkage maps for NA S. salar are 

limited in SNP number compared to EU maps. This study therefore will improve upon 

previously published maps by creating the largest linkage map constructed for NA S. 

salar. This study will also contribute to our knowledge of the presence of chromosomal 

polymorphisms that exist in this SJR strain. A map of this quality will also allow a more 

detailed observation into the varying genomic structure of NA S. salar.  
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CHAPTER II: NOVEL CHROMOSOMAL POLYMORPHISMS 
IDENTIFIED IN NORTH AMERICAN ATLANTIC SALMON 
(SALMO SALAR) USING A HIGH-DENSITY LINKAGE MAP 
GENERATED FROM A 50K SNP ARRAY 

2.1 INTRODUCTION 

Salmonid fishes are interesting specimens for studying genomics as they are an 

ancestral autotetraploid (Allendorf and Thorgaard 1984). The common ancestor of 

salmonid fishes had undergone a whole genome duplication (WGD) event 

approximately ~80 MYA (Macqueen and Johnston 2014; Lien et al. 2016). Modern-day 

salmonid fishes are still undergoing a process of diploidization which reduces the 

number of duplicated genes (Lien et al. 2011). The process of WGD and the resulting 

diploidization results in chromosomal rearrangements which cause genomic differences 

to arise amongst salmonid fish populations (Allendorf and Thorgaard 1984; Lien et al. 

2011; Macqueen and Johnston 2014).  

Specifically, Atlantic salmon (Salmo salar) are observed to have differing 

numbers of chromosomes between European (EU) and North American (NA) 

subspecies - where 29 and 27 chromosomes (haploid number) have been reported, 

respectively (Lien et al. 2011; Brenna-Hansen et al. 2012). This differing chromosome 

number has resulted from the translocation and fusions occurring among chromosomes 

in NA populations (Brenna-Hansen et al. 2012). Brenna-Hansen et al. (2012) suggested 

three main chromosomal rearrangements in NA S. salar chromosomes that were not 

present in EU populations: 1) the translocation of the p-arm of chromosome Ssa01 to 

Ssa23 – leading to the new chromosomal formations Ssa01q and Ssa01p/23; the fusion 

between chromosomes Ssa08 and Ssa29 – creating Ssa08/29; and the fusion between 

chromosomes Ssa26 and Ssa28 – creating Ssa26/28. These genomic changes 

between populations can be observed and studied with the use of genomics-based 

tools. 
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Salmonid fishes have also been shown to exhibit chromosomal polymorphisms 

within populations (Dussault et al. 2016; Nugent et al. 2017; Lehnert et al. 2019). Some 

of the variation in the presence of fusions in NA S. salar populations has been attributed 

to past hybridization with EU S. salar brought in for aquaculture. Therefore, the 

presence of the Ssa01p/23 and Ssa26/28 fusions may indicate more NA ancestry, while 

their absence may indicate more EU ancestry (Lehnert et al. 2019). The chromosomal 

rearrangements mentioned previously (Ssa01p/23, Ssa08/29, and Ssa26/28) have been 

observed to be polymorphic in NA S. salar populations (Brenna-Hansen et al. 2012; 

Dussault et al. 2016; Lehnert et al. 2019; Wellband et al. 2019). Identifying the presence 

of chromosomal polymorphisms can help us better determine ancestry in admixed 

populations and may help to build a better understanding as to how these 

polymorphisms may impact NA S. salar chromosome evolution. 

Linkage maps are useful tools for tracking changes in genomic structure and 

identifying how traits of interest (such as disease resistance) may influence patterns of 

inheritance by tracking variation with genetic markers (Moen et al. 2004; Moen et al. 

2008). While there are currently numerous linkage maps for S. salar, much of the 

literature on this topic focuses on EU populations (Slettan et al. 1997; Moen et al. 2004; 

Moen et al. 2008; Phillips et al. 2009; Lorenz et al. 2010; Lien et al. 2011; Gonen et al. 

2014; Houston et al. 2014; Lien et al. 2016; Tsai et al. 2016), with few maps being made 

specifically for NA families (Gilbey et al. 2004; Lubieniecki et al. 2010; Brenna-Hansen 

et al. 2012). This creates a gap in knowledge – as it is known that EU and NA S. salar 

populations have different chromosome configurations. This may influence the 

inferences about chromosome structure of NA populations based on chromosome 

structure from EU populations. The significant chromosomal rearrangements that have 

been identified in NA S. salar have done so with limited number of markers and typically 

a single family, yet there may be more chromosomal rearrangements, even minor ones 

such as inversions, or differences between populations that are not yet known.  
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Creating high-density linkage maps can assist in further association studies such 

as GWAS (Gutierrez et al. 2015; Tsai et al. 2015; Holborn et al. 2018; Rochus et al. 

2018; Boulding et al. 2019) and QTL mapping (Reid et al. 2005; Moen et al. 2009; 

Houston et al. 2010; Gutierrez et al. 2012; Houston et al. 2012; Dussault et al. 2019) 

that help to map commercially important traits with low heritability (Gutierrez et al. 

2012). The largest map of NA S. salar to date is under 4,000 markers (Brenna-Hansen 

et al. 2012), which can be improved upon as our ability to create larger SNP arrays 

becomes more accessible. Linkage maps can also be further built upon as more 

information, such as additional markers or sequencing information, becomes available 

(Moen et al. 2004). Many studies on linkage mapping of NA S. salar are limited in the 

number of families studied and the small number of offspring per family used for 

creating linkage maps, which may limit accuracy. Including multiple families, with a 

larger number of offspring, as well as a larger number of available SNPs to map can 

greatly improve upon the already available linkage maps for S. salar. 

My goal was to create high-quality linkage maps for NA S. salar that are more 

informative than previously published linkage maps. The construction of these new 

linkage maps may help to identify polymorphic chromosomal rearrangements, as well 

as confirm those that have already been identified in the NA S. salar (specifically 

Ssa01p/23, Ssa08/29, and Ssa26/28). To accomplish this, I will: 1) utilize a larger SNP 

array than available for previous maps; and 2) map nine large families (N>50) of NA S. 

salar. The completion of this study would result in the highest-density SNP linkage 

maps regarding the NA S. salar. By creating linkage maps from multiple families, I can 

compare differences amongst families and better distinguish when a chromosomal 

polymorphism occurs, for example – observing the formation of multiple linkage groups 

(LGs) in only some families which may indicate a polymorphism for a specific 

chromosome. This builds upon previous studies, which primarily focus on EU families of 

S. salar. Furthermore, linkage maps for NA S. salar are currently limited in SNP 

numbers and may further be influenced by some degree of hybridization with EU 

populations. This study also briefly investigates the genomic structure of NA S. salar. 
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Genetic maps can help us better understand the changes that chromosomal structure 

undergoes in organisms that have undergone a WGD (Lien et al. 2016). 

 

2.2 METHODS AND MATERIALS 

2.2.1 Family Information 

For the purpose of creating linkage maps, genetic material was collected from 

ten different NA Atlantic salmon (Salmo salar) families. However, one of these families 

was removed as the parent files and potentially some of the offspring contained 

incorrect information. Only families with more than N>50 offspring were selected for this 

study as a large number of offspring are needed to create high-quality linkage maps 

(Wu et al. 2002; Table 2.1). The number of full-sibling offspring per family ranged from 

56 individuals (F06) to 211 individuals (F048), with the total number of offspring among 

all the families being 807 (Table 2.2). These full-sibling families are from the “Saint John 

River Strain” (SJR) provided by Cooke Aquaculture Inc. and were reared by Kelly Cove 

Salmon Ltd. Fin clip tissue was collected from parents and offspring for DNA sampling 

and genotyping. 

 

2.2.2 DNA Extraction & Analysis 

DNA extraction was performed using QIAGEN DNeasy blood and tissue kit 

(www.qiagen.com) using standard extraction protocol. Extracted DNA was quantified 

using a Qubit fluorometer (Invitrogen), which is highly selective for double-stranded 

DNA (dsDNA) over RNA and is designed to be accurate for initial sample concentration 

from 100 pg/µl–1,000 ng/µl. Quantified samples consisting of 96-well plates were sent 

to CIGENE (The Centre of Integrative Genetics), Norwegian University of Life Sciences, 

Ås, Norway. DNA samples from offspring were genotyped on a custom Affymetrix 

Axiom™ 50K SNP array for the NA S. salar (Holborn et al. 2018) . This array was 

created to be more cost-effective for this specific SJR strain of NA S. salar – on which 
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46,543 SNPs were identified. From this, 61% of the SNPs were PolyHighResolution, 

20% were NoMinorHomozygote, 12% were CallRateBelowThreshold, 6% were Other, 

0.2% were OTV, and 0.06% were MonoHighResolution. 

This custom SNP array was created as a collaborative project between the 

University of Guelph, Cooke Aquaculture Inc., and CIGENE as part of Genome 

Canada’s Genomic Applications Partnership Program (GAPP). Sires and dams were 

genotyped to a previous 220K SNP array (Ødegård et al. 2014) – a previous SNP array 

designed by CIGENE for EU populations of S. salar - on which only the SNPs that 

overlapped between the two SNP arrays were used (46,543 SNPs). Family pedigrees 

had been checked prior to this study using CERVUS (Kalinowski et al. 2007; Dussault 

et al. 2016; v3.0.7). 

 

2.2.3 Filtering Methods 

To ensure that the SNPs used in linkage map construction were optimal, SNPs 

from each family were filtered to exclude those that would either be problematic or 

complicate the computational process prior to linkage map construction. Prior to this 

thesis, Axiom Analysis Suite (version 1.1.1.66) was used to export SNPs that developed 

2 (NoMinorHom) or 3 (PolyHighResolution) well-separated clusters (FLD ≥5). 

Furthermore, SNPs were only exported if it was clear that the SNPs originated in a 

diploid region of the S. salar genome. From family data that had previously been used 

to construct linkage maps in another study, additional segregation tests were run, as 

seen below, to remove any non-Mendelian markers that may not have been removed. 

From the 50K SNP array, each family initially contained genomic information for 46,543 

SNPs. Initially, SNPs were filtered in parental files, and afterwards the remaining SNPs 

were used to select the genotype information from the offspring – at which point a 

second round of filtering was run on the offspring data. Filtering steps were run on each 

family separately. 
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SNP markers were removed when the parental genotypes expressed either 

double homozygous (e.g. aa x aa OR aa x bb) or double heterozygous (ab x ab) alleles 

for the SNP using a function I had created in Python (Appendix B). These markers are 

not useful for linkage mapping as they are either not highly informative (double 

heterozygous markers) or not informative at all (double homozygous markers). Double-

heterozygous alleles specifically are difficult to build linkage maps with since one could 

only determine from which parent an allele was inherited from approximately 50% of the 

time – hence, allowing for too much uncertainty when building the linkage map. Markers 

with alleles that are heterozygous in only one parent allows for the linkage mapping 

program to more easily determine parental linkage phases - which are essential for 

building the linkage map.  

In some instances, SNPs for sires had information available in both the 50K and 

220K SNP arrays. The genotype information was compared between both arrays (in 

families where sires were genotyped on both arrays - F048, F106, and F112) to ensure 

that the alleles for the SNPs were identical between them. If there was a difference in 

genotype information for a given SNP between these arrays, then the specific SNP was 

compared against the offspring genotypes and the incorrect parental genotype was 

manually imputed. For example, if, for a sire, the 50K array showed an ‘aa’ allele and 

the 220K array showed an ‘ab’ allele with the dam presenting an ‘ab’ allele, and the 

offspring genotypes showing approximately a 1:1 ratio of ‘aa’ and ‘ab’ alleles, we can 

then conclude that the sire has an ‘aa’ allele for the SNP. However, if only one of the 

arrays (50K or 220K) had information and the genotype could not be discretely imputed 

from the offspring genotype data, then the genotype for the corresponding parent was 

left as missing (NN). This ensures, that as information is missing in one of the parents, 

this SNP would be removed in a later filtering step. Regarding my data, there was only a 

small percentage of this occurring, which leads me to believe that these minor 

genotyping errors are unlikely to significantly affect the development of the linkage 

maps.  
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In instances where SNPs were missing genotype information in either parent 

(sire or dam) or both parents (sire and dam) – these markers were compiled and 

removed using the same Python function as mentioned earlier (Appendix B). However, 

for the instances in which SNPs had a missing genotype for only one of the parents 

(minimal instances), manual imputation of the allele was attempted by observing the 

offspring genotypes and segregation ratios. If the parental genotype for a given SNP 

could be discretely determined (as described above), then it was adjusted to be the 

correct genotype. If not discretely determined, these markers, as well as the SNPs with 

missing genotype information from both parents, were removed. If multiple families had 

missing information for the same SNP, this SNP was deemed problematic and 

subsequently removed from all families.     

After filtering the SNPs from the parent files for each family, offspring genotypes 

for these SNPs were split into separate files representing each family. Any markers that 

had missing genotype data amongst the offspring were removed as missing offspring 

data can greatly slow down the linkage map computation process. This therefore allows 

for more efficient computation for creating the linkage maps.  

 Input files were then split into chromosomes based on where the markers were 

located on the EU S. salar chromosomes. Brenna-Hansen et al. (2012) noted that the 

SNP marker order was relatively conserved between NA and EU S. salar populations, 

so I kept this ordering for these NA families. Therefore, markers identified to be on 

chromosomes Ssa08 and Ssa29 in EU families were grouped together into one file for 

Ssa08 for NA families (deemed Ssa08/29) as it has been observed that these 

chromosomes are fused in NA S. salar families (Brenna-Hansen et al. 2012). Similarly, 

markers from chromosomes Ssa26 and Ssa28 in EU families were put into one file for 

Ssa26 for NA families (deemed Ssa26/28) as these chromosomes have also been 

observed to be fused in NA S. salar populations (Brenna-Hansen et al. 2012). 

Chromosome Ssa01 has been observed to have its p-arm undergo translocation event 

with chromosome Ssa23 in NA families, leaving the q-arm to solely represent 

chromosome Ssa01 (Brenna-Hansen et al. 2012). To better determine whether this 
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chromosomal translocation had occurred in my families, I ran the input files for Ssa01 

and Ssa23 on OneMap separately (further information below in section 2.2.5), and if 

multiple LGs formed for Ssa01 – signifying that the p- and q-arms are not linked and 

therefore separate - I then combined the genomic information from chromosome Ssa01 

and Ssa23 for this family to create a more accurate linkage map. This allows me to, 

when running linkage maps, determine whether the fused chromosomes are truly in 

linkage or are remaining separate.  

 

2.2.4 Sex-Specific Maps 

As salmonid fishes have been observed to express heterochiasmy – difference in 

recombination rates between the sexes (Moen et al. 2008)- SNP data was split into sex-

specific files so that female- or male-specific linkage maps could be constructed. To 

accomplish this, markers selected for a “female” map included SNPs for which the allele 

in dams was heterozygous and the allele for sires was homozygous. Similarly, for the 

“male” map construction was done using SNPs where the sire allele was heterozygous, 

and the dam allele was homozygous. 

 

2.2.5 Linkage Map Construction 

Linkage map construction was done via “OneMap” (v2.1.1; Margarido et al. 2007) 

available as a package in R (v3.5.2; Rstudio Team 2015), and the visual 

representations of the linkage maps were drawn using custom R code provided by Cam 

Nugent. This package performs statistical analyses which allows for the determination 

of linkage between markers, as well as linkage phases, as per Wu et al. (2002).  

Within the updated OneMap package, input files (consisting of: number of 

offspring, number of markers, segregation type of markers (sex-specific), offspring 

genotypes, and base-pair position information for each of the markers) allowed for the 
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addition of base-pair position information for each SNP. For this study, the base-pair 

information for the SNPs in NA S. salar were not yet available, so I used the base-pair 

information for the same SNPs in EU S. salar to get the approximate position for these 

SNPs. After testing this several times, it is clear that this base-pair information is used to 

improve the sorting of overlapping markers in zero recombination clusters (ZRCs). 

ZRCs can involve a large or small number of markers that are in zero recombination 

with one another, resulting in a number of markers in the same position on the map. 

ZRCs can be observed in the final map files as markers that are only very slightly 

different in cM distance, as OneMap staggers ZRC markers slightly (one decimal 

increments at 10-5). Sorting within these ZRCs can be a more complicated process, 

therefore utilizing the physical map information can improve the computational speed at 

which the program creates linkage maps as well as a relative alignment (in areas of 

zero recombination) to the base-pair information. 

Segregation ratios of the offspring data were tested using the “test_segregation” 

function available through “OneMap” (Appendix A), which compares expected 

distribution values to observed values using a chi-square statistic (P<0.05), to ensure 

that all markers were segregating properly. The results of this were presented using the 

function “select_segreg” (Appendix A). There were two families (F050 and F106) in 

which all markers for Ssa02 for male S. salar were not segregating properly. However, 

instead of removing the information for chromosome from these two families, the 

markers were kept, and the program was run in order to build a provisional linkage map 

to compare with other Ssa02 linkage maps for male S. salar from other families. 

As SNPs were sorted into chromosomes prior to map construction, individual 

chromosome maps were created one at a time as they were run sequentially through 

OneMap. In this way I was able to test the linkage affinities between the markers within 

the pre-sorted chromosome groups. Two-point recombination fractions were calculated 

using a LOD threshold of 3.0 to construct female and male maps (Appendix A). As a 

result of this threshold, SNPs with a LOD score below the threshold were considered to 

be unlinked. Map function type was set to kosambi and LGs were sorted using the 
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“record” algorithm as it produces shorter map distances. Potential genotyping errors can 

inflate distances between markers (Moen et al. 2008), so this algorithm aids in 

correcting this. In order to maximize efficiency for such a large number of maps 

(approximately 54 chromosomes (male and female maps separate) between 9 families), 

the Cedar cluster available through Compute Canada (https://www.computecanada.ca/) 

was used to run the “OneMap” R script in array (Appendix C). This allowed for the 

construction of linkage maps from multiple chromosomes to be run simultaneously.  

The presence of chromosomal polymorphisms, as well as potential minor 

rearrangements (such as inversions), was determined by observing the number of LGs 

produced for each chromosome in each family and comparing these numbers of LGs 

across families. For example, if Ssa26/28 produced two linkage groups for the female 

map in one family, and not in another, it was deemed polymorphic for the purposes of 

this study. If, across all families, a variable number of LGs formed for a specific 

chromosome, then this chromosome was considered polymorphic. LGs measuring >1 

cM in length were accounted for and LGs measuring <1 cM in length were ignored in 

this study.  

In instances where chromosomes had been previously suggested to be fused or 

translocated with another chromosome (Ssa01p/23 (Brenna-Hansen et al. 2012) and 

Ssa06/22 (Lubieniecki et al. 2010)) and multiple LGs were formed, the data for these 

two chromosomes was merged and run through OneMap again to see if the formation 

of different linkage groups occurred. For example, if when merged, the chromosomes 

formed only one LG, this supports the idea that they are fused, or polymorphic for this 

fusion, in this population.  
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2.3 RESULTS 

2.3.1 Chromosomal Polymorphisms 

2.3.1.1 Overview 

Sixteen chromosomes formed >1 LG where the number of LGs varied between 

families and between female and male maps. Fourteen of these chromosomes 

(Ssa01q, Ssa02, Ssa03, Ssa06, Ssa07, Ssa08/29, Ssa10, Ssa11, Ssa12, Ssa14, 

Ssa16, Ssa18, Ssa20, Ssa01p/23, and Ssa26/28) produced two LGs in families where 

the smallest LG measured >1 cM but <10 cM (Table 2.5; Table 2.6). Seven 

chromosomes (Ssa01q, Ssa06, Ssa07, Ssa08/29, Ssa16, Ssa24, and Ssa26/28) 

produced two LGs in families where the smallest LG measured >10 cM (Table 2.5; 

Table 2.6). Of interest are chromosomes where multiple LGs were forming for a single 

chromosome, such as what was observed in Ssa01q, Ssa06, Ssa08/29, Ssa11, Ssa16, 

and Ssa26/28. Conversely, eleven chromosomes (Ssa04, Ssa05, Ssa09, Ssa13, 

Ssa15, Ssa17, Ssa19, Ssa21, Ssa22, Ssa25, Ssa27) produced only one LG in all 

families and for both female and male maps (Table 2.5). 

 

2.3.1.2 Ssa01q + Ssa01p/23 for F06 

Ssa01q formed two LGs of unequal sizes in the female S. salar map for F06 

(Table 2.6; Fig. 2.1). The F06 female map LG1 measured 62.27 cM and LG2 measured 

1.79 cM. Map data for Ssa01q and Ssa01p+23 was combined and linkage analysis was 

re-run, causing F06 to form three LGs for the female map and two LGs for the male 

map. The LGs for the female map (LG1 measuring 62.27 cM, LG2 measuring 1.79 cM, 

and LG3 measuring 145.52 cM) and the male map (LG1 measuring 85.96 cM and LG2 

measuring 71.46 cM) of Ssa01+23 for F06 corresponded with the lengths for the maps 

of the individual chromosomes. 
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2.3.1.3 Ssa01q + Ssa01p/23 for F112 

Ssa01q formed two LGs of unequal sizes in the male S. salar map for F112 

(Table 2.6; Fig. 2.1). The F112 male map LG1 measured 45.39 cM and LG2 measured 

12.44 cM. Map data for Ssa01q and Ssa01p+23 was combined and linkage analysis 

was re-run, causing F112 to form two LGs for the female map and three LGs for the 

male map. The LGs for the female map (LG1 measuring 116.15 cM and LG2 measuring 

138.80 cM) of Ssa01+23 for F112 deviated slightly from the lengths for the maps of the 

individual chromosomes (Ssa01q measuring 114.41 cM and Ssa01p/23 measuring 

138.80 cM). The LGs for the male map (LG1 measuring 45.39 cM, LG2 measuring 

12.44 cM, and LG3 measuring 94.81 cM) of Ssa01+23 for F112 corresponded with the 

lengths for the maps of the individual chromosomes.  

 

2.3.1.4 Ssa06 + Ssa22 for F09 

Ssa06 formed two LGs of unequal size in the male S. salar map for F09 (Table 

2.6; Fig. 2.2). The F09 male map LG1 measured 18.66 cM and LG2 measured 7.3 cM. 

Map data for Ssa06 and Ssa22 was combined and linkage analysis was re-run, causing 

F09 to form two LGs for the female map and three LGs for the male map. The LGs for 

the female map (LG1 measuring 125.90 cM and LG2 measuring 70.81 cM) and the 

male map (LG1 measuring 18.66 cM, LG2 measuring 7.28 cM, and LG3 measuring 

70.83 cM) of Ssa06+22 for F09 corresponded with the lengths for the maps of the 

individual chromosomes. 

 

2.3.1.5 Ssa06 + Ssa22 for F112 

Ssa06 formed two LGs of unequal sizes in male S. salar map F112 (Table 2.6; 

Fig. 2.2). The F112 male map LG1 measured 15.65 cM and LG2 measured 20.35 cM. 

Map data for Ssa06 and Ssa22 was combined and linkage analysis was re-run, causing 
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F112 to from two LGs for the female map and three LGs for the male map. The LGs for 

the female map (LG1 measuring 129.64 cM and LG2 measuring 59.52 cM) and the 

male map (LG1 measuring 15.65 cM, LG2 measuring 20.35 cM, and LG3 measuring 

52.61 cM) of Ssa6+22 for F112 corresponded with the lengths for the maps of the 

individual chromosomes. 

 

2.3.1.6 Ssa08/29 

Ssa08/29 formed two LGs of unequal sizes in female and male S. salar maps in 

six families (F04, F06, F048, F050, F081, and F106; Table 2.6; Fig. 2.3). F04 produces 

two LG for the female map (LG1 measuring 47.21 cM and LG2 measuring 70.42 cM) 

and the male map (LG1 measuring 6.9 cM and LG2 measuring 60.56 cM). F06 

produces two LGs for only the male map (LG1 measuring 3.58 cM and LG2 measuring 

76.38 cM). F048 produces two LGs for only the female map (LG1 measuring 70.69 cM 

and LG2 measuring 52.47 cM). F050 produces two LGs for only the female map as well 

(LG1 measuring 61.93 cM and LG2 measuring 67.8 cM). F081 produces two LGs for 

both the female map (LG1 measuring 132.78 cM and LG2 measuring 97.53 cM) and the 

male map (LG1 measuring 113.67 cM and LG2 measuring 1.37 cM) maps. F106 

produces two LGs for only the female map (LG1 measuring 8.31 cM and LG2 

measuring 106.85 cM). Additionally, there were three families in which three LGs of 

unequal sizes were created (F06, F09, and F050; Table 2.6). F06 formed three LGs for 

only the female map (LG1 measuring 108.5 cM, LG2 measuring 67.79 cM, and LG3 

measuring 1.79 cM). F09 also formed three LGs for only the female map (LG1 

measuring 65.12 cM, LG2 measuring 1.45 cM, and LG3 measuring 43.58 cM). Lastly, 

F050 produced three LGs of unequal size in only the male map (LG1 measuring 22.6 

cM and LG3 measuring 6.47 cM) (Table 2.6). In each of these instances of three LGs 

forming, there are two larger LGs and one small LG.  
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2.3.1.7 Ssa11 

Ssa11 formed two LGs of unequal sizes in female and male S. salar maps in two 

families (F050 and F081; Table 2.6; Fig. 2.4). F050 formed two LGs in the female map 

only (LG1 measuring 72.64 cM and LG2 measuring 8.14 cM). F081 formed two LGs in 

the male map only (LG1 measuring 52.97 cM and LG2 measuring 9.62 cM).  

 

2.3.1.8 Ssa16 

Ssa16 formed two LGs of unequal sizes in only the female S. salar map for one 

family (F03; Table 2.6; Fig. 2.5). The female map for F03 formed LG1 measuring 115.69 

cM and LG2 measuring 21.1 cM (Table 2.6).  

 

2.3.1.9 Ssa26/28 

Ssa26/28 formed two LGs of unequal sizes for male and female S. salar maps in 

six families (F03, F06, F048, F081, F106, and F112; Table 2.6; Fig. 2.6). F03 formed 

two LGs in only the male map (LG1 measuring 86.99 cM and LG2 measuring 5.98 cM). 

F06 formed two LGs in only the male map as well (LG1 measuring 65.77 cM and LG2 

measuring 63.1 cM). F048 formed two LGs for only the female map (LG1 measuring 

56.31 cM and LG2 measuring 68.59 cM). F081 formed two LGs for only the female map 

(LG1 measuring 110.76 cM and LG2 measuring 114.51 cM). F106 formed two LGs for 

only the female map as well (LG1 measuring 132.72 cM and LG2 measuring 3.53 cM). 

Lastly, F112 formed two LGs in both the female map (LG1 measuring 63.12 cM and 

LG2 measuring 68.94 cM) and male map (LG1 measuring 71.1 CM and LG2 measuring 

33.02 cM) maps. Additionally, there was one family (F06) which produced three LGs for 

only the female map (LG1 measuring 115.94 cM, LG2 measuring 8.95 cM, and LG3 

measuring 87.21 cM; Table 2.6).  
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2.3.2 Linkage Maps 

From beginning with 46,543 SNPS, the final number of markers in each family 

ranged from 9,983 SNPs (F048) to 17,366 SNPs (F081), with an average of 13,114 

SNPs per family (+/-748.04 SE) (Table 2.3; Table 2.4; Supplementary Files: S2.1, S2.2). 

For female-specific maps, there was an average of 6,712.78 SNPs (+/- 291.53 SE) and 

for male-specific maps there was an average of 6,401.22 SNPs (+/- 608.78 SE) (Table 

2.3). 

The number of LGs for families (female and male maps combined) ranged from 

57 to 67 with an average of 60.88 (Table 2.5; Supplementary Files: S2.1, S2.2). The 

average number of LGs for female S. salar maps was 29.9 and the average number of 

LGs for male S. salar maps was 31.7. The maps included SNPs from all chromosomes 

except for Ssa03 from F048 as it only had one marker and therefore had insufficient 

information to create a linkage map. 

For female S. salar, total map distances ranged from 2,411.38 cM to 5,544.65 

cM, with an average map length of 3,034.83 cM (+/- 327.45 cM SE) (Table 2.6; 

Supplementary Files: S2.1, S2.2). For male S. salar, total map distances ranged from 

1220.6 cM to 2873.56 cM, with an average of 1659.11 cM (+/- 160.9 cM SE) (Table 

2.6). For female and male S. salar linkage maps, family F048 has the shortest map, 

while F081 had the longest map distances. Female: male (F:M) ratios for map lengths 

ranged from 1.56:1 (F106) to 2.19:1 (F03), with an average F:M ratio of 1.83:1. 

 

2.4 DISCUSSION 

2.4.1 Chromosomal Polymorphisms  

3.4.1.1 Confirmed Polymorphisms 

 Chromosome Ssa01 is known to have undergone a Robertsonian translocation in 

NA S. salar, where the p-arm of Ssa01 has been translocated to Ssa23 (Brenna-
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Hansen et al. 2012; Dussault et al. 2016; Lehnert et al. 2019). My results provide 

evidence that this fusion is polymorphic in this strain, as the formation of multiple LGs 

(measuring longer than 1 cM) is seen in two families (F06 and F112; Fig. 2.6). This has 

also been observed and confirmed by Brenna-Hansen et al. (2012) through FISH 

analysis. One thing to note is that since chromosome size generally decreases as we 

progress through them chronologically (from 1 to 27), we expect map size to decrease 

as well. However, Ssa23 is observed to be larger in some instances (by at least 30 cM) 

than the chromosome before or after it (Ssa22 and Ssa24)– this extra length is due to 

the p-arm of Ssa01 being fused to Ssa23. By comparing these linkage map lengths in 

my results it appears that all of the female maps contain this fusion for Ssa01p/23, 

however in the males, LGs for Ssa23 appears to be relatively short in families F04, F06, 

and F050, suggesting that this fusion is not present in these male maps and supporting 

that this fusion is polymorphic. Lehnert et al. 2019 also found some variability in the 

translocation of the Ssa01 p-arm to Ssa23, and furthermore had found evidence to 

suggest that this translocation is a result of EU hybridization with NA S. salar families. 

However, this polymorphism is more abundant in populations of NA S. salar in 

Newfoundland, where secondary contact with EU S. salar has occurred, creating a 

gradient across NA S. salar where probability of this polymorphism may be located 

(Bradbury et al. 2015; Lehnert et al. 2019). Wellband et al. 2019 however did not find 

this translocation to be polymorphic in their New Brunswick populations, suggesting that 

perhaps it is becoming more fixed in some populations than in others.  

 

When combining SNP data for Ssa01q and Ssa01p/23 to better determine if 

these chromosomes had experienced the translocation, the LGs produced by the 

female S. salar map for F112 deviated slightly from the LGs produced from the 

individual chromosomes, resulting in a slightly larger map for Ssa01q and a slightly 

smaller map for Ssa01p/23 (formation of two linkage groups). This may indicate that few 

of the markers initially sorted into Ssa01p/23 were able to form tighter linkage with 

markers on Ssa01q. However, as this only occurred with a small number of markers, 
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there is also the chance that these markers may be problematic in some way (e.g. 

undetected PSV) which is preventing them from forming linkage with the other markers 

on this chromosome.  

Chromosome Ssa08 is also known to have undergone a fusion in NA S. salar – 

with the acrocentric Ssa29 fusing to metacentric Ssa08 to form a metacentric Ssa08/29 

(Brenna-Hansen et al. 2012; Dussault et al. 2016; Lehnert et al. 2019). My findings also 

support that this fusion is polymorphic between families – it forms two LGs in some 

families, while remaining fused as one LG in other families. Some families only had one 

parent in which the chromosomes were fused, and one parent in which the 

chromosomes were separate. Interesting to note are the families in which a third LG 

was produced. This third LG is very small compared to the two other large LGs (the 

largest of these measuring only 1.79 cM) and could signify a minor chromosomal 

rearrangement where a very small region of markers is linked with another 

chromosome. 

An alternate hypothesis could explain that the number of markers on this 

chromosome were not enough to cover the entire span of the chromosome and as a 

result, some markers formed a separate LG due to inter-marker distances being too 

great. Of the three families that present this third LG formation, female maps for F06 

and F09 had produced linkage maps of comparable size to other families (F06 LGs 

measuring 108.5 cM, 67.79 cM, and 1.79 cM; F09 LGs measuring 65.12 cM, 43.58 cM, 

and 1.45 cM) to support the idea of a minor chromosomal arrangement occurring. The 

last family that produced a third LG for this chromosome (F050 male map) had 

produced very small LGs for this map (22.6 cM, 6.47 cM, and >1 cM). It is more likely 

that this family had missing interval markers such that two linkage groups formed 

instead of the one. This fusion has been observed and confirmed by Brenna-Hansen et 

al. (2012), Lehnert et al. (2019), and Wellband et al. (2019). Lehnert et al. (2019) found 

variability regarding the presence of fused chromosome Ssa08/29 and suggested that 

this chromosomal polymorphism evolved within NA S. salar families without EU 

interference, however the method under which this fusion occurs is poorly understood. 



 

 

39 

 

Wellband et al. (2019) suggested that this polymorphism may play a part in local 

adaptation. Wellband et al. 2019 also suggests that there are three different 

configurations of this polymorphism; an individual may have two sets of chromosomes 

where both chromosomes exhibit this fusion or both do not, or have one chromosome 

that exhibits this fusion while the other does not.  

Two acrocentric chromosomes - Ssa26 and Ssa28 – have also been confirmed 

to be fused in NA S. salar, joined at their centromeres to form Ssa26/28 (Lubieniecki et 

al. 2010; Brenna-Hansen et al. 2012; Dussault et al. 2016; Lehnert et al. 2019). My 

results showed evidence for this fusion being polymorphic as well, as I had observed 

some variability in the presence of this fusion. Some families presented the fusion 

(forming only one LG; e.g. F04 male and female) while some families did not form the 

fusion (presenting two LGs; e.g. F112 male and female). Some families had one parent 

express this fusion while the other parent did not (e.g. F03). This shows that this 

chromosomal fusion is highly polymorphic in these families. Wellband et al. 2019 

however did not find this fusion to be polymorphic in their populations, suggesting that 

perhaps, as with Ssa01p/23, it is becoming more fixed in some populations than in 

others.  

As seen in the Ssa08/29 fusion, the formation of a third LG was also seen here. 

The female map for F06 Ssa26/28 showed this formation with the third LG being 

considerably sized compared to those found in Ssa08/29 (115 cM, 87.21 cM, and 8.95 

cM). A possible explanation for this is a different chromosomal arrangement that may 

occur when Ssa26 and Ssa28 are not fused, where a separate region of one of the 

chromosomes may fuse with a different chromosome. It is also possible that some 

markers may be undetected PSVs or MSVs, which may cause them to not link up with 

the main linkage group and otherwise form these smaller linkage groups. Additionally, 

pre-sorting the genomic information into separate chromosomes prior to map-making 

limits the ability to determine if these markers form tighter linkage with markers from 

other chromosomes.  
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3.4.1.2 Novel Polymorphisms 

My results provide evidence to suggest that chromosome Ssa06 is polymorphic 

in these NA families. Ssa06 was shown to forms two LGs, which can be indicative of 

some chromosomal rearrangement. This formation of two LGs was only seen in the 

male maps for two families (F09 and F112), however the smaller LG of the two LGs in 

both these families were greater than 5 cM in length, with the largest one being 15 cM in 

F112. However, it is important to consider the influence of undetected PSVs and MSVs 

in the formation of smaller LGs that do not link with the main map representing 

chromosome. Additionally, pre-sorting the markers into chromosomes prior to map 

making prevents determining whether this smaller LG may form tighter linkage with 

another chromosome, which may give more hint as to what may be happening in terms 

of structural rearrangements. 

Lubieniecki et al. 2010 provided some minor evidence that suggested a fusion 

may occur between Ssa06 and Ssa22, where a centromere to telomere fusion produces 

a new metacentric chromosome. However, when I combined the data for Ssa06 and 

Ssa22 and ran linkage analysis on the combined dataset, these two chromosomes 

remained in distinctly separate LGs for both male and female maps in these two 

families. Based on these findings, I would say that Ssa06 and Ssa22 are not fused in 

NA S. salar. Brenna-Hansen et al. 2012 did not find any evidence of this fusion using 

FISH analysis and suggested that as Lubieniecki et al. (2010) only observed this fusion 

in males, the results may have been influenced by residual tetrasomy and 

pseudolinkage. However, this is likely not the problem as neither of the arms for Ssa6 

appears to be homeologous with Ssa22 (Lien et al. 2016). My findings of a second LG 

forming in Ssa06 were only observed in male maps as well, meaning that the same 

concerns are applicable to my findings.   

My findings also provided evidence to suggest that chromosome Ssa11 is 

polymorphic. Two families (F050 and F081) showed this chromosome forming two LGs 
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>5 cM but <10 cM, suggesting a large secondary LG formation that may be indicative of 

chromosomal rearrangement. This was observed in both a male and female map, which 

gives this suggestion greater viability. Three other families formed secondary LGs (F06, 

F081, and F112), and despite the fact that these are very small in length (<1 cM), the 

fact that some markers are still consistently not linking to the main LG across my 

families provides evidence for genomic restructuring happening on this chromosome. 

Again, this could be the same (potentially problematic) markers between families 

causing this consistent formation of multiple, tiny LGs. However, it is also important to 

consider that this may in fact be a minor rearrangement, such as an inversion. 

My results had also provided evidence that chromosome Ssa16 is polymorphic. 

This chromosome has only one family where it forms a secondary LG (F03) but it is 

quite large in length (21.1 cM) and is a female map, which exhibits fewer complexities 

than the male maps. Ssa16 also produced a secondary LG in F04, however this 

measured <1 cM and was a male map. The formation of the large LG in F03 could be 

some minor genomic restructuring of Ssa16 in the NA S. salar that has not previously 

been recognized in the literature. However, as this was only observed in one family, it is 

likely that it is either not highly prevalent in this population or may be novel to the 

genome.  

It has been suggested that chromosomal rearrangements help differentiate the 

genome after a WGD event (Gharbi et al. 2006), so it is likely that a minor 

rearrangement is happening in some families and not in others as an attempt to 

facilitate the process of diploidization. Chromosomal polymorphisms can lead to further 

karyotype differentiation (Dobigny et al. 2017), which is already observed between NA 

and EU S. salar populations with differing number of chromosomes. This suggests that 

these new chromosomal polymorphisms may further affect karyotype formation if they 

become more “fixed” in a population. Furthermore, adaptive processes may influence 

whether a polymorphism is present in a population and may lead to further divergence 

between populations (Wellband et al. 2019). Even small chromosomal rearrangements, 



 

 

42 

 

such as minor inversions, can play an important role in facilitating speciation (Faria et al. 

2019). 

 

2.4.2 Linkage Maps 

I was able to create linkage maps containing a larger number of markers 

compared to previously published linkage maps. With an average of 13,114 SNPs per 

family, the linkage maps made in this thesis have the highest SNP density of any of the 

published NA S. salar linkage maps. In other NA S. salar-based linkage maps (Gilbey et 

al. 2004; Lubieniecki et al. 2010; Brenna-Hansen et al. 2012), Brenna-Hansen et al. 

(2012) produced the linkage maps with the highest-density (3,662 SNPs). Higher 

density of SNP markers allows for a greater coverage of the LGs produced (Moen et al. 

2008), allowing us to better observe the pattern of recombination happening in the 

genome for S. salar, and be able to better identify any rearrangements that might have 

occurred in the genome. Furthermore, being able to utilize physical map information in 

the creation of linkage map can help increase accuracy of marker orders in ZRCs where 

potentially many markers can be present at a single location. 

A variable number of LGs formed for each family between dams and sires 

highlights the polymorphic and heterochiasmatic nature of the NA S. salar genome. 

While the number of LGs should reflect the number of chromosomes, which is 27 in NA 

families of S. salar, this is not the case here. The number of LGs for female and male 

linkage maps are all greater than 27, which may suggest a more EU genomic structure. 

However, this is more likely to be an artifact of missing intervening markers, or perhaps 

undetected MSVs and PSVs, which prevented the formation of a single linkage group 

for some chromosomes in some families. However, many of the LGs formed for 

chromosomes had greater than 100 markers, so I believe that this option may be less 

likely be the causative factor. This may also have resulted from pre-sorting the 

genotypes per chromosome before creating the linkage maps, resulting in smaller 

secondary linkage maps per chromosome that could not join up with a different 
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chromosome. This formation of additional LGs may also indicate a minor chromosomal 

rearrangement that caused a small section of the chromosome to fuse with a different 

chromosome. 

Furthermore, the number of LGs formed between dams and sires differed 

compared to what was found in the literature. For example, Moen et al. (2008) and 

Lubieniecki et al. (2010) both found that females produced more LGs than males, 

whereas my study showed that, though sometimes on an individual basis female maps 

could have more LGs than males, on average females produced fewer LGs than males. 

This may be a result of the female map having developed more stability from the 

process of diploidization as recombination has been seen to be evenly distributed about 

the chromosome - which shows disomic inheritance - in female S. salar as opposed to 

males, which have higher areas of recombination about the telomeres - which continues 

to show signs of residual tetrasomy (Lien et al. 2011).  

 Lengths of maps between families was largely variable as well. The longest 

maps were generated from F081, from which the female map was 5,544.65 cM long 

and the male map was 2,873.56 cM long. In contrast, the shortest map lengths amongst 

the families was F048, which measured 2,411.38 cM in length for the female map and 

1,220.6 cM in length for the male map. These differences in length between the sexes is 

explained by heterochiasmy seen in S. salar and other salmonid fishes, with the 

heterogametic sex (males in salmonid fishes) expressing lower rates of recombination 

(Lubieniecki et al. 2010). There was a difference of 7,383 SNPs between the map made 

for these two families. This may have resulted in larger map creation for F081 as there 

were more available markers to cover a larger percentage of the genome. 

The differences in in lengths observed between families appears to be consistent 

between female and male linkage maps. My families show an average female: male 

(F:M) ratio of 1.83:1 which is common to observe in S. salar, which frequently have F:M 

ratios of about 2:1 or greater (Gilbey et al. 2004; Moen et al. 2004; Moen et al. 2008; 

Lubieniecki et al. 2010; Brenna-Hansen et al. 2012). It is interesting to see how this 
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varies amongst families, as F106 had a lower rate of recombination while F112 had a 

higher rate of recombination. This variability in lengths is likely dependent on the genetic 

differences between families and the number of markers available per map, as well as 

the clustering patterns based on the available SNPs. Sakamoto et al. (2000) suggested 

that differences in recombination rates between families may be a result of 

pseudolinkage in the male maps. Sakamoto et al. (2000) also suggested that variable 

recombination rate between chromosomes is related to the homology between 

chromosomal regions, as areas with greater homology experience greater crossover. 

With these experimental and admixed families having different life histories and different 

rates of diploidization, some variation in recombination rate between the same 

chromosomes from different families is to be expected. 

 

2.4.3 Limitations 

 Two of the of the main limitations of this study were: 1) the placement of markers 

into chromosomes based on the EU positions prior to linkage map construction; and 2) 

utilizing the base-pair position from EU S. salar physical map (Lien et al. 2016) as there 

is not yet available public sequencing information for NA S. salar for the SNP array used 

in this study. The first limitation can be problematic when creating linkage maps as the 

markers are constrained to form linkage with only the markers on the same 

chromosome – when in fact there may have been homeologies between chromosomal 

regions, or perhaps a chromosomal rearrangement, that caused some markers to link 

with other chromosomes. Where the NA S. salar have been shown to have some 

chromosomal rearrangements compared to the EU species, this pre-organization of 

markers may limit the natural formation of LGs and therefore limit the accuracy 

regarding the representation of chromosomes. The second limitation may result in in 

biases in marker placement within the chromosomes as the ordering may not be 

completely accurate to the positioning in NA S. salar populations, where chromosomal 

rearrangements may have altered base-pair position compared to EU populations. 
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Despite this, I think it was beneficial to sort markers into chromosomes beforehand as it 

allowed for a more specific identification of which chromosomes specifically may be 

experiencing polymorphism and chromosomal rearrangements in the NA populations. 

Furthermore, it allows for better identification of the structural differences occurring 

between EU and NA populations. Brenna-Hansen et al. (2012) showed in their study 

that despite the changes to chromosomal structure between NA and EU populations, 

the marker order remains relatively conserved. To keep the markers in their respective 

chromosomes, based on the marker order, and using EU-based base-pair positions, 

should still produce high-quality linkage maps for NA S. salar. Additionally, I am 

confident that using the available base-pair information from the EU map is more helpful 

than not as it can be used to order areas of zero recombination more consistently. 

Finally, when sequencing information becomes available for NA S. salar, it can be easily 

substituted for this EU information in order to compare the differences between the 

sequences, and if necessary, make a more accurate linkage map. 

The presence of undetected MSVs has the potential to significantly impact the 

creation of this map. Lien et al. 2011 estimated that 21% of the SNP markers used for 

the creation of their S. salar (EU) linkage map were MSVs, however this was only an 

average across the chromosomes, with some chromosomes experiencing much higher 

and lower numbers of MSVs. Their study suggested that Ssa02, Ssa08, and Ssa26 had 

a very high incidence of MSVs (>50% of markers), with Ssa06, Ssa11, Ssa16 appearing 

to have 35%, 20%, and 18% of markers being MSVs, respectively (Lien et al. 2011). 

These higher levels of MSVs in the potentially polymorphic chromosomes is concerning 

as the greater proportion of MSVs may have affected the map-making process. 

Additionally, the presence of MSVs on chromosome Ssa02, which as discussed earlier 

may contain a sex-determining region, may have altered structural or functional regions. 
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2.4.4 Ssa02 – Sex-Determining Region 

When creating the linkage maps and testing for segregation distortion (using 

“test_segregation” in OneMap), male maps for Ssa02 in families F050 and F106 

presented only markers that were non-Mendelian – even through these families 

contained a large number of markers. As a result, the linkage maps produced for this 

chromosome for these families may not be entirely accurate. As all markers for these 

male maps were non-Mendelian – and only present in some families and not in others – 

I think that it is likely representative of a sex-determining locus on this chromosome. 

Lubieniecki et al. (2015) suggests the presence of the salmonid sex-determining gene 

(sdY) on chromosomes 2, 3, or 6, but also suggests the possibility of multiple sex-

determining loci that may vary between species. Phillips et al. (2009) provided evidence 

of the sex chromosome pair being present on Ssa02 and Lien et al. (2011) shows that 

Ssa02 has one of the highest differences in F:M recombination rates, suggesting the 

males experience very low recombination on this chromosome compared to females. 

However, ascertaining the sex-determining region in salmonids can be difficult, as it 

appears to have been translocated to different chromosomal regions between different 

salmonid species (Woram et al. 2003). 

 

2.4.5 Future Studies 

As technology for sequencing and marker identification develops, so do the 

programs for sorting and manipulating these large databases. Ultimately, this also 

increases our ability to build larger and higher-quality linkage maps for species of 

interest. One could increase accuracy in future linkage maps by using base-pair 

positions from NA S. salar populations rather than EU, testing for adjacent double 

crossovers, and identifying novel minor (e.g. inversions) and major (e.g. fusions 

between chromosomes) chromosomal rearrangements between NA and EU S. salar. 

Additionally, identifying more of the chromosomal polymorphisms occurring in the NA S. 
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salar would be interesting and helpful for understanding the processes the different 

areas of the genome experience when undergoing diploidization.  

One could aim to develop a consensus linkage map for NA S. salar which would 

merge multiple maps from different families to place markers at consensus positions 

and build a more comprehensive and accurate linkage map for these populations. This 

could compensate for individual biases present in families (such as limited marker 

number), create a map that is more precise and more informative, and be more cost-

effective as one could create a higher-density linkage map with a smaller SNP array. 

This may need to account for the effects that diploidization has had on the male S. salar 

genome, which have large areas of recombination only at the telomeres and residual 

tetrasomy, as I have found it difficult to create consensus linkage maps for male S. salar 

in the early stages of this thesis. 

 

2.4.6 Significance 

Linkage mapping in Atlantic salmon is becoming increasingly informative, with 

studies producing linkage maps that contain a greater number of markers, individuals, 

and families being studied. However, most of these studies focus on EU families of S. 

salar. The differences in genomic structure between EU and NA S. salar highlights the 

need for equally high-density linkage maps for NA families (Lubieniecki et al. 2010). 

When completed, these linkage maps will be the largest maps for NA S. salar published 

to date. A successful high-density linkage map for NA S. salar can prove to be valuable 

in a variety of research, such as QTL analyses (Gutierrez et al. 2012; Dussault 2016; 

Larson et al. 2015) and GWAS studies (Tsai et al. 2015) and can be further useful for 

influencing aquacultural practices involving Atlantic salmon (Liu and Cordes 2004). 

Generally, it is important to understand the structural changes occurring to the S. salar 

genome to monitor and learn how this affects genotypic and phenotypic expression.  
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2.5 TABLES AND FIGURES  

Table 2.1: Families of North American S. salar from historical material available for 
mapping and contain ≥20 offspring per family. From these families, five families 
contained >50 offspring (bolded) which were then considered suitable for contributing to 
this linkage mapping project.  

Additional Families for Mapping Number of Individuals per 

Family 

048 211 

106 85 

081 73 

050 62 

112 57 

082 56 

108 29 

014 24 

003 23 

045 22 

078 22 

104 20 
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Table 2.2: Families of North American Salmo salar from historical data used in linkage 
map construction. This results in a total of 807 offspring used in the creation of linkage 
maps. * Denotes the exclusion of this family from this thesis due to parentage errors. 

Family Number of Offspring 

per Family 

Dam Sire 

F03 69 G6D0510 G6S1872 

F04 58 G6D1297 G6S1214 

F06 56 G6D1489 G6S1890 

F09 70 G6D2112 G6S1872 

F048 211 G8D2189 G8S2016 

F106 85 G8D3029 G8S3320 

F081 73 G8D2142 G8S0136 

F050 62 G8D2735 G8S3798 

F112 57 G8D2951 G8S1985 

F082* 56 G8D0057 G8S3047 

Total # Offspring 807 / / 
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Table 2.3: Number of single nucleotide polymorphisms (SNPs) available for each family 
of North American Salmo salar (separated by female, male, and total) after SNP filtering 
process (using a 50K SNP array). * Denotes the exclusion of this family from this thesis 
due to parentage errors. 

 Female Male Total 

F03 5,681 7,876 13,557 

F04 5,189 5,395 10,584 

F06 7,242 6,061 13,303 

F09 6,179 5,567 11,746 

F048 5,765 4,218 9,983 

F106 7,071 6,450 13,521 

F081 6,665 10,701 17,366 

F050 13,092 5,250 18,342 

F112 6,797 6,131 12,928 

F082* 7,631 7,407 15,038 

Total 71,312 65,056 136,368 
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Table 2.4: Total numbers of single nucleotide polymorphisms (SNPs) on each chromosome for each family of North 
American Salmo salar used for linkage map construction. Due to the heterochiasmatic nature of salmonid fishes, sex-
specific maps were made, and so male and female SNPs were split according to the methodology. Total number of SNPs 
per sex per family are at the bottom. * represents markers remaining after removing non-Mendelian markers, leaving too 
few markers to make a comprehensive map. In these instances, maps were made including the non-Mendelian markers. 
Non-Mendelian markers were removed using “test_segregation” function found in Appendix A. 

Fam03 Fam04 Fam06 Fam09 Fam048 Fam050 Fam081 Fam106 Fam112

Chromosome Female Male Female Male Female Male Female Male Female Male Female Male Female Male Female Male Female Male

Ssa01q 320 360 252 224 167 355 333 351 333 278 321 317 362 560 286 311 380 387

SSa02 246 99 126 112 72 73 139 106 126 78 138 156 118 276 172 103 161 138

Ssa03 198 211 211 180 148 530 261 201 243 1 249 240 273 396 291 264 341 229

Ssa04 234 232 120 170 409 161 220 20 182 200 275 228 255 219 201 308 353 189

Ssa05 609 219 328 220 396 295 305 251 252 290 370 328 361 496 304 375 335 394

Ssa06 178 186 188 202 314 193 237 199 237 153 253 236 207 551 258 227 269 237

Ssa07 199 192 178 136 57 222 170 189 172 110 251 145 207 339 228 159 228 201

Ssa08/29 145 244 178 132 240 141 162 218 172 140 238 134 188 343 131 156 217 221

Ssa09 278 351 356 295 267 304 365 330 232 289 288 334 472 629 487 351 459 397

Ssa10 450 310 335 321 194 614 344 297 363 214 432 411 344 695 387 359 421 334

Ssa11 172 146 181 194 295 192 253 157 209 1* 214 152 228 394 174 210 254 296

Ssa12 270 344 247 237 480 204 311 311 214 240 391 301 284 535 297 361 307 437

Ssa13 541 194 248 273 500 212 278 236 314 214 361 237 348 301 238 377 406 332

Ssa14 583 257 316 274 497 211 324 321 337 141 297 295 274 743 372 246 435 330

Ssa15 284 311 176 288 220 281 232 280 219 209 300 360 144 664 308 229 266 271

Ssa16 576 145 125 208 439 176 258 164 220 222 209 351 172 271 329 164 255 300

Ssa17 325 80 134 113 88 112 96 123 123 89 171 109 119 245 132 142 116 212

Ssa18 243 221 193 236 220 188 179 239 155 189 229 267 198 354 359 58 252 268

Ssa19 224 125 147 138 181 193 164 177 230 88 283 196 348 120 175 229 236 315

Ssa20 464 185 142 224 251 185 229 217 293 166 283 253 260 336 216 242 376 251

Ssa21 292 62 82 129 233 109 152 75 98 89 113 140 141 112 173 22 142 194

Ssa22 209 269 193 293 283 216 269 230 249 196 186 225 305 230 233 290 274 277

Ssa01p/23 180 294 199 167 231 176 236 244 183 201 326 217 265 456 186 255 311 312

Ssa24 203 146 171 167 381 145 161 171 68 142 263 207 204 353 195 182 206 245

Ssa25 160 178 132 171 32 313 157 160 147 139 239 176 231 272 209 219 177 240

Ssa26/28 173 182 137 173 416 171 212 173 269 4* 276 248 225 488 279 149 302 221

Ssa27 120 138 94 118 231 89 132 127 125 140 115 187 132 323 177 143 152 179

Totals 7876 5681 5189 5395 7242 6061 6179 5567 5765 4218 7071 6450 6665 10701 6797 6131 7631 7407
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Table 2.5: Total numbers of linkage groups (LGs) produced by each chromosome for each family of North American 
Salmo salar. Due to the heterochiasmatic nature of salmonid fishes, sex-specific maps were made, and so male and 
female LGs were produced separately. Total number of LGs per sex per family are at the bottom.  

  

Fam03 Fam04 Fam06 Fam09 Fam048 Fam050 Fam081 Fam106 Fam112

Chromosome Female Male Female Male Female Male Female Male Female Male Female Male Female Male Female Male Female Male

Ssa01q 1 2 1 1 2 1 1 1 1 2 1 1 1 2 1 1 1 2

SSa02 1 1 1 1 1 2 1 1 1 1 1 1 1 1 1 1 1 1

Ssa03 1 1 1 2 1 2 1 2 1 NA 1 2 1 2 1 2 1 1

Ssa04 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

Ssa05 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

Ssa06 1 1 1 2 1 2 1 2 1 1 1 2 1 1 1 1 1 2

Ssa07 2 1 1 1 2 1 1 1 1 1 1 1 1 1 1 2 1 1

Ssa08/29 1 1 2 2 3 2 3 1 2 2 2 3 2 2 2 1 2 1

Ssa09 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

Ssa10 1 1 1 2 1 1 1 1 1 1 1 1 1 1 1 1 1 1

Ssa11 1 1 1 1 2 1 1 1 1 1 2 1 2 2 1 1 1 2

Ssa12 1 2 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

Ssa13 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

Ssa14 1 1 1 1 1 2 1 1 1 1 1 1 1 1 1 1 1 1

Ssa15 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

Ssa16 2 1 1 2 1 1 1 1 1 1 1 1 1 1 1 1 1 1

Ssa17 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

Ssa18 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 2 1 2

Ssa19 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

Ssa20 1 2 1 1 1 1 1 1 1 1 1 2 1 1 1 1 1 1

Ssa21 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

Ssa22 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

Ssa01p/23 1 1 1 1 1 1 1 2 1 1 1 2 1 1 1 1 1 1

Ssa24 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 2

Ssa25 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

Ssa26/28 1 2 1 1 3 2 1 1 2 1 1 1 2 2 2 1 2 2

Ssa27 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

Totals 29 31 28 32 34 33 29 30 29 28 29 33 30 32 29 30 29 33
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Table 2.6: Linkage map lengths for each linkage group (LG) produced by each chromosome, per family and sex, for North 
American Salmo salar. Total lengths for female and male linkage maps are presented on the bottom rows. Units for map 
lengths are presented in centimorgans (cM). Each chromosome is presented with the length for each LG.  

 

Fam03 Fam04 Fam06 Fam09 Fam048 Fam050 Fam081 Fam106 Fam112

Chromosome Female Male Female Male Female Male Female Male Female Male Female Male Female Male Female Male Female Male

Ssa01q LG1 95.14 71.75 101.44 78.6 62.27 85.96 95.37 57.57 75.76 64.17 103.34 63.77 294.81 177.76 76.23 58.91 114.41 45.39

Ssa01q LG2 1E-04 1.79 1E-04 1E-04 12.44

Ssa02 LG1 123.63 2.99 144.98 10.25 112.81 1.79 98.39 12.85 98.55 5.95 111.43 12.74 208.69 68.8 111.89 6.9 101.88 10.43

Ssa02 LG2 17.81

Ssa03 LG1 119.75 67.65 132.79 55.33 143.03 82.26 137.69 62.68 127.57 113.02 60.97 290.5 116.44 125.39 50.48 126.23 80.52

Ssa03 LG2 1.72 3.58 0.0002 1E-04 1.37 1E-04

Ssa04 LG1 108.63 25.28 118.18 63.37 237.1 55.53 111.86 10.15 112.78 35.94 109.65 60.84 192.52 88.38 102.41 60.55 143.63 37.16

Ssa04 LG2

Ssa05 179.32 37.11 163.47 46.49 158.42 60.38 152.54 21.57 122.72 38.63 133.67 43.45 256.24 118.62 111.46 70.48 135.11 50.98

Ssa06 LG1 96.93 17.68 151.57 41.6 154.97 82.85 125.9 18.66 130.96 43.2 115.83 47.85 272.59 120.24 120.95 73.37 129.64 15.65

Ssa06 LG2 1E-04 0.0002 7.3 1E-04 20.35

Ssa07 LG1 105.8 71.66 134.75 32.92 3.58 73.71 130.57 41.93 117.17 30.33 118.23 19.27 233.41 115.33 112.69 16.06 115.95 92.51

Ssa07 LG2 1E-04 3.57 10.63

Ssa08/29 LG1 116.85 81.78 47.21 6.9 108.5 3.58 65.12 84 70.69 59.2 61.93 22.6 132.78 113.67 8.31 66.56 122.67 56.61

Ssa08/29 LG2 70.42 60.56 67.79 76.38 1.45 52.47 0.0002 67.8 1E-04 97.53 1.37 106.85 1E-04

Ssa08/29 LG3 1.79 43.58 6.47

Ssa09 LG1 95.77 53.1 161.67 91.1 135.65 73.86 108.17 60.66 104.11 77.77 120.66 74.55 310.03 113.2 127.2 57.98 124.49 87.56

Ssa09 LG2

Ssa10 LG1 131.76 63.32 137.51 51.58 121.1 121.73 88.45 52.1 103.05 55.29 112.34 63.69 256.9 105.69 79.42 67.99 99.66 69.16

Ssa10 LG2 1.72

Ssa11 LG1 101.72 16.37 88.44 30.9 115.7 61.85 92.62 31.71 94.57 33.57 72.64 42.39 228.97 52.97 77.23 64.74 115.69 73

Ssa11 LG2 0.0003 8.14 1E-04 9.62 0.0003

Ssa12 LG1 101.68 48.71 96.3 80.06 130.47 44.99 75.36 88.44 77.62 53.79 72.2 64.09 189.81 121.58 96.08 97.63 73.56 82.64

Ssa12 LG2 1.49

Ssa13 148.03 57.54 113.86 49.89 163.65 77.24 89.24 77.25 72.36 51.89 90.13 64.81 266.68 96.45 85.49 63.89 99.8 33.25

Ssa14 LG1 116.81 76.76 100 100.09 177.85 39.32 109.59 63.47 90.56 59.59 109.02 67.91 217.23 144.15 93.74 62.6 94.95 73.28

Ssa14 LG2 3.58

Ssa15 103.34 59.67 68.95 76.01 98.11 73.51 81.36 61.15 71.55 60.72 66.1 97.78 141.62 110.21 105.41 66.91 96.43 77.94

Ssa16 LG1 115.69 19.66 55.2 1E-04 169.18 33.84 111 33 75.41 33.96 58.28 42.1 139.82 19.06 87.43 40.65 85.85 68.25

Ssa16 LG2 21.1 48.22

Ssa17 100.92 1.5 64.05 23.88 42.86 23.07 72.5 18.52 75.28 7.67 70.76 23.91 132.83 16.39 58.79 6.99 47.4 8.8

Ssa18 LG1 91.14 54.53 68.82 66.96 78.51 44.89 76.76 48.06 67.96 24.42 93.96 30.52 132.84 93.08 95.95 2.36 63.26 37.43

Ssa18 LG2 20.28 1.75

Ssa19 89.22 1.5 61.47 54.01 92.57 72.03 82.37 79.29 69.6 51.4 91.52 79.36 195.51 117.1 80.97 68.94 56.13 35.15

Ssa20 LG1 102.12 29.48 83.02 48.07 96.42 37.1 82.38 56.83 76.68 32.6 86.85 54.99 131.84 98.49 72.34 70.57 90.08 84.9

Ssa20 LG2 9.05 1E-04

Ssa21 LG1 108.32 10.39 46.67 67.55 92.49 73.76 78.21 53.53 51.26 56.82 48.51 82.49 136.86 70.18 63.48 56.49 52.75 54.62

Ssa21 LG2

Ssa22 71.56 74.47 106.7 84.56 97.72 45.16 70.81 70.83 69.62 60.87 59.81 72.13 180.56 134.57 78.36 70.2 59.52 52.61

Ssa01p/23 LG1 113.86 126.09 154.9 81.91 145.57 71.46 117.82 7.26 130.05 116.05 123.11 61.65 226.89 234.38 110.36 118.36 138.86 94.81

Ssa01p/23 LG2 88.18 1.61

Ssa24 LG1 78.72 67.81 93.11 61.34 131.48 71 60.69 65.34 28 53.02 70.81 64.57 164.33 99.78 67.97 59.01 66.58 19.32

Ssa24 LG2 10.55

Ssa25 52.42 30.98 84.27 59.96 68.35 28.45 54.92 45.32 64.13 18.28 65.86 38.7 131.26 84.56 69.98 29.07 63.71 70.25

Ssa26/28 LG1 101.52 86.99 139.07 121.7 115.94 65.77 116.12 130.32 56.31 37.98 136.91 84.63 110.76 109.6 132.72 120.18 63.12 71.1

Ssa26/28 LG2 5.98 8.95 63.1 68.59 114.51 1E-04 3.53 68.94 33.02

Ssa26/28 LG3 87.21

Ssa27 59.59 28.42 85.01 52.88 128.14 26.94 65.07 21.77 56 57.49 51.77 48.3 156.33 120.52 60.75 54.13 64.83 49.28

Totals 2851.34 1299.71 2873.83 1650.13 3353.54 1696.48 2595.91 1469.74 2411.38 1220.6 2544.28 1498.14 5544.65 2873.56 2523.38 1612.91 2615.13 1610.71
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Figure 2.1: Linkage maps for Ssa01/23 for all 9 experimental families of SJR strain S. salar. Single dots represent single 
SNP markers on the map; horizontal lines, or multiple dots at a point horizontally, represent areas of zero recombination. 



 

 

55 

 

Figure 2.2: Linkage maps for Ssa06 for all 9 experimental families of SJR strain S. salar. Single dots represent single 
SNP markers on the map; horizontal lines, or multiple dots at a point horizontally, represent areas of zero recombination. 
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Figure 2.3: Linkage maps for Ssa08/29 for all 9 experimental families of SJR strain S. salar. Single dots represent single 
SNP markers on the map; horizontal lines, or multiple dots at a point horizontally, represent areas of zero recombination. 
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Figure 2.4: Linkage maps for Ssa11 for all 9 experimental families of SJR strain S. salar. Single dots represent single 
SNP markers on the map; horizontal lines, or multiple dots at a point horizontally, represent areas of zero recombination. 
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Figure 2.5: Linkage maps for Ssa16 for all 9 experimental families of SJR strain S. salar. Single dots represent single 
SNP markers on the map; horizontal lines, or multiple dots at a point horizontally, represent areas of zero recombination. 
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Figure 2.6: Linkage maps for Ssa26 for all 9 experimental families of SJR strain S. salar. Single dots represent single 
SNP markers on the map; horizontal lines, or multiple dots at a point horizontally, represent areas of zero recombination. 
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CHAPTER III: CONCLUSIONS 

3.1 CHROMOSOMAL POLYMORPHISMS IN NORTH AMERICAN 
SALMO SALAR 

With the completion of this thesis, I have been able to identify six chromosomal 

polymorphisms in the North American (NA) Atlantic salmon (Salmo salar). I was able to 

confirm the orientation of three previously identified chromosomal polymorphisms found 

in the literature (Ssa01p/23 (Brenna-Hansen et al. 2012), Ssa08/29 (Brenna-Hansen et 

al. 2012; Lehnert et al. 2019; Wellband et al. 2019), and Ssa26/28 (Brenna-Hansen et 

al. 2012)). Furthermore, I was able to identify three other changes to the genomic 

structure, which I believe to be novel chromosomal polymorphisms (Ssa06, Ssa11 and 

Ssa16). As of now, we are unable to determine the type of chromosomal polymorphism 

occuring (e.g. fusion, translocation, inversion). 

Despite these identifications, there is still little understanding regarding the 

presence of these chromosomal polymorphisms in the NA population. EU S. salar do 

not experience these chromosomal polymorphisms, so it may be the case that these 

have been facilitated by adaptation after divergence from the EU population (Lehnert et 

al. 2019; Wellband et al. 2019). However, the presence of these polymorphisms in my 

study may be a limitation of limited marker density or excess of duplicated markers in 

these regions. FISH analysis may better reveal what kind of polymorphisms are 

occurring on these chromosomes by tagging the physical structures of the 

chromosomes (Brenna-Hansen et al. 2012). Matching sequencing information to the 

linkage map would also aid in identifying more minor changes, such as inversions. 

Identifying the chromosomal rearrangements that occur across the NA S. salar genome 

may allow us to better understand the biological significance as to why these 

chromosomal polymorphisms are occurring. 

 

 



 

 

67 

 

3.2 IMPROVEMENTS ON THE NORTH AMERICAN SALMO SALAR 
LINKAGE MAP 

In the completion of this thesis, I have made the largest NA specific linkage map 

for individual S. salar. The average number of markers per map was ~13,000, this is 

almost a 9,000 marker increase from the previous largest 4K NA S. salar linkage map, 

which was Brenna-Hansen et al. (2012). With more markers mapped, we can get a finer 

look at the NA S. salar genome, and better understand how markers may be inherited 

with one another. Furthermore, we can gain a better understanding of the distribution of 

markers and areas of the genome that may experience elevated or reduced levels of 

recombination.  

High quality linkage maps are important for a range of association studies that 

aim to pair one or multiple markers with quantitative traits (QTLs, GWAS). This in turn 

allows for both a better understanding of how traits may be associated with one another 

and the degree to which they may influence each other. Furthermore, aquacultural 

breeding programs can highly benefit from this information, by more precisely being 

able to use markers to select individuals based on a combination of traits that they will 

be able to contribute (Davidson et al. 2010).  

Linkage maps are useful for identifying trait associations in a specific population, 

however there is room for improvement. Limitation in SNP numbers in arrays in NA S. 

salar populations compared to EU populations (e.g. Tsai et al. 2016) are one of the 

biggest differences when comparing completed maps. A large proportion of SNPs are 

filtered out prior to map making, limiting the number of available SNPs per family. 

Additionally, adding information from a variety of families may be beneficial to generate 

a “consensus” position for markers to better represent NA S. salar. Consensus maps 

accomplish this by merging the genomic information from a number of families to 

determine consensus positions for each marker (Langridge et al. 1995; Groenen et al. 

2000; Zhang et al. 2013). This is largely due to their ability to maximize marker 

availability in areas of the genome that are highly informative (Langridge et al. 1995). A 
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study by Zhang et al. (2013) shows the usefulness of creating consensus maps via 

merging new maps with previously published maps to maximize information content of 

common carp. There are some complications with the S. salar genome that have made 

previous attempts at creating a consensus map for S. salar difficult, especially in males 

where residual tetrasomy remains (Allendorf and Thorgaard 1984; Lien et al. 2016). It 

may be possible to overcome these complications by improving upon existing programs 

to be able to better handle these issues as they arise.  

 

3.3 THE FUTURE OF SALMONID GENOMICS 

Assessing linkage between markers and determining chromosomal 

polymorphism is only a portion of the complicated and constantly evolving topic of 

salmonid genomics. There is a current need for more studies to focus specifically on NA 

S. salar genomics in order to better identify the changes. As we are able to sequence 

more of the NA S. salar genome, the next goal becomes creating a combination map 

that incorporates important components from both physical and linkage maps for the 

species (Phillips et al. 2009; Lorenz et al. 2010). 

Furthermore, as EU populations of S. salar continue to remain in contact with NA 

populations during ocean migrations, this creates a gradient of where these 

chromosomal polymorphisms appear in various S. salar breeding areas, spanning from 

Newfoundland to New Brunswick (Bradbury et al. 2015; Lehnert et al. 2019). This is 

important as EU ancestry among NA S. salar seems to be variable in different NA 

regions, and so this may influence the presence/absence of polymorphism. Once the 

presence/absence of these chromosomal polymorphisms is better determined, then we 

can start to test hypotheses on why these chromosomal polymorphisms exist in this 

population. Better understanding why these chromosomal polymorphisms exist may 

help us to better understand the long-term effects that occur to the genome after a 

whole genome duplication event.   
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APPENDICES 

APPENDIX A  OneMap Script – General workflow for constructing linkage maps and 
running segregation tests (written by Mac Leod-Bigley, M). The code for the function on 
lines 45-57 is a slightly modified version of code provided by Forest Dussault (Dussault 
et al. 2016) that instead used the “record” algorithm to sort the markers in linkage 
groups. 
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APPENDIX B  Python Script – Filtering methods (written by Mac Leod-Bigley, M). This 
includes a filtering function “non_seg_filter” which provides a list of markers where 
missing information is removed, and one parent is heterozygous for a SNP while 
another parent is homozygous. These SNPs would later be further filtered (e.g. 
segregation distortion) prior to linkage map construction. 
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APPENDIX C  Unix Script (Compute Canada) – Creating linkage maps in array (written 
by Mac Leod-Bigley, M). Using the array to designate how many jobs were submitted 
(here, jobs 11 to 27 – so 17 jobs were submitted), 24-hour run time (max). Modules 
were loaded to open R in the cedar cluster, from which point the R script for OneMap 
would be run on the chromosomes numbered in the array (again, here would mean 
chromosomes 11 to 27 were running). 

 

 


