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ABSTRACT 

 

 

DEVELOPING A BREEDING PROGRAM FOR ATLANTIC SALMON (SALMO 

SALAR) 

 

 

Robyn Mireille Dowker       Advisor: 

University of Guelph, 2014       J. A. B. Robinson 

 

 

Atlantic salmon aquaculture is becoming increasingly popular in Pacific Canada. As 

production increases, more efficient methods for breeding practices are needed. It was the 

goal of this project to develop a breeding program that would incorporate molecular 

information in addition to phenotypic information for this aquaculture species. Following 

identification of significantly linked SNPs in the Atlantic salmon genome, a Marker 

Assisted Selection program was developed to include this information in a selection index. 

A comprehensive, forward thinking selection index was developed based on an alternative 

breeding objective to place emphasis on meat quality traits in addition to meat yield ones. 
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Figure 2.1- Production cycle and recorded traits for broodstock year 2005 (used in study) from 

Mainstream Canada population in British Columbia. 

 

 

Economic Traits Commonly Measured Traits 

Survivability* Survivability 

Head on gutted weight* Days to 5 Kg 

Grilsing* Maturity Status 

Colour Score  

Fat Content  

Condition Factor Weight, Length 

Gaping  

Figure 5.1- List of traits which were considered for an integrated system selection index. Note 

that traits indicated with a * are included in the previous selection index. 

  

Nov 2005 

•matings made 

•130 single pair 

Feb 2006 

•eyed egg stage 

Sept 2006 

•~25g 

•PIT tagging, phenotypic 
measurements taken 

Nov 2006 

•adipose fin clip 

Jan 2007 

•pre-smolt measurements 

• implant weight 
measurement  "ImpWt" 

Feb 2007 
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•smolt transfer to sea 
water 
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•1st sea water weight 
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Jan 2009 
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•2nd sea water weight 
measurement "Sw Wt2" 
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•selection for next 
generation 

•3rd sea water weight 
measurement"Sw Wt3" 

Nov 2009 

•spawning for next 
generation 



vi 
 

 
 

LIST OF TABLES 

Trait Family n Mean Standard Deviation (SD) Coefficient of variation (CV) 

Impt 2005007 50 34.296 6.412009 0.186961 

2005023 62 31.24677 6.556556 0.209831 

2005076 44 31.61364 6.262312 0.198089 

2005088 46 32.42826 6.239789 0.192418 

2005107 65 39.91692 5.41051 0.135544 

All 267 34.19251 7.005123 0.204873 

SW1 2005007 48 676.0417 155.5736 0.230124 

2005023 59 628.8136 190.4087 0.302806 

2005076 41 674.6341 204.928 0.303762 

2005088 45 695.7778 181.3772 0.260683 

2005107 58 697.2414 143.1818 0.205355 

All 251 673.1474 175.6065 0.260874 

SW2 2005007 48 2194.583 571.3029 0.260324 

2005023 51 1857.647 655.7548 0.353003 

2005076 39 2213.59 654.0179 0.295456 

2005088 42 2186.667 564.2204 0.258028 

2005107 57 2485.614 585.0275 0.235365 

All 237 2193.797 637.6193 0.290646 

SW3 2005007 45 9928 2012.552 0.202715 

2005023 53 8900.377 2126.874 0.238964 

2005076 40 9255 2332.63 0.25204 

2005088 38 9623.421 2411.587 0.250596 

2005107 51 11377.45 2620.77 0.230348 

All 227 9844.141 2459.777 0.249872 

Daysto5 2005007 48 542.2584 54.17444 0.099905 

2005023 54 586.543 82.09992 0.139973 

2005076 40 559.5246 58.17546 0.103973 

2005088 42 551.9976 58.00733 0.105086 

2005107 56 512.8065 48.97457 0.095503 

All 240 549.9324 66.38606 0.120717 

WtatDays
to5 

2005007 48 5796.058 1097.42 0.189339 

2005023 54 5036.609 1272.941 0.252738 

2005076 40 5453.32 1189.936 0.218204 

2005088 42 5619.222 1225.515 0.218093 

2005107 56 6504.85 1252.4 0.192533 

All 240 5702.498 1307.751 0.229329 

Table 2.1- descriptive statistics of all weight traits used in this study. All units are in grams (g). n 

is the number of individuals genotyped in each group. 
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Obs Dependent Source DF SS MS FValue ProbF FDR 

10349 Resid SNP5175 2 383164 191582 6.57 0.0017 0.0731 

10355 Resid SNP5178 2 408114 204057 7.03 0.0011 0.0731 

Table 3.1- SNPs indicated by FDR test to have a significant effect on SW1 weight following 

analysis with family as only random variable. 

 

Trait Chrom  ID SNP 

Sea water Weight 1 12 2987 GCR_cBin24739_Ctg1_250 

Sea water Weight 3 2 416 GCR_cBin4998_Ctg1_104_Chrom2 

 2 418 GCR_cBin4998_Ctg1_66_Chrom2 

 2 457 ESTNV_23083_64 

 2 584 GCR_cBin24972_Ctg1_42 

 2 585 GCR_cBin6804_Ctg1_99 

 2 588 GCR_cBin28152_Ctg1_185 

 2 589 GCR_cBin28152_Ctg1_60 

 2 601 GCR_cBin32739_Ctg1_78 

 12 3057 ESTNV_37021_1083 

Weight at Days to 5kg 2 416 GCR_cBin4998_Ctg1_104_Chrom2 

 2 418 GCR_cBin4998_Ctg1_66_Chrom2 

 2 444 ESTNV_36808_1171_Chrom2 

 2 588 GCR_cBin28152_Ctg1_185 

 2 601 GCR_cBin32739_Ctg1_78 

Table 3.2- SNPs identified to be significant according to FDR test following ANOVA with 

family and maturation status variables. 
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 SNP DF SS MS F Value Prob F FDR Value 

SWWt 1 2987 1 313488.6669 313488.6669 10.87 0.0011 0.0957 

SWWt 3 
 

416 2 55585528.13 27792764.07 6.34 0.0021 0.05655 

418 2 53670000.92 26835000.46 6.22 0.0023 0.05655 

457 2 47646658.62 23823329.31 5.36 0.0053 0.08268 

584 1 40161002.07 40161002.07 9.06 0.0029 0.05655 

585 1 35592529.28 35592529.28 8 0.0051 0.08268 

588 1 47656045.04 47656045.04 10.85 0.0012 0.05655 

589 1 40161002.07 40161002.07 9.06 0.0029 0.05655 

601 1 56291335.8 56291335.8 12.91 0.0004 0.05655 

3057 2 61021185.28 30510592.64 7 0.0011 0.0957 

Wt at Days 
to 5kg 

416 2 15405812.71 7702906.353 5.88 0.0032 0.09682 

418 2 14965253.65 7482626.826 5.75 0.0036 0.09682 

444 2 15886874.92 7943437.462 6.01 0.0029 0.09682 

588 1 11405302.53 11405302.53 8.6 0.0037 0.09682 

601 1 14363296.52 14363296.52 10.97 0.0011 0.08635 

Table 3.3- Partial ANOVA results for SNPs identified to be significant according to FRD 

following ANOVA with family and maturation status variables with ProbF and FDR values. 

 

  p q a d 

SWWt 1 2987 0.853261 0.146739 1.058625  

SWWt 3 416 0.530797 0.469203 1476.469 1951.373 

 418 0.531136 0.468864 1476.469 1924.855 

 457 0.585766 0.414234 -1394.19 -1022.84 

 584 0.190217 0.809783 884.0652  

 585 0.95471 0.04529 1366.932  

 588 0.830855 0.169145 -998.2  

 589 0.809783 0.190217 -884.065  

 601 0.769928 0.230072 -1005.9  

 3057 0.280797 0.719203 1395.547 -306.624 

Wt at Days to 5kg 416 0.530797 0.469203 741.1548 972.2023 

 418 0.531136 0.468864 741.1548 961.1192 

 444 0.446886 0.553114 -728.744 490.0899 

 588 0.830855 0.169145 -467.832  

 601 0.769928 0.230072 -492.17  

Table 3.4- Allele frequency and a and d estimates from ANOVA analysis. 
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 SNP BV11 BV13 BV33 

SWWt 1 2987 0.310683 -0.74794 -1.80657 

SWWt 3 416 1272.737 -83.5387 -1439.81 

 418 1272.129 -84.4773 -1441.08 

 457 -1009.69 209.054 1427.794 

 584 1431.801 547.736 -336.329 

 585 123.8163 -1243.12 -2610.05 

 588* -337.681 660.5191 1658.719 

 589 -336.329 547.736 1431.801 

 601 -462.861 543.0411 1548.943 

 3057 1814.004 552.8828 -708.238 

Wt at Days to 5kg 416 639.3103 -41.9625 -723.235 

 418 638.8793 -42.4256 -723.73 

 444 -748.565 -71.8821 604.8009 

 588* -158.263 309.5693 777.4016 

 601 -226.469 265.7004 757.8702 

Table 3.5- Breeding values (in grams) for SNPs with a significant effect on various body weight 

traits. *N.B.- SNP 588 had genotype 1 4 rather than 1 3 like all others. 
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 Surv Impt SW1 SW3 Dto5 Harv  Gutt Mat Col Fat % Fork CF Wtat5 

Surv 
0.07 0.1 0.1 0.1 -0.65 0.1 0.1 0.1 0.02 0.02 0.02 0.02 0.02 0.65 

Impt 

 
0.3 0.5 0.5 -0.5 0.2 0.15 0.25 0.3 0.2 0.02 0.4 0.1 0.5 

SW1 

  
0.3 0.8 -0.8 0.5 0.15 0.2 0.3 0.2 0.02 0.8 0.1 0.8 

SW3 

   
0.2 -0.5 0.3 0.37 0.1 0.3 0.2 0.02 0.5 0.1 0.5 

Dto5 

    
0.3 -0.2 -0.15 -0.43 -0.1 -0.3 -0.02 -0.1 -0.1 -0.5 

Harv 

     
0.15 0.97 0.3 0.4 0.3 0.02 0.9 0.1 0.2 

Gutt 

      
0.3 0.15 0.2 -0.19 0.07 0.9 0.16 0.15 

Mat 

       
0.16 0.49 0.3 0.02 0.1 0.02 0.043 

Col 

        
0.13 0.59 0.24 0.5 -0.08 -0.1 

Fat 

         
0.19 0.24 0.7 0.15 0.3 

% 

          
0.02 0.1 -0.09 0.02 

Fork 

           
0.46 0.02 0.1 

CF 

            
0.3 0.02 

Wtat5 
                          0.3 

Table 4.1- Heritability (on diagonal) and genetic correlation of traits (in upper triangle) involved 

in all selection indices. (Surv=survivability, Impt= Implant weight, SW1= sea water weight 1, 

SW2= sea water weight 2, SW3= sea water weight 3, Dto5= Days to 5kg/Weight at Days to 5kg, 

Harv= Harvest Weight, Gutt= Gutted Weight, Mat= Maturation, Col= Colour, Fat= Fat percent, 

% = percent yield, Fork= Fork length, CF= condition factor, Wtat5= weight at days to 5kg) 

 

 No Molecular Info With Molecular Info 

Selection Intensity 2.06 2.06 

Accuracy of I 0.1905464 0.3424556 

Standard 
Deviation of T 

73173.08 73173.08 

Response 28722.31 51620.57 

Table 4.2- Comparison of response to selection between indices without and with molecular 

information. Note that selection intensity does not change between methods. 
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 Fat Content 
Colour Score <18% >18% 

Below 21 Utility Utility 

22-23 Standard Utility 

24+ Premium Standard 

Table 5.2- Grades assigned to various meat quality levels. Values are taken from “Technical 

Specifications Fresh, Whole, Farm Raised Atlantic Salmon.” 

 
Category % in ctgry Total fish /ctgry total Kg /ctgry Price /kg ($) Revenue ($) 

Low fat, light colour 0.085 188.02 836.689 10 8366.89 

Low fat, medium colour 0.0425 94.01 418.3445 9 3765.1005 

Low fat, dark colour 0.7225 1598.17 7111.8565 5 35559.2825 

High fat, light colour 0.015 33.18 147.651 5 738.255 

High fat, medium colour 0.0075 16.59 73.8255 5 369.1275 

High fat, dark colour 0.1275 282.03 1255.0335 9 11295.3015 

total 1 2212 9843.4 
 

60093.957 

Table 5.3- Total revenue created from fish harvest. 

 
 No Molecular Info With Molecular Info Integrated System 

Selection Intensity 2.06 2.06 2.06 

Accuracy of I 0.1905464 0.3424556 0.713439 

Standard 
Deviation of T 

73173.08 73173.08 0.5580699 

Response 28722.31 51620.57 0.8201865 

Table 5.4- Comparison of response to selection between indices without and with molecular 

information to a selection index for an integrated system. 

 
SNP BLAST Protein Species Function 

585 TCPB_BOVIN T-complex 
protein 1 subunit beta 

Bovine Molecular Chaperone 

3057 sp|Q9QYF9|NDRG3_MOUSE 
Protein NDRG3 (Protein Ndr3) 

Mouse  

444 Tax1-binding protein 1 
homolog 

Mouse Inhibit TNF induced apoptosis 

601 DOPD_RAT D-dopachrome 
decarboxylase 

Rat Tautomerization of D-dopachrome 

Table 6.1- BLAST identified proteins for SNPs identified to be significant according to FDR 

following ANOVA with family and maturation status variables. 
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Traits T1 I1 I2 T2 I3 

Economic Survival 
Gutted Wt 
Maturity 

  Survival 
Maturity 
Harvest Wt 
Dressing % 
Colour score 
Fat % 

 

Measured Survival 
Daysto5kg 
Maturity 

  Survival 
Maturity 
Harvest Wt 
Fork Length 

 

Evaluated  Survival 
Gutted Wt 
Maturity 

Survival 
Maturity 

 Survival 
Maturity 
Harvest Wt 
Fork Length 

SNP   Sea water Wt1 
Sea water Wt3 
WtatDaysto5kg 

  

Table 6.2- Summary of traits involved in the aggregate genotypes and selection indexes 

developed in this study. T1 and 2 are aggregate genotypes 1 and 2 while I 1 2 and 3 are the three 

selection indices.
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CHAPTER 1- Introduction 

 

 Selection programs are becoming increasingly popular in livestock agriculture.  As 

technological advances increases the amount of information available for use in these programs, 

they have become increasingly more complex and concurrently effective. While some species 

such as beef and dairy cattle, swine and various poultry species have extensive information and 

programs available, other species are only just beginning to utilize this type of information and 

these methods. 

 

 While Atlantic salmon (Salmo Salar) aquaculture is relatively new in Canada, it has 

quickly become widely beneficial for the British Columbia economy. Although salmon 

aquaculture production in Canada is split equally between the west and east coasts, British 

Columbia is the national leader in production, accounting for over 50% (DFO, 2013). 

Aquaculture was first used to enhance natural stock, and has grown to become its own massive 

commercial enterprise with salmon grossing 83% of total revenue of Pacific aquaculture in 1997 

(FAO, 2011). In 2009, aquaculture in Canada grossed more than 900 million dollars (Stats Can, 

2010). Canada places fourth for salmon production worldwide, preceded by Norway, Chile and 

the UK (DFO, 2013).   

 

 This industry continues to grow for a number of reasons. There continues to be a growing 

demand for seafood around the world; a demand which cannot be met by traditional fisheries 

alone, requiring cultured species to supplement stock caught traditionally, particularly during the 

off seasons (FAO, 2011). However, despite these demands fuelling further growth of the 
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industry, competition still imposes some limits. Other nations, including Norway and Chile, 

produce top quality aquaculture products that cost less, competing with Canadian supplies (FAO, 

2011). Also, competition within Canada and between cultured suppliers and traditional fisheries 

hinder growth of the aquaculture industry (FAO, 2011).  

 

 In order to maintain the recognition of quality, well cultured seafood products, British 

Columbia aquaculture must continue to find ways to improve the industry in order to stand up 

against competition. Implementing molecular quantitative trait loci (QTL) marker Breeding 

Values (BVs) with the currently used Estimated Breeding Values (EBVs) in a Selection Index 

(SI) can provide an advantage which can boost production to a higher level in the industry. Use 

of these techniques would allow the industry to identify and measure genetic variation within 

populations as well as across different ones (O’Connell and Wright, 1997) in order to maximize 

progress. Using these marker BVs with EBVs in a merit index will ensure breeding programs are 

utilizing available genetic information in conjunction with phenotypic information in order to 

develop the highest standard product. The use of these breeding programs helps the farmed 

fisheries industry to compete with traditional fisheries. By using genetic techniques, farms can 

produce product with the best traits possible, whereas traditional fisheries must utilize solely 

what is available. (Gjerem, 1997) These techniques aid with the conservation of genetic variation 

and subsequent response to selection programs (O’Connell and Wright, 1997). 

 

 The following is an overview of genomic markers and concepts which have been applied 

to breeding programs, with emphasis on techniques used for Atlantic salmon aquaculture. By 

reviewing these techniques both specifically for Atlantic salmon, as well as for other livestock 
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species, methods can be developed to apply these techniques to aquaculture and refine them for 

this species’ particular needs. A brief description of economically important traits is also 

included. These traits will be vital for using Marker Assisted Selection (MAS) and phenotypic 

selection techniques for commercial broodstock development. 

 

1.1 Markers 

 For effective genetic evaluation, markers must be identified and utilized to clearly 

indicate areas of interest. Markers can be found in a variety of forms and used in an array of 

ways to assist with factors of breeding programs. They can be linked to QTLs of interest or be 

the very loci being selected for. A variety of different markers have all been used successfully to 

improve genetic progress in aquaculture species. 

 

Minisatellites 

  Minisatellites were first discovered in 1980 by Wyman and White and were applied as 

genetic markers for humans five years later (O’Connell and Wright, 1997). They made 

multilocus genetic fingerprinting possible and this was applied to fish soon after (O’Connell and 

Wright, 1997). Single locus probes were successfully made for Atlantic salmon by Taggart and 

Ferguson (1990), however these single locus probes were costly and technically demanding 

(O’Connell and Wright, 1997) and so their use was limited. Although minisatellites are very 

useful for parentage analysis as well as population differentiation, they are not without 

drawbacks. They are hard to reproduce across multiple gels, and poor amplification can occur for 

large alleles. The bands produced from marker analysis cannot be allocated to the locus of origin, 

and so it is not helpful to analyse mating patterns in fish, when the goal is to identify which 
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parent specific genes came from (O’Connell and Wright, 1997). Complex mutation at loci may 

result in alleles that are no different in size, and this makes scoring of alleles difficult; 

furthermore, the large size of some alleles may cause lumping and result in a score error 

(O’Connell and Wright, 1997). 

 

Microsatellites 

 There has been much more interest in using microsatellites to answer aquaculture related 

questions due to their high levels of variability (O’Connell and Wright, 1997). Microsatellites are 

composed of multiple copies of one to six base pair tandem single sequence repeats (SSRs) 

evenly distributed throughout the genome (Liu and Cordes, 2004). This distribution proves to be 

advantageous over minisatellites which tend to be concentrated in the telomere regions of 

chromosomes (O’Connell and Wright, 1997). They are co-dominant markers that are inherited in 

a Mendelian fashion, with polymorphism based on size differences from mutation between 

generations (Liu and Cordes, 2004). Weber and Wong in 1993 found that mutations only differ 

by one or two repeats between parents and offspring, suiting perfectly for parentage and kinship 

analysis in aquaculture. While these markers are used extensively for these types of analyses in 

fisheries studies, they require a lot of work to be used correctly. Each microlocus must be 

identified as well as the flanking sequence for PCR purposes (Liu and Cordes, 1994). One 

flanking sequence for each area of interest must have a radioactively labelled primer (O’Connell 

and Wright, 1997). These markers are easy to isolate with tiny amounts of tissue capable of 

providing many samples and types of markers, and thus are good for detecting differences 

between closely related populations (O’Connell and Wright, 1997). 
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 Atlantic Salmon have been studied for microsatellite variability by numerous groups in 

Canada (McConnell et al, 1995a, McConnell et al, 1995b, Tessier et al, 1995). High amounts of 

variability make these markers very well suited for kinship and parentage analysis in both 

captive and wild populations (O’Connell and Wright, 1997). In salmonid breeding programs it is 

standard practise for progeny groups to be kept in separate family tanks until they are big enough 

for physical tagging, at which point all tanks are amalgamated to one large communal tank 

(O’Connell and Wright, 1997). Genetic markers can be used to identify parentage at a later time 

while still allowing fish to be combined at an earlier age. This not only reduces costs associated 

with rearing multiple family tanks, but can also remove tank effects during genetic evaluation 

(O’Connell and Wright, 1997). 

 

Single Nucleotide Polymorphisms (SNPs) 

 Differences in base pair sequences have been known since 1977, when researchers first 

started sequencing DNA. It wasn’t until the late 1990’s however that researchers were able to 

genotype these differences, known as single nucleotide polymorphisms (SNPs), in large 

quantities with the application of gene chip technology. SNPs are inherited as codominant 

markers and are the most abundant polymorphism in all organisms, capable of revealing hidden 

polymorphism not detected with other markers and detection methods (Liu and Cordes, 2004). 

 

 SNPs can produce up to four different alleles (corresponding to the four nucleic bases), 

however, they are generally regarded as bi-allelic, normally utilizing only two purines or two 

pyrimidines (Liu and Cordes, 2004). They are normally created by one of two methods. The less 

frequent method, transversion, converts a purine to a pyrimidine, and vice versa, while the more 
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common method, transition, converts one purine to the other purine, or one pyrimidine to the 

other (Vignal et al., 2002). One would think that transversions would occur more often, because 

each nucleotide has two options to change into, however, Vignal et al. (2002) suggest that 

transitions are more common because of a high spontaneous rate of deamination of 5-methyl 

cytosine to thymidine (C→T) and subsequent guanine to adenine (G→A) transitions on the 

corresponding reverse DNA strand. Some researchers also consider insertions or deletions 

(indels) as SNPs, but these occur in a different manner than the methods previously explained 

(Vignal et al., 2002).  

 

 SNP panels have been utilized successfully for genetic evaluation of several livestock 

species. Illumina Inc. (2012a) has developed the Illumina BovineSNP50 BeadChip, which 

provides a high-density assay of over 54,000 SNPs for genetic evaluations of cattle and boasts 

99.9% accuracy. Wiggans et al. (2009) set out to test the efficacy of this  genetic evaluation tool. 

To do so, they selected SNPs for genetic evaluations by removing SNPs that did not conform to 

their definition of useful; these included those which were highly correlated with other SNPs, 

deemed unscoreable or had a minor allele frequency of less than 2%. Testing accuracy of the 

BovineSNP50 BeadChip on Holstein cattle, Wiggans et al. (2009) deemed it to provide an 

accurate set of SNPs for genetic evaluation.  

 

 Illumina has also recently produced the PorcineSNP60 Genotyping BeadChip (Illumina 

Inc., 2012b) for use in genetic evaluations of domestic pigs. This chip contains probes for over 

64,000 SNPs, spread evenly over the pig’s 18 chromosome genome, making it highly useful for 
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studying porcine genetic variability and traits of economic importance to pork production 

(Ramayo-Caldas et al., 2010).  

 

 Use of these bead chips has been applied to genomic selection of livestock (Fan et al, 

2010). Genomic selection is an advanced form of marker assisted selection, accounting for 

markers across the entire genome (Fan et al., 2010), rather than markers only associated with 

proven differences in phenotype. SNP arrays are also useful in EBV estimates by providing the 

dense marker map which Meuwissen et al (2001) deemed necessary for determining accurate 

EBVs. The relative importance of each SNP depends on its relation to traits of economic 

importance as well as the mutations that cause differences in alleles (Hayes et al., 2007). 

 

 The extent of SNP data availability can determine which will be most useful while still 

remaining cost effective. For species which will provide many samples and require high volumes 

of through-put, development of microarray gene chips and the cost of quantitative PCR can be 

justified, such as livestock including cows and pigs (Liu and Cordes, 2004). This also justifies 

the research and development put into chips such as the Illumina BovineSNP50 and 

PorcineSNP60 chips. However, for smaller operations, mass spectroscopy and pyrosequencing 

are cost effective; this will be ideal for aquaculture (Liu and Cordes, 2004). Although the number 

of laboratories currently using SNPs for aquaculture may be restricted due to the requirement of 

expensive equipment and technical expertise, they will still have a large impact on salmon 

aquaculture genetics because they require linkage maps to be developed (Liu and Cordes, 2004). 

The key component of the future of aquaculture genetics is the development of these maps for 

the application to performance and production traits (Liu and Cordes, 2004). 
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 The Canadian government, through Genome Canada, had established programs which 

focused solely on the development of genomic technologies for Atlantic salmon. The Genomics 

Research on Atlantic Salmon Project (GRASP) project made advances in the area of salmonid 

research. GRASP successfully yielded information about genomics for breeding purposes, as 

well as provided a better understanding about how natural populations of salmonids adapt to 

their environments, both of which are highly beneficial for management plans (Genome Canada, 

2011b). GRASP procured 18 peer reviewed publications presenting their findings and sharing 

their discoveries and improving the aquaculture industry for many (Genome Canada, 2011b). 

They identified approximately 6 million base pairs of genomic information, leading to the 

development of a 16k SNP array used by over 60 labs worldwide (Genome Canada, 2011b). 

 

 Currently, the Consortium for Genomic Research on All Salmonids Project (cGRASP) is 

working to link together the physical and linkage maps of the Atlantic salmon genome, as well as 

locate genes of known function and determine how duplicate genes controls sex determination 

(cGRASP, 2011). These two objectives, along with the third, examining gene expression and 

discovering physiological responses to stressors are currently well on schedule and making 

excellent progress (cGRASP, 2011). The findings of this initiative will be highly useful not only 

for Atlantic salmon, but for all salmonid species, including rainbow trout and artic charr, two fish 

species which are to believed to have developed from the same primal ancestor as Atlantic 

salmon some 20 million years ago (Genome Canada, 2011).  
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1.2 Estimated Breeding Values (EBVs) 

 An Estimated Breeding Value represents a genetic value placed upon each individual, 

based on a variety of phenotypic or genetic sources. Although extensive EBV use with Atlantic 

salmon aquaculture is just beginning, the most rudimentary form of EBVs can easily be applied 

to any genetic breeding program; observed phenotype can be used as an estimate of breeding 

value for fish species (Fjalestad et al, 2003). Because animals are often compared across 

environments using traits that have lower heritability, genetic improvement programs can benefit 

from more sophisticated estimates of breeding values, such as those estimated with best linear 

unbiased prediction (BLUP) methods (Fjalestad et al, 2003) rather than relying solely on 

observed phenotypes. Henderson (1984) developed the classically popular mixed model 

equations to calculate BLUP EBVs for use with breeding programs, and these models have 

successfully been used in aquaculture programs.  

 

 Nielsen et al. in 2009 investigated the accuracy of breeding value estimates between 

BLUP estimates and genome-wide estimates in a variety of scenarios. They found that genome 

wide EBV estimates were up to 33% more accurate than BLUP EBVs, even with changes in 

marker densities, heritability values and number of siblings. They concluded that aquaculture can 

benefit from genome wide EBVs estimates while utilizing genomic information in breeding 

schemes for traits which cannot be measured on selection candidates. Meuwissen et al (2001) 

had previously concluded that denser marker maps, such as those utilised with newer marker 

technologies could effectively be used to accurately estimate breeding values of livestock 

species. It is interesting to note that these dense marker maps could estimate EBVs of animals 

with no phenotypic record or relatives; records of individuals and relatives are usually required 
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to make these estimates (Meuwissen et al., 2001). It is safe to conclude that while phenotypic 

EBVs remain one of the most basic genetic selection tools, there is room for improvement on 

how they are utilized in all production systems, including Atlantic salmon aquaculture. 

 

1.3 Quantitative Trait Loci (QTLs) 

 QTLs are associated with many economically important traits which have experienced 

rapid gain over the last few years as the result of selective breeding (Hayes et al, 2006). Even 

faster gain would be possible if genes affecting these important traits were known (Hayes et al, 

2006). In order to detect QTLs, a two step process must be followed. First, a genetic linkage map 

must be constructed for the species of interest by mapping polymorphic DNA markers to 

chromosome configurations. Next, maps and previous studies can be used to identify markers 

closely linked to QTLs, which allows these QTL to be positioned on the map (Liu and Cordes, 

2004). Medium framework linkage maps are available for salmon as well as other fish species, 

and as of 2004, a few QTL have been mapped for rainbow trout, tilapia and catfish (Liu and 

Cordes, 2004). Linkage and QTL mapping is not as extensive in aquaculture as it is in other 

agriculture species (Liu and Cordes, 2004) such as cattle or swine, however investigation 

continues on this species. 

 

 There have been several successful QTL identification studies conducted for Atlantic 

salmon. These types of studies in this species tend to focus on two types of traits- those 

associated with body composition and growth, and those associated with disease resistance. Reid 

et al (2005) identified numerous significant and suggestive QTLs associated with growth and 

condition factor. They found two for growth on linkage groups 8 and 11 in addition to five for 
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growth and condition factor combined (on linkage groups 1, 6, 8, 11 and 14). That found on 

linkage group 8 accounted for the largest QTL effect at 20.1% of the trait variation. Guieterrez et 

al (2012) also successfully identified significant and suggestive QTL on the same population as 

the one used in this study. This group identified genome wide significant QTL on linkage groups 

2, 7, 9, 13 and 17.  

 

 There have also been significant QTLs identified for resistance to various diseases. Moen 

et al (2009) identified a major QTL proven to contribute to resistance to infectious pancreatic 

necrosis (IPN), an economically important disease which causes widespread mortality in fish 

populations (Moen et al, 2009.) This QTL explained 29% and 83% of the phenotypic and 

genotypic variance. Additionally, Houston et al (2008) identified two genome wide and one 

chromosome wide significant QTL that contribute to IPN resistance. Their most significant QTL 

was mapped to linkage group 21. Currently work is being performed at the University of Guelph 

in Integrative Biology led by Dr Elizabeth Boulding investigating disease resistance in Atlantic 

salmon. 

 

 The key to applying QTL analysis to aquaculture research is to ensure that detection of 

associations to economically important traits will be possible with the current Atlantic salmon 

population (Hayes et al, 2006). The current progeny structure has very few progeny each from a 

large number of families evaluated for traits; in order for QTL detection to be successful, there 

needs to be enough progeny tested per family so that the difference between different allele 

groups is significantly greater than the effects of other gene and environmental effects (Hayes et 

al, 2006). Also, Hayes et al. (2006) discuss the reduced or nonexistent recombination 
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documented in gametogenesis of male Atlantic salmon. They state that this increases the power 

to detect QTLs but reduce the precision of the maps. This is because there are fewer haplotypes, 

and therefore more phenotypic observations per haplotype. Hayes et al. (2006) also suggest that 

to improve accuracy more haplotypes should be sampled to increase the number of observations. 

Despite some obstacles, QTL mapping is emerging as very important for salmon aquaculture 

(Liu and Cordes, 2004). Information collected from mapping can be applied to marker assisted 

selection, which is highly useful for traits that are difficult to select for (Hayes et al, 2006). 

 

1.4 Selection Programs 

 Breeding programs aim to take advantage of the wide range of information types and 

sources available in order to improve the overall production system. The key to success in these 

programs is to effectively combine all available information and apply it in practical terms 

(Wilton et al, 2013). A very rudimentary example of a selection program is one which utilizes 

independent culling levels, in which one would define a desired phenotype with a threshold. This 

threshold represents a divide between the desirable and undesirable phenotypes. One would then 

select only individuals which have the desired phenotype, and cull those which don’t. While it 

can sometimes be effective for very basic programs, this method does not take advantage of 

more sophisticated quantitative and molecular advances of today. Nowadays, breeding programs 

are often multi-trait genetic programs which take into consideration the entire market which is 

the driving force behind the entire system (Wilton et al, 2013). 
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Selection Index 

 A selection index is a type of selection program which aims to rank genotypes based on 

their net economic value (Wilton et al, 2013). A finite amount of selection pressure is split 

among all traits deemed to have economic importance (Dekkers, 2004). Balancing this pressure 

maximizes response to the program allowing overall positive economic progress to occur and 

depends on the development of three major steps; the Net Profit function (NP), the Breeding 

Objective, also known as an Aggregate Genotype (AG) and the final Selection index (SI). 

Further detail of the development of each of these three steps occurs in CHAPTER 4. Once each 

of these steps has been derived, the final selection index can be used to rank genotypes and make 

selection decisions. 

 

Marker Assisted Selection (MAS) 

 MAS involves the use of molecular information made into some sort of “molecular 

score” (Dekkers, 2004) which is used in conjunction with phenotypic information, typically in 

the form of an EBV. This molecular information can take various forms, such as the simple 

presence or absence of a particular allele, or as estimates of QTL effects when multiple regions 

are involved (Lande and Thompson, 1990). This information is then combined and used with the 

assistance of a selection index to develop a breeding program which will effectively utilize 

molecular information in addition to phenotypic information. These two types of information 

thus become weighted in the selection index and develop a total EBV for each individual 

(Dekkers, 2004). Additionally, with the addition of more traits, the selection pressure being 

utilized in the index must be split accordingly between all traits. 
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 The discovery of molecular markers over the past few decades has allowed for better 

detection and understanding of the QTLs that influence market traits. These molecular markers 

can be utilized to improve upon programs used for making selection decisions but also further 

complicate the development of these programs. Using this information creates the need to 

balance molecular versus quantitative genetic information (Dekkers, 2004) on top of balancing 

the finite selection pressure. Although MAS in breeding programs has been popular for the last 

20 years in other livestock species, it is limited by the number of genetic markers linked to QTL 

that are associated with significant economical effects (Fan et al., 2010), thus creating a problem 

for aquaculture. However, recent research has aimed to identify QTL markers in the Atlantic 

salmon genome for economically important traits (Guieterrez et al., 2012) and therefore is useful 

to the development of these programs for Atlantic salmon aquaculture. 

 

Genome Assisted Selection (GAS) 

 GAS is a genome-wide variant of MAS. Using information based on a large number of 

markers across the whole genome makes MAS more effective (Dekkers, 2007). Success requires 

the integration of 3 types of maps. Dense linkage maps of markers can be combined with 

physical maps, and then comparatively mapped to linkage maps of other aquaculture species 

with significant maps, such as zebrafish or pufferfish (Liu and Cordes, 2004). Most genetic 

improvement of aquaculture has been by traditional selection; the impact of DNA marker 

technology continues to make a mark on the industry however, due to QTL mapping and 

refinement of maps and markers, making sophisticated selection programs more plausible. 

Effective use of GAS for selection within breeding programs continues to be developed (Liu and 
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Cordes, 2004) and becomes more plausible each day with the continued discovery of QTLs for 

important traits in Atlantic salmon. 

 

1.5 British Columbia Breeding Population 

 MAS and GAS require pedigree information on the population of interest; in this case, 

the Atlantic salmon breeding population used in British Columbia. The British Columbia 

population carries influences from two main sources, and understanding their similarities and 

differences can prove useful when doing genomic evaluations. 

 

 Importation of breeding stock started in the early 1980’s, however it has been restricted 

in the last few years and so the current breeding stock is descendant of the original sources, 

mainly European (Withler et al, 2005). From 1986 to 1989 fertilized eggs were imported to 

British Columbia from Scotland from the McConnell strain, believed to be developed from one 

domesticated population and three wild ones (Withler et al, 2005). From 1991 until 1995 the 

Norwegian Mowi strain was imported via Ireland (Withler et al, 2005). Importation was limited 

from Europe from 1985 to 1995 due to disease concerns, and from 1995 onward, importation 

was limited to eggs from hatcheries with quarantine facilities, leading to incorporation of the 

North American Cascade strain from the Gaspe bay region of Quebec (Withler et al, 2005).  

 

 Although general information about strains is available, pedigree information is often 

unavailable to the industry from before importation (Withler et al, 2005). This makes genetic 

evaluation slightly more difficult, however, the European and North American strains show 

distinct lineages so pronounced that there are very few alleles similar between the two, making it 
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easy to assign population or origin to a group and assist with parentage analysis (Withler et al, 

2005). In 2005, Withler et al. examined genetic variation at 11 micro loci of broodstocks of the 

major fish companies in British Columbia to see if it was possible to determine population of 

origin. They also compared variation between domestic Cascade stocks to wild populations from 

St. Jean River in Quebec. They found a lower level of diversity in the Cascade strain compared 

to the wild strain, which can be explained by this strain being domesticated for the longest. It 

was found that domesticated strains retained about only one third the amount of variability that 

the wild populations had. These domestic fish lose variability from founder effects as well as 

genetic drift and genetic selection implemented in breeding programs (Withler et al, 2005). It is 

bottlenecks such as this that are to be avoided by decreasing inbreeding while implementing 

genomic EBVs in order to avoid significant loss of genetic variability.  

 

1.6 Economically Important Traits 

 It is of vital importance to a breeding program to understand which traits are 

economically important. All traits for this study are classified as quantitative traits, and therefore 

are influenced by many genes in the genome, each with a small effect, cumulating in a final 

overall phenotype. Perhaps of most importance to Atlantic salmon in aquaculture is growth rate, 

age of sexual maturity and survivability. Fish size and growth rate can be recorded a variety of 

different ways, and is important to track in order to monitor growth patterns.  

 

 Ideally, producers want fish that will grow quickly in size, but reach sexual maturity 

later; sexual characteristics that develop as a result of sexual maturation have a detrimental effect 

on meat quality. These characteristics can include dark skin colour and the presence of a hooked 
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jaw (Quinton et al., 2005).  It has been shown that sexually maturing Atlantic salmon exhibit 

better growth rates before these characteristics develop compared to non-maturing fish (Gjerde et 

al, 1994). It is therefore imperative to improve growth rates while maintaining low maturation 

rates in production stock. 

 

 There have been a number of methods developed in order to avoid sexual maturation in 

the Atlantic salmon farming industry. One is to produce all females, which was shown by Gjerde 

(1984) to mature sexually later than males. However, females have a slower growth rate than 

males, with males growing 15-30% faster than females (Rye and Refstie, 1995). In an industry 

aiming to maximize output, this is not ideal. Another strategy is to produce all female triploids. 

Unlike triploid males, triploid females do not produce secondary sexual characteristics (Gjerde et 

al., 1994). However, as mentioned above, males grow at a faster rate than females. Gjerde et al. 

(1994) suggest that breeding programs should aim to breed a salmon that quickly grows to 

market weight before secondary sexual characteristics develop, specifically selecting to increase 

the frequency of fish growing to market weight before sexual maturity, (indicated by example by 

the weight trait ‘days to five kilograms’) rather than to extend the age of sexual maturity. In this 

sense, growth rate is a significantly more important trait to select for than maturation rate. 

However, it must still be considered in a breeding program. 

 

 Fish survival is obviously of economic importance; if fish don’t survive, producers don’t 

turn a profit. Heritability for survivability has been estimated to be approximately 0.07 (B. Swift, 

personal communication). This is not very helpful for improvement purposes; however the 

information is available to assist in improvement programs nevertheless. 
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 Genetic manipulation of growth rate, maturation rate and survival help to increase 

product yield in salmon farming. However, regardless of how large this yield is, it will be of no 

consequence if the quality of the meat is undesirable. Genetic selection can also be applied to 

select for quality traits that increase what is considered “ideal” by consumers and the industry.  It 

is imperative to consider selecting for quality traits in a breeding program in order to produce a 

product that consumers will want to buy. Consumers will not buy low quality products, but also 

don’t want to pay premium prices for a superior product (Gjerdem, 1997). 

 

 Flesh colour is considered to be indicative of meat quality. The relatively distinctive 

pink-red colour is considered ideal by the industry. It is so highly regarded that product will be 

downgraded or rejected if it has inadequate colour (Quinton et al, 2005, Powell et al, 2008).  In 

the wild, Atlantic salmon consume over 40 different types of prey (Rikardsen and Dempson, 

2011), and the colour is naturally obtained by ingestion of crustaceans and amphiopods (Powell 

et al, 2008) which contain carotenoid pigments (Quinton et al, 2005).  This type of diet is 

impractical for farmed salmon, and so additives such as astaxanthin and canthaxanthin are added 

to the diet in order to mimic the effects of these natural pigments in the flesh (Quinton et al, 

2005, Powell et al, 2008). These additives are expensive, and so, in order to minimize cost, 

producers want fish that absorb and retain the pigments most efficiently (Quinton et al, 2005, 

Powell et al, 2008). Pigment content of flesh is therefore a genetic trait which is often selected 

for in breeding programs.  

 

 Along with flesh pigmentation, flesh fat content is also considered to influence Atlantic 

salmon fillets. Excessive fat has a detrimental effect on flesh texture (Quinton et al, 2005) and 
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can also affect further processing such as smoking (Powell et al, 2008).  Gjerdem (1997) 

suggests that a fat percentage anywhere above 16-18% is considered too high.  

 

 Condition factor, the relationship between body weight and body length, can be a highly 

useful indicator of body shape; while it is possible to have a heavy fish, it may be considered less 

desirable if it is a short and extremely fat fish, versus one that is long and lean. This short and fat 

fish would be considered to have a higher condition factor while the leaner one would have 

lower. Genetic components of this trait have been studied in the past. Refstie and Steine (1978) 

found an insignificant sire component of variance, and concluded that this would be of little 

interest in a fish breeding program, as it appears to cancel the significant sire components of 

variance that are obtained when weight and length are analysed separately. This finding is 

supported by various other studies, both in Atlantic salmon (Gunnes and Gjedrem, 1978) and 

Rainbow trout (Gunnes and Gjedrem, 1981, Schmidt, 1985). Although the economic value of 

conformation traits are questioned (Refstie and Steine, 1978) they suggest that monitoring these 

types of traits can still be used to track correlated responses to other economic traits. 

 

 Many of these meat quality traits cannot be measured on live fish, and can only be 

measured posthumously. In addition, as it pertains to disease resistance traits, fish that are 

challenge tested for various diseases cannot be included in broodstock due to the increased risk 

of disease outbreak (Neielsen et al, 2009).  It is this type of scenario where molecular markers 

and indicator traits are highly useful, allowing selection decisions to be made based on linked 

genetic markers or other phenotypes.
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CHAPTER 2- Proposal Objectives and Methodology 

 

2.1 Proposal Objectives 

 The objective of this project was to create a Marker Assisted Selection (MAS) program 

for commercial Atlantic salmon broodstock development, utilizing newly identified molecular 

information for this species. This MAS program would identify regions of the genome 

significantly associated with economically important traits and combine molecular and 

traditional EBV data into an overall ‘total merit index.’ This would allow for the development of 

superior Atlantic salmon stock. Following the development of this program, it was the intention 

to develop a comprehensive selection index that would tailor toward changing market trends that 

are assumed to happen in the industry. 

 

These objectives were met using four main points. 

1. Detect significant QTL for growth traits (Chapter 3) 

2. Develop a basic selection index to include existing EBV information (Chapter 4) 

3. Develop and compare an enhanced selection index to incorporate MAS (Chapter 4) 

4. Develop a comprehensive, forward looking selection index to incorporate consumer-

driven traits (Chapter 5) 

 

 As outlined, QTLs associated with an ideal phenotype were identified using statistical 

analysis. These QTLs were then incorporated into EBVs which could then be used in an index. A 

selection index was created which catered to the basic specifications required of a commercial 

breeding program based on the current market trends. Following the development of this 
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program, an enhanced index was developed that allowed the incorporation of molecular 

information into the index that was compared to the previous. Finally, a third index was 

developed based on an entirely new breeding objective that allowed forward thinking toward 

changing market trends that would incorporate product quality as well as product yield traits. 

 

 Recommendations were made based on the findings and the challenges met through the 

duration of this project which provided insight to future development. It was the hope that these 

recommendations could assist in further development of commercial Atlantic salmon broodstock 

programs in British Columbia. 

 

2.2 Methodology 

Materials 

Mainstream Canada Broodstock Program 

 Mainstream Canada is a farming company in British Columbia that farms Atlantic 

salmon for processing and distribution, both domestically and internationally. They produce over 

25,000 tonnes of salmon annually, taking into consideration environmental stability and 

supporting the local community. Mainstream Canada graciously provided information on their 

2005 birth year population (2005BY) for analysis in this study, and the life cycle of this 

population is outlined in Figure 2.1. 

 

 As a fully integrated company, Mainstream Canada functions as its own breeding 

nucleus, breeding all of its own stock, which is then reared by its own producers to market 

weight. After harvest fish are processed and shipped internationally. 
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 Mainstream Canada collects eggs (females) and milt (males) from broodstock parents for 

fertilization. Being an integrated system, they make their own selection and breeding decisions at 

the nucleus. The fish produced here are then passed down through to its own hatcheries and 

producers at grow out sites. 

 

 Families were made with a 1:1 male to female ratio. Of 130 pairings made, 120 offspring 

from each were collected approximately two months later and pooled to create a population of 

15,600 fish total. Seven months later, 5000 fish were pit-tagged and phenotypic weight 

measurements recorded. It is assumed that there are roughly 38 fish per family. Using genetic 

information from these 5000 tagged fish, broodstock for the next generation could be selected 

following genetic analysis. 

 

 The production cycle of Atlantic salmon is very complex. During the fall and winter, 

eggs and milt are collected from spawning broodstock. They are kept separate until fertilization 

occurs, at which point, the eggs from one female salmon are mixed with the milt from one male 

salmon. Fertilization occurs at the broodstock site where parent fish of the next generation are 

kept. Eggs are allowed to harden, after which they are transported to hatchery sites. 

 

 When they arrive at the hatchery, eggs are disinfected and incubated in trays for 

approximately 5-6 weeks. Eggs will hatch around 9 weeks, where they continue feeding on yolk 

sacs. Once yolk is used up, feeding of manufactured food must begin. 
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 Rearing over the next 6-12 months occurs in freshwater tanks. They are closely 

monitored and fed a special formulated diet which provides all nutritional requirements for 

maximal growth. Developmental changes also known as smoltification occur which prepare 

them for life in saltwater. 

 

 Before being transported to saltwater rearing facilities, young fish are vaccinated and 

then moved via trucks or boats. At these new facilities, fish are raised in net pens in salt water. 

Initially, fish are hand fed several times a day using the same diet from their fresh water 

environment in order to minimize stress resulting from change. The new diet is then integrated to 

replace the former diet. When fully switched to the new feed, computerized feeding systems are 

used along with monitoring systems in order to ensure operations run smoothly. 

 

 Over the next 16-22 months, fish are raised in these net pens with optimal conditions 

always being monitored. Health is regularly monitored, and action taken when required. 

Mortalities are removed once a week, however some producers boast greater than 90% survival 

rates to harvest. Fish will reach 1 kg in 6-8 months. Target weight at harvest is approximately 5 

kg at 3 years of age, at which time fish are harvested and taken to be processed (Mainstream 

Canada, 2012). Fish are collected onto vessels and killed on deck.  At the processing plant, fish 

are cleaned and graded both by size and by quality. All fish is sold fresh to market around the 

world, all within 48 hours of harvesting. 
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Genetic and Phenotypic Information 

 Mainstream Canada currently uses its own copyrighted data collection software to collect 

data on various traits, including, but not limited to fish weight and length, maturation status and 

the prevalence of deformities. This information can then be developed into EBVs using MDTF 

Reml and ASREML (B. Swift, personal communication), two software programs used to 

develop EBVs from information collected from livestock populations. Information collected on 

the population used in this study included implant weight, sea water weights 1,2 and 3, as well as 

Days to 5kg and Weight at Days to 5kg. Figure 2.1 outlines the parameters of the first four 

measurements. Days to 5kg is a time measurement based on weight and time at implant in fresh 

water, smolt weight, first sea water weight and weight at PIT Tag implant. (Bruce Swift, 

personal communication). Weight at Days to 5kg is based on a population average for Days to 5 

kgs, which is then used on the same growth curve to determine weight at the mean fixed age for 

the entire population. This trait is similar to residual feed intake, in which a value is predicted for 

a population, and then worked backwards to find individual values at that time point for each 

individual. Ideally, individuals who have gone above the population average are desired. 

 

 With the help of a 6.5K SNP array developed by Guieterrez et al. (2012),  additional 

information sources can be developed for use in determining stock most suitable for broodstock 

for the next population. Genetic information was collected from sample stock based on the 6.5K 

array.. This genetic information along with the phenotypic measurements taken on each 

genotyped animal can be developed into molecular EBVs. 
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 The data set used in this study from British Columbia contained two different files for 

each of 5 families from the 2005 broodstock year. Five genotype files (one for each family) 

contained data from a 6.5K SNP Chip designed by Gutierrez et al (2012). A single phenotype file 

for all families included information on six growth traits; implant weight (ImpWt), sea water 

weights 1 through 3 (SwWt1, SwWt2 and SwWt3), days to 5 kg (Dto5Kg) and weight at days to 

5 kg (WtatDto5Kg) for all individuals. 

 

 At the present time, Mainstream Canada uses a two-trait selection index that incorporates 

days to 5kg and survival . It works to pair economic weights with EBVs developed from 

population information to rank animals based on their overall genetic merit (B. Swift, personal 

communication). Improving the efficacy of yield traits helps to increase the efficiency of the 

overall production system from an economical point of view, while including additional traits in 

this selection index can be beneficial to commercial aquacultures’ continuing commitment to 

provide quality products to their consumers. 

 

 In addition to this information, a linkage map for the Atlantic salmon genome was 

required in order to identify the relative positions of all identified SNPs in the genome. Lien et al 

(2011) recently developed a dense linkage map of 5918 markers which was used as a reference 

for SNP locations in this study. 

 

Software 

 A variety of software programs were used for mathematical and statistical purposes 

throughout the course of this study. SAS 9.2 software (SAS Institute, Cary NC) was used for the 
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majority of the statistical analyses. Additionally, Microsoft Excel (Microsoft, 2007) was used to 

aid with many of the calculations involved in a variety of aspects of the study. 

 

 Dr. Margaret Quinton at the University of Guelph had developed many methods for use 

with various computer programs in order to calculate economic values for use in aggregate 

genotype development which were used in this study. Her expertise with R 2.11.1 (2010) was 

highly useful through the course of this study. 

 

Methods 

 In order to evaluate the best approach for integration of molecular and genomic 

information, multiple analyses were run on the data in order to determine the best model 

structure for determining significantly associated QTLs. In order for these analyses to be run, the 

data needed to be set up in a way which was compatible with the software being used for 

analysis. 

 

 It was first a requirement to ensure the SNPs from the 6K SNP chip were in the correct 

positional order, rather than alphabetical order in order to easily locate SNPs as well as to assign 

them to the correct linkage group (chromosome). To do this, SNPs from the chip were paired 

with those in the linkage map and rearranged so that they were in the correct order. In addition, 

for any duplicate chromosomes, the SNP would be assigned to the first numerical linkage group 

(ex., for SNPs in both linkage group 2 and 5, they would be assigned to linkage group 2). 
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 Next the phenotype and genotype files were set up.  First, it was ensured that all data sets 

had the same order of information, beginning with dam information, then sire, then progeny, 

with progeny sample numbers ordered from lowest to highest in both phenotype and genotype 

file.  There was no phenotypic information on parents (2001 year class). Some sample numbers 

for each family did not match up. Some phenotype files had more fish than the genotype file, and 

vice versa. In this case, these data points missing phenotype or genotype data were omitted from 

the overall data. 

 

• Sample 2005007_2065 was removed from genotypes 

• Sample 2005076_3187 was removed from genotypes 

• Sample 2005088_0036 was removed from genotypes 

• Sample 2005088_2836 was removed from phenotypes 

 

 Comma separated values (CSV) files were created for phenotypes and genotypes for each 

family separately from these data as well as for the linkage map. This meant there were 5 

separate CSV files; one for each family which were then combined into one master CSV file to 

be used with software to determine statistical linkage between particular genotype and 

phenotype. Appendix A.1 contains the SAS® software script used to set up the data in this 

particular fashion. 

 

 Once the data was properly set up, QTL analysis could begin. Determining the best 

method for this is the focus of CHAPTER 3, in addition to breeding value calculations derived 

from the results of this analysis. In addition, determining the best approach for breeding program 
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development was discussed; whether incorporating SNP haplotypes into G-BLUP or 

incorporating SNP haplotype effects and EBVs into an index of overall genetic merit would be a 

more effective system. 

 

 Following the identification of significant molecular information and determination of the 

best method to use these data, CHAPTER 4 developed an effective selection program which can 

be used with new information. It was the goal that the system determined to be the most effective 

be applied to commercial broodstock development programs in British Columbia to improve 

selection of parental stock and produce quality Atlantic salmon products in the aquaculture 

industry. 
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CHAPTER 3- QTL Detection in 2005 Broodstock Year 

 

 The first step to using molecular information for a breeding program is to identify 

molecular markers that can be used for selection purposes. This chapter set out to identify QTLs 

with a significant association to traits of interest to a breeding program. Once those QTLs were 

identified, they were incorporated into molecular EBVs that could be used for selection 

purposes. 

 

3.1 QTL Identification 

Methods 

 Once data had been properly set up and converted to a single CSV file, QTL analysis 

could begin. A macro was set up to calculate estimates and run an ANOVA test on each marker 

location with various random variables. An output file was created to display results of these two 

analyses. This was run for each of the six traits of interest in order to identify whether each 

individual SNP was significantly linked to a particular phenotype for each type of weight 

measurement. 

 

 From these ANOVA tests, any SNPs which could have a significant effect on growth 

were identified. Typically, any SNPs with Probability F (‘ProbF’) below 0.05 were considered 

significant. Following this criteria, a large number of SNPs were identified as potentially having 

a significant association with growth. 
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 In order to narrow down SNPs with potential effects, a false discovery rate (FDR) test 

was run, in order to correct for multiple comparisons. This FDR test used probF<0.1 as the 

threshold. The FDR correction was first run on a genome wide level, followed by a chromosome 

level using the 29 linkage groups identified on the linkage map (Lien et al, 2011).  

 

 The model used had family and maturity status as random variables. It was ensured that 

all data points that did not have a genotype were excluded from analysis so that estimates of 

effects were as accurate as possible by removing any data points that could influence the 

analysis. Appendix A part 2 shows the SAS software script used. Those data points with no 

genotype or that were homozygous at the locus were excluded from calculations. The FDR test 

was run on a genome wide and chromosome wide scale, using 0.1 as the threshold for 

significance. See appendix A.3 for these FDR test scripts. There was no genome wide significant 

SNPs identified however there were multiple ones identified for several weight traits. Tables 3.2 

(SNP name) and 3.3 (ANOVA results) outlines the SNPs that were identified as being significant 

using this method. 

 

Results 

 Table 3.1, 3.2 and 3.3 outline the results for this chapter. 

Discussion 

 The model used to mimic the population was a simple one. Fry were combined at an 

early age, eliminating the need for environmental effects from different pens in the model. 

Instead, family and maturity were the only factors included. 
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 Identification of the two significant SNPs following the first analysis is highly useful for 

marker assisted selection; these two SNPs could very easily be incorporated into a selection 

index and aid in selection for SwWt1. However the identification of only two significant SNPs 

across the entire genome is not helpful for a genome wide approach to selection, being that 

genome wide selection requires many SNPs located throughout the entire organisms’ genome. 

 

 Additionally, these initial results would only help with selection on one trait. Identifying 

significant SNPs for multiple weight traits would help to improve overall growth patterns, rather 

than selecting for and improving just one trait. Therefore a more effective system for identifying 

significant SNPs was required; one perhaps that takes growth patterns into consideration.  

 

 Grilse fish are known to experience a growth spurt in conjunction with sexual changes 

that result in the undesirable traits (Gjerde et al, 1994). It would therefore be useful to isolate 

grilse fish in the analysis in order to include the effect that early maturation has on those 

individuals. Initial tests used two methods to do so. The first method removed all grilse fish 

entirely from the analysis. The second included grilse fish, but classified maturity as its own 

random effect in addition to family effects. These two analyses effectively demonstrated that 

accounting for maturation increased the number of identified SNPs in addition to identifying 

SNPs associated to multiple phenotypes However, there were still differences in the two 

methods, and one needed to be chosen over the other to calculate QTL marker allele effects. The 

analysis which included grilse fish as their own class therefore was selected to be used. This was 

because the analysis utilized the most information that it could for such a limited population. 
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Removing all information on grilse individuals decreased the information available for analysis 

and therefore decreased the efficacy of the analysis. 

 

 Identification of these SNPs is encouraging, as it is a greater number than was previously 

identified when family was the only variable considered. SNPs were pulled from multiple traits 

that were not identified previously. Inclusion of these traits should in theory increase the efficacy 

of the molecular system by providing a greater quantity of information. That it is molecular 

information should, in theory make it that much more effective. 

 

 Partial ANOVA information was presented in the output file upon conclusion of the 

analyses of each trait. This information is outlined in Table 3.3 for the second analysis. The Prob 

F and FDR values are listed as was used to identify SNPs significantly linked to QTLs affecting 

growth. This information can be further used to calculate the amount of variation in each trait 

attributed to the particular SNP. Mean square can be used to calculate variation in the model. It is 

important to bear in mind that these individual loci on the genome will interact with other genes 

around them, and these effects for each individual SNP may not be entirely accurate being that 

they will interact with their surroundings on the genome. In order to account for these 

interactions, addition analysis would be required that take into account the other SNPs. 

 

 Several of the SNPs identified to be significant for various weight categories were very 

close to one another. There were two sets of SNPs that were adjacent to one another identified to 

be significant for various traits. SNP 416 and 418 were both identified as significantly linked to 

sea water weight 3 as well as weight at days to 5 kg. Although they are not directly adjacent to 
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one another, SNP 417 was not identified as being informative, and thus they are adjacent 

informative markers, and when searched using BLAST (http://blast.ncbi.nlm.nih.gov/Blast.cgi) 

with their respective repeatmasked sequence from Lien et al (2011)’s linkage map, were 

associated to the same contig, contig47273. As well, adjacent informative SNPs 588 and 589 

were identified to be significant for weight at days to 5kg and BLASTed to contig54577. 

 

 Neither of these pairs of SNPs was identified to a particular protein, but rather just a 

specific contig. However, several significant SNPs were BLASTed to specific proteins. The 

identified proteins are all from species other than salmon; however the sequences identified in 

the salmon genome do appear to align with particular proteins in other species. Although these 

proteins did not appear to directly influence growth, with more knowledge about the function of 

these proteins, it was possible to identify a link to growth and growth patterns in these species, 

and perhaps also in Atlantic salmon. Speculation about the effects of these proteins on growth is 

discussed in CHAPTER 6. 

 

3.2 QTL Marker Allele Effects 

Methods 

 Identifying QTL effects can be useful for selection purposes in order to understand the 

association between phenotype and genotype, however, from a practical standpoint, it is more 

useful to identify marker allele effects which can be used to make selection decisions by 

assigning a numerical value to the genotypes of interest.  It was possible to develop breeding 

values from the analyses made in CHAPTER 3.1.  After determining which SNPs had a 

significant effect on phenotype, the allele effects were calculated. 

http://blast.ncbi.nlm.nih.gov/Blast.cgi
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 When the analyses were performed in CHAPTER 3.1, an a and a d value (where 

applicable) for all heterozygous informative SNPs was also calculated. As defined by Falconer 

and MacKay (1996) and by Robinson (2007) the allele effect can then be calculated as 

 

 α=a+(q-p)d (3.1) 

 

Where α is the marker allele effect, a is the additive effect, d is the dominance effect, and p and q 

are the frequencies of each SNP allele. If markers were only partially informative (i.e. there was 

only one of two homozygous genotypes in the population, rather than the two required to be fully 

informative) then only an a value was available, and estimates of α without d are unreliable. 

Allele frequencies were calculated from the population. All of these values are outlined in Table 

3.4. 

 

 Subsequently, allele effect of each allele was calculated. A and a were calculated as 

 αA=qα (3.2a) 

 αa=-pα (3.2b) 

 

 It was also possible to derive Breeding values (BVs) for each genotype from the value of 

α. 

 BV(AA)=2qα (3.3a) 

 BV(Aa)=(q-p)α (3.3b) 

 BV(aa)= -2pα (3.3c) 
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Results 

 Table 3.5 outlines the calculated Breeding Values for significant SNPs. 

 

Discussion 

 These breeding values represent the genetic effect associated with a particular genotype 

in the Atlantic salmon genomes. Despite these effects being in grams, they are still quite large; 

SNPs 416, 418 and 457 all have effects over 1 Kg, or more than 20% of overall fish size. 

However, these SNPs are all located close to one another, and it must not be assumed that each 

SNP contributes its effective additively, but rather they interact with one another in a way that 

the ideal genotype (in this case 11, 11, 33 for the three SNPs respectively) would exhibit 

improved growth by approximately 1 Kg, depending on how the SNPs interact. 

 

 As it has been shown, breeding values are useful in predicting phenotypes based on a 

particular genotype and can be used in conjunction with the selection index to select the best 

broodstock to use for breeding purposes using MAS.  

 

Conclusion 

 Developing a breeding program that can be used for commercial aquaculture of Atlantic 

salmon requires the identification of molecular markers that can be used in conjunction with a 

selection program. In order to efficiently use these programs, the markers must be presented as 

marker allele effects in order to identify how the genotype influences the phenotype. 
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 This chapter efficiently outlines the methods used to identify SNPs in the Atlantic salmon 

genome that have an association with growth traits. These SNPs were then used to develop 

breeding values which can be used in a selection index to make breeding decisions. 

 

 During the discovery of these significant SNPs, the results suggest that a marker assisted 

selection program would be more beneficial over a genome wide one, because there were so few 

SNPs identified as being significantly associated. In addition, these SNPs were not located all 

across the genome; a requirement of genome wide selection. The SNPs identified to hav 

significant associations were localized to two linkage groups; groups 2 and 12. Therefore it is 

concluded that a selection index which incorporates the molecular information will be of benefit 

to an Atlantic salmon breeding program.  
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CHAPTER 4 -Creating a Selection Index for Commercial Broodstock Development 

 

 As mentioned in CHAPTER 2, a Selection Index (SI) is a highly useful tool used for 

making animal breeding decisions from multiple sources of information. By using a selection 

index in a breeding program, individuals can select the breeding stock that will make the best 

overall parents for the next generation. Assuming these parents are truly the best, they will pass 

on the best genetic information possible, and create the most ideal phenotype for the next 

generation. 

 

 This chapter outlines the development of a selection index which utilizes traits deemed 

economically important in a model tailored to the basic needs of a commercial aquaculture 

population. It then continues to modify this SI to include the information developed in 

CHAPTER 3 and outlined the methods used to incorporate this information into the selection 

index. The chapter concludes with calculation and summary of the response to selection for these 

indices. 

 

4.1 Developing a Multiple Trait Selection Index 

 Multiple trait selection criteria are frequently created using three steps; the Net Profit 

Function (NP), the Breeding Objective, which is also known as the Aggregate Genotype (AG), 

and finally the Selection Index (SI). Each of these three steps utilizes different information in 

order to identify the most economically important traits and how to split the available selection 

pressure between them.  
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Methods 

Profit Function 

 Profit was modelled based on a per individual breeding fish/year basis. Eggs from female 

fish were fertilized by one male, creating full sibling families which were raised and harvested at 

approximately 3 years of age (target weight of 5 kg). 

 

The basic profit function equated to 

 

   NP = (nysymygtegt) – (eg +yd(el + ef)) 

 

Where NP is net profit per individual broodstock fish per generation 

 n is number of offspring per parent 

 yS is proportion of offspring that survive to harvest 

 ym is the proportion of fish immature at harvest 

 ygt is head on gutted weight (Kg) 

 egt is the base price per kilogram for head on gutted fish ($/kg) 

 eg is the cost of genotyping offspring 

 yd is the days to 5kg 

 el is the daily labour cost of raising fish in sea water 

 ef is the daily cost of feed 

 

 For n fertilized eggs produced per family, female salmon can produce anywhere from 

1700 to 10,000 eggs (Fleming and Einum, 2011). The number of sperm in milt collected from 

males can be considered infinite, and therefore eggs are the limiting gamete. While the number 
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of eggs produced could, in theory, be considered to have a genetic component, it was for the 

purpose of this study considered a fixed trait. In this study, one mating was assumed to produce 

3000 offpsring. 

 

 Price per kilogram for fish contributed to revenues produced while various fixed costs 

influence costs. For this study, a base price of $10/kg was assigned for immature fish and grilse 

fish did not receive any value. It cost approximately $10 per fish to genotype. This equaled $10 x 

38 fish = $380 for genotyping. Labour costs and feed costs were assumed to depend on days to 

5kg. Labour was based on one labourer per family, working 6 hours a day at minimum wage 

($10.25/hr). This worked out to 1 person x 6 hours x $10.25/hr = $61.50 per day. It was assumed 

that $50 worth of feed was fed per day. This results in a cost of ($61.50+$50.00= $111.50) per 

day until 5 kg. It is therefore key to reduce the trait days to 5kg in order to resude the money 

spent on labour fees associated with maintaining the cultured fish as well as to reduce the amount 

of feed used to feed the fish while alive. 

 

Inserting these values to the profit function (equation (4.2)) gave the function, 

 

 NP= [3000ysymygt($10/kg)] – ($9380) (4.3) 

 NP=(30,000 ysymygt) – ($380 + 111.5yd) 

 

 For survivability, the proportion of offspring that survive to harvest could be estimated 

using the data provided by Mainstream Canada. Any offspring that did not have a record for 
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SwWt3 was assumed to have not survived to harvest. Using this assumption, the proportions as 

calculated from the population were 

 

 q1= Pr(survive)= 0.857678 

 q2= Pr(dead)= 0.142322 

 

 For maturity status, the proportion of offspring who were mature at harvest time were 

calculated from fish surviving to harvest. This was done by recording those who were mature 

prior to harvest. Maturity status grilse or precocious were considered mature, while those that 

matured at SW2 or SW3 were considered immature. The proportion of offspring in each 

category therefore was 

 

 q3= Pr(immature)= 0.859649 

 q4= Pr(mature)= 0.140351 

 

 These values were the population average, and were used for economic value 

calculations. To calculate the mean for head on gutted weight, the target weight of 5 Kg was 

used along with a guttedweight% of 0.89. This value was taken from Powell et al (2008) who 

defined guttedweight% as gutted weight / harvest weight. This value was calculated from the 

harvest weight- a trait easily recorded at the time of harvest. 

 

 Inserting values back into the NP (4.3) for all factors at population mean, 
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 NP= (30,000 ysymygt) – ($380 + 111.5yd) 

 NP= (30,000 x 0.857678 x 0.859649 x 4.45) – ($380 + 111.5 x 550) 

 NP= $98,429.821675437 – $61705 

 NP= $36,724.82 

 

Aggregate Genotype 

 From this profit equation the aggregate genotype, or breeding objective, could be 

developed using economic traits. An aggregate genotype is developed as a linearized version of 

the profit function using economic traits of interest. According to Wilton et al (2010), the general 

version of the aggregate genotype equals 

 

 T= vxgx (4.4) 

 

Where T is the aggregate genotype 

 vx is the vector of economic values, v 

 gx is the vector of genotypes, g 

 

The economic values were calculated by taking the partial derivative of the profit function with 

respect to each trait individually at population means for the other traits. 

 

   

   
                     0.859649x4.45) = 114763.14 = 114763 

   

   
                      0.857678x4.45) = 114500.01 = 114500 

   

   
                    0.857678x0.859649) = 22119.061 = 22119 
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Substituting these economic values into the aggregate genotype equation (4.4) gave the final 

breeding objective equation 

 T= 114763gs + 114500gm + 22119ggt – 111.5gd (4.5) 

 

Selection Index 

 From this aggregate genotype, a selection index of measured traits was developed. It is 

from this selection index that breeding decisions will be made. The basic equation for a selection 

index is  

 

 I= bxxx (4.6) 

 

Where I is the selection index 

 bx is the vector of index weighs 

 xx is the vector of genetic information 

 

 Phenotypic BLUP EBVs would be the genetic information available for this index for all 

traits. EBVs should be substituted for all x values in the index. Substituting these into equation 

(4.6) gives 

 

 I= bsxs + bdxd + bmxm (4.7) 
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Where  I is the Index   

 bs is index weight for survival 

 xs is EBV for survival 

 bd is index weight for days to five kilograms 

 xd is EBV for days to five kilograms 

 bm is index weight for maturation 

 xm is EBV for maturation 

 

 Selection index development requires genetic information on all traits involved. Not all 

traits being used in this study were recorded on the particular population, and therefore 

heritability and correlations for some traits were adapted from various other studies done on 

Atlantic salmon production traits. Table 4.1 outlines all heritabilities and correlations adapted 

from the literature. In some instances, information does not exist for traits, particularly traits with 

phenotypic information collected from the population and therefore estimates were made based 

on observations on similar traits from the literature (Bruce Swift, personal communication, 

Gjerde et al., 1994, Powell et al., 2008, Refstie and Steine, 1978, Quinton et al., 2005, Gjerde 

and Schaeffer, 1989) Parts of this table were used for formation of the matrices required for 

index value calculations. 

 

 In order to calculate index weights for the index, three matrices were required. Firstly, G 

contained n genetic covariances among the four economic traits in T. Because EBVs were used 

for evaluation, genetic covariances were used in P, containing m genetic covariances among all 
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three  measured traits in I. Finally, C contained mxn genetic covariances among measured and 

economic traits. 

 

 Covariances were calculated from the heritabilities and correlations outlined in Table 4.1 

as appropriate between traits. Correlations can be calculated as  

 

          
        

    
 (4.8) 

 

And following rearrangement of this equation, covariance could be calculated as  

 

                       (4.9) 

 Appendix C.2 contains all calculations used for covariance calculations from correlations 

collected from various literature sources. 

 

 G were P are symmetrical matrices while C was not. Additionally, because P and C were 

estimates describing covariance among EBVs, and thusly had accuracy associated to them, they 

needed to be adjusted accordingly (as opposed to G, which, containing the genetic traits are 

assumed to be true estimates). It was assumed that EBVs were based off of a single phenotypic 

record, and thus accuracy was simply the square root of the heritability of the trait. Below are the 

covariance matrices required for selection index development. 
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Economic traits (n=4) are ordered survival, maturity, head on weight and days to 5kg. 

Measured traits (m=3) are ordered survival, maturity and days to 5kg 

 

For an optimal index, b were calculated (Hazel, 1943; also described by Wilton et al., 2013) 

 b= P
-1

Cv (4.10) 

 

Where P and C are matrices as previously defined, and v is a vector of economic weights from 

the aggregate genotype, 

 

   v= (114763, 114500, 22119, -111.5) 

 

 The calculated b values were inserted back into the original equation (4.7) to get the final 

selection index 

 I= 319233.0448xs - 260.1115xd + 117437.3737xm (4.11) 

 

 Not only would this selection index maximize genetic gain based on the three traits 

included in the index, but it also maximized profit based on economic traits as well. 
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Discussion 

 Looking at these index values, this index appears to make sense. It is desirable to select 

for higher survival and immature stock, indicated by the positive values for survival and maturity 

traits. Additionally, it is desired to decrease days to 5 kg, and this is represented by the negative 

selection on that trait. This index is a perfect example of selection based on various traits and 

their interactions in the selection index. 

 

 By inserting single trait EBVs for each individual animal into the index, maximal genetic 

gain could be made by comparing animals and selecting those that should produce maximal gain. 

Additionally, this index now takes into account the relationships among traits while assisting in 

selection for the next generation. It was still necessary to improve the index further in order to 

include molecular information. 

 

4.2 Modifying Selection Index to include MAS 

 Significant QTLs were found for sea water weights 1 and 3 as well as weight at Days to 5 

Kg (CHAPTER 3). SNPs were identified for traits besides the preferred indicator trait and thus 

could also be used as indicator traits. A selection index was developed to incorporate all of these 

new weight traits, replacing the single weight trait from the previous index. 

 

Methods 

 These traits were easily incorporated into the selection index equation (4.7) as indicator 

traits, 
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 I= bSxS + bMxM + bOxO + bTxT + bFxF + bdxd (4.12) 

 

Where  I is the Index 

 bS is index weight for survival 

 xS is EBV for survival 

 bM is index weight for maturation 

 xM is EBV for maturation 

 bO is index weight for sea water weight 1 

 xO is allele effect for sea water weight 1 

 bT is index weight for sea water weight 3 

 xT is allele effect for sea water weight 3 

 bF is index weight for weight at days to 5kg 

 xF is allele effect for weight at days to 5kg 

 bd is index weight for days to five kilograms 

 xd is EBV for days to five kilograms 

 

 The same profit function and aggregate genotype were used from the development of the 

previous selection index (equations (4.3) and (4.5) respectively). The same calculation was used 

to calculate index values, similarly to the previous index, including the same G economic trait 

matrix but using a newly created P matrix of m measured traits and C matrix that included the 

newly included indicator traits. Covariances between new indicator traits in P and C were 

estimated from results found by Gjerde et al (1994) due to a lack of information available from 

this population. 
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P*= 

 

 
 
 

                                                                  
                                                            
                                                                  
                                                                  
                                                                   
                                                                        

 
 
 

 

 

   

 

 
 
 

                                           
                                       
                                             
                                            
                                             
                                                

 
 
 

 

 

Economic traits (n=4) are ordered survival, head on fish weight, maturity and days to 5kg. 

Measured traits (m=6) are ordered survival, maturity, sea water weight 1, sea water weight 3, 

weight at Days to 5kg and days to 5kg. 

 

 Covariances were calculated similarly to those for the previous index using equation (4.9) 

and the provided correlations. 

 

 Inclusion of these traits not only incorporated the use of more molecular information in 

addition to the phenotypic information, but it also increased the number of traits indicating a 

larger harvest weight. The new final selection index read 
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 I= 2686846.098xS + 301252.091xM + 239127.309xO + 30250.423xT +1027.192xF + 

 1443.742xd (4.13) 

 

Discussion 

 Looking at this final index shows that all traits are being selected on in a positive manner. 

This makes sense for proportion of fish surviving and immature as with the first index. 

Additionally, this also makes sense for the three weight traits in the index. Positive selection 

means selecting for higher weights. Finally, the value for days to 5 kilos also has positive 

selection. Intuitively, this value should have negative selection, aiming to reduce the days to 5 

kilos, however, this index takes into consideration the relationship between traits, and so it is 

important to bear in mind that while this may be aiming to increase days, it will also result in 

more immature fish surviving to a larger weight, and thus would increase overall yield. This 

should in theory make up for the financial costs associated with keeping fish ins ea water longer. 

 

 This index was intended to be used in conjunction with multiple types of information. 

Survival and maturation would still utilize EBVs as the genetic information. However, the 

additional traits, SWWt1, SWWt3 and WtatDto5kg required the use of a single phenotype record 

for each animal in addition to the marker allele effect for that particular trait. The combined used 

of phenotypic and molecular-based evaluations is an example of MAS to help with selection 

decisions. Although a number of the traits included in this index were not deemed “economically 

important,” by the industry, they were still included because they had been shown to be 

significantly linked to a higher head on filleted weight. It is important to balance the weights 

given to each type of information and the specific QTLs.  
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4.3 Using Molecular EBVs 

Methods 

 A common general model splits the phenotype into its genetic components along with 

effects from the environment as follows 

 P= G + E (4.14) 

 

 where P is the phenotype, G is the genotype and E is the residual environmental effect. In 

marker assisted selection, markers are randomly located across the genome, and these markers 

are either linked to the QTL or they are independent of these loci. According to Dekkers (2007), 

this equation can be further split, in order to account for random partitioning of QTL effects, thus 

equation (4.14) becomes 

 P = (Q + R) + E (4.15) 

 

 where G is now split into Q, representing effects associated with markers by LD and R, 

effects that are independent of marker genotypes.  

 

 Selection on M-EBVs must occur in conjunction with all available phenotypic 

information, as it is highly unlikely that all QTL with effects on traits have been identified. This 

ensures simultaneous improvement of both Q and R components (Dekker, 2007).  

 

 Lande and Thompson (1990) do a particularly excellent job of outlining a method for 

weighting molecular information with phenotypic information. Their first requirement was that a 
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net molecular score, m, be created from the sum of the additive effects associated with a 

particular marker. For selection on a single trait, the selection index became 

 

 I=bzz + bmm (4.16) 

 

Where z is the phenotypic effect, m is the molecular effect and bz and bm are the index weights 

for each. Index weights are calculated using the formula 

 
  

  
 

 
 

  
   

     
 (4.17) 

where h
2
 is the heritability of the trait and p is the proportion of the additive genetic variance 

explained by the marker. 

 

 The above formula is suitable if only one trait is of interest for selection, e.g. the 

preferred indicator trait days to 5kg. However, previous QTL detection (CHAPTER 3) found 

SNPs significantly linked to multiple traits indicative of greater growth in addition to the other 

economically significant traits, survivability and maturation. Therefore, it was necessary to use a 

multi trait selection index. Lande and Thompson (1990) further modified the methods outlined 

above to accommodate multiple traits. 

 

The derived equation for multiple traits was 

 

    
  

   
             

                 
  (4.18) 
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where P and G are the phenotypic and genetic additive variance-covariance matrices, I is the 

identity matrix, M is the variance-covariance matrix of the molecular marker loci and d is the 

vector of relative economic weights (obtained by multiplying the economic value by the genetic 

standard deviation of the trait). 

 

4.4 Prediction of Selection Response with EBVs 

 A selection index is useful for predicting response to selection, as selecting animals will 

not necessarily yield perfect response and genetic improvement. Calculating the response to 

selection is useful for planning breeding systems and to optimize genetic improvement systems 

in addition to providing a standardized system to compare the efficacy of different methods. 

Wilton et al (2013) outlined the steps to calculate the response to selection per generation. 

 

Methods 

The aggregate genotype T responded to selection according to  

 

 ΔT=i rTI σT (4.19) 

 

Where i is selection intensity 

 rTI is the accuracy of the index 

 σT is the standard deviation of T 
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Selection Intensity. 

 As previously mentioned, mating occurred in a 1:1 male to female ratio.  This meant that 

selection intensity for both sexes was the same. Selection intensity is based on the proportion of 

males and females selected for matings. In this case, there were 130 families, with one male and 

one female each chosen from 5000 genotyped fish. Assuming 2500 males and 2500 females, the 

selected proportion p for both sexes was calculated, 

 p = 130/2500 

   =0.052 

   =5.2% 

 

 Therefore, the selection intensity was i= 2.06 (from standard table), for all selection 

indices used. 

 

Accuracy of Selection. 

 The accuracy of the index rTI is calculated as 

 

 rTI= 
   

    
 = 

  

  
 =  

    

    
 (4.20) 

 

where σTI is the covariance between T and I, σT is the standard deviation of T and σI is the 

standard deviation of I. The calculations used are included in Appendix B.3 and B.4. Accuracy 

was calculated for both selection indices developed in this chapter. Table 4.2 outlines and 

compares the results of these calculations. 
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Standard Deviation of Breeding Objective (T). 

 For an optimal index, the variance of the breeding objective equates to 

 

 σ
2

T=v’Gv (4.21) 

 

The standard deviation is simply the square root of the variance, 

 

 σT=      (4.22) 

 

Selection Response. 

 As stated earlier in equation (4.19), selection response is simply the product of selection 

intensity with accuracy of selection index and standard deviation of the breeding objective. For 

each index, selection intensity, accuracy of selection and the standard deviation of the breeding 

objective were calculated as described above and inserted into the selection response equation 

(4.19).  

 

Results 

 The prediction of selection response results are outlined in table 4.1 

 

Discussion 

 Selection intensity remained the same between both selection indices, as did the standard 

deviation of the selection index. The same breeding objective was used for both indices, and so it 

stands to reason that this value would not change. Accuracy and selection response both 
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increased with the inclusion of additional traits. This second index was not representative of the 

improvement brought on by using molecular information- rather; it outlined the improvements 

that could be made by using more traits in the index. However, using molecular information or 

these new traits should theoretically improve results even further.  
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CHAPTER 5- Creating a Comprehensive System Selection Index 

 

 While the selection index developed in the previous chapter was highly useful for the 

current system, improvements could be made which could tailor to a comprehensive system that 

encompassed more traits. This forward thinking system would have accounted for desirable traits 

beyond just those that increased the overall yield of the system and to those that improved the 

quality of the product being sold. Consumers want  high quality product, and improvement on 

those types of traits would ensure continued success with consumers and the salmon market, 

particularly as market values change to further represent these additional qualities. 

 

Methods  

 After communicating with members of the industry to determine the most economically 

important traits, those to be considered in the integrated selection index were outlined in figure 

5.1 

 

 Traits included in the primary selection index developed in CHAPTER 4 would continue 

to be represented in this selection index. The only change was that a direct weight EBV was used 

rather than dto5kg as an indicator of growth. 

 Assuming fish were harvested at 5kg, this weight trait remained constant. Improving 

condition factor required a reduction in condition factor phenotype. With harvest weight 

remaining constant, this required fork length to be increased. This changed fish shape from a 

short, fatter fish to a longer, leaner one.  
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 It has been found that gaping of flesh is highly influenced by management, and is highly 

correlated with temperature after killing (Steve Fukui, personal communication). While gaping 

product will be downgraded, because it is influenced so much by management, it was not 

considered a trait that can be improved through genetics. Additionally, it is not well recorded and 

is suspected of having low heritability. 

 

Profit Function 

 Economically important traits were inserted into the profit equation (4.1).  This new 

function was based on a per fish basis, rather than the per broodstock parent used previously. The 

latter method was ideal for the previous selection index, where selection was designed to 

maximize profit from all offspring of a parent. However, focusing on a per fish basis allowed for 

quality traits to be focused on along with the yield ones used previously. 

 

 NP = [ys ym (yw/y%) ewt (Rgrid)] - (eall + egen) (5.1) 

 

Where NP is the net profit per commercial fish 

 ys is the probability of survival to harvest 

 ym is the probability of immature fish 

 yw is target weight at harvest 

 y% is yield percent of head on gutted to harvest weight 

 ewt is the base price per kilogram for head on gutted weight ($/kg) 

 Rgrid is a grid of proportion of base price paid for product based on colour score and 

 fat content 
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 eall is the cost of raising fish to market weight 

 egen is the cost of genotyping fish 

 

 The mean target fish size for the population was 5kg at harvest weight. Powell et al 

(2008) defined gutted weight percent as gutted weight/harvest weight, with a mean gutted weight 

percent as 89%. Survivability and maturation were both categorical traits and represent a fish 

being either included for profit (by being alive and immature) or not (being either dead or 

mature). Rgrid consisted of price categories for three grades for fillets; premium, standard, and 

utility, each of which were influenced by the quality of the product. Premium prices were full 

price ($10.00/kg), standard was discounted by about 10% ($9.00/kg), while utility varied 

anywhere from 50% to even negative dollars. For this example, 50% was used ($5.00/kg) 

(Richard Finch, Mainstream Canada, personal communication) Meat quality factors would 

influence the price in Rgrid. This was based on the traits colour score and fat content and is 

outlined in Table 5.2. 

 

 For colour, it was judged using the Roche SalmoFan™ into three score categories with 

hypothetical proportions being used with score categories levels 

 

 q5= Pr(<21)= 0.10 

 q6= Pr(22-23)= 0.05 

 q7= Pr(24+)= 0.85 
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 For intramuscular fat content, the hypothetical proportions of fish with different levels of 

fat were 

 

 q8= Pr(<18%)= 0.85 

 q9= Pr(>18%)= 0.15 

 

 The previous proportions were combined to produce a matrix of overall proportions in 

each meat quality category, for use with Rgrid. 

 
          
            
            

  

 

If there were 3000 fish per family, this meant that 3000 x 0.857678= 2573.034 would survive, 

and of these fish, 2573.034 x 0.849649 = 2211.9061 would be immature fish, and therefore can 

be sold. Because fish cannot be partial units, this number was rounded to 2212. 

 

 To get revenues, the total kilograms of fillet in each of the categories was multiplied by 

the price for that category. The target fish size of 5 kg was used as a weight average. Gutted 

weight percent came from Powell et al (2008) to represent the relationship of harvest weight to 

gutted head on weight. 

 

Revenue per fish was calculated by taking the total revenue divided by the total number of fish. 

$60093.96 / 2212 = $27.17 per fish of revenue produced. Substituting this average back into the 

profit function (5.1), 
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 NP = [ys ym (yw/y%) ($10/Kg) (Rgrid)] - $13 (5.2) 

 

 R= [27.17/y%] (5.3) 

 

 Cost calculations remain the same as previously described. It took  $10 to genotype each 

individual fish. It was assumed that one fish would eat $15 worth of feed in sea water. Per single 

fish, this totaled $25 for costs. 

 

The final profit function then equated to 

 

 NP = [ys ym (yw/y%) ($10/Kg) (Rgrid)] - $25 (5.4) 

 

Aggregate Genotype 

 Using equation (4.6) this aggregate genotype would include more traits deemed to be 

economically important, 

 

 T= vsgs + vmgm + vwgw + v%g% + vcgc + vfgf (5.5) 

 

Where T is total genetic merit of individual broodstock fish per year 

 vs is the economic value for survival 

 gs is the genotype for survival 

 vm is the economic value for mature fish 

 gm is the genotype for maturity 
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 vw is the economic value for harvest weight 

 gw is the genotype for harvest weight 

 v% is the economic value for percent yield 

 g% is the genotype for percent yield 

 vc is the economic value for colour score 

 gc is the genotype for colour score 

 vf is the economic value for fat content 

 gf is the genotype for fat content 

 

 The economic values for survival and maturity were calculated with R software 

according to Wilton et al. (2013, Chapter 6 and Appendix 6.1) from the proportions outlined in 

the profit function development.. See appendix B.1 for the R function and data used for these 

calculations. Economic values were 

 

 vs= 0.2250731 

 vm= 0.2229556 

 

 Calculation of economic values for fat, colour and live weight were slightly different. For 

each of these traits, cut offs were used to determine economic values of colour score, fat content 

and harvest weight. Economic values for colour score, fat content and harvest weight were 

calculated. See Appendix A.2 for calculations. 

 

 vf= -0.02380998 
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 vc= 0.001162109 

 vwt= 0.8775107 

 

These economic values were substituted back in the aggregate genotype (5.5) to get  

 

T=0.2250731gs+0.2229556gm+0.8775107gw+v%g% +0.001162109gc - 0.02380998gf (5.6) 

 

 The economic value for gutted percent was calculated by taking the partial derivative of 

NP with respect to gutted percent and substituting population means into all other traits.  

The partial derivative of this equated to 

 

 
   

  
 

     

 
 

 

     
           (5.7) 

 

And so v%= 0.0368053 and could be inserted into the final aggregate genotype, 

 

T=0.2250731gs+0.2229556gm+0.8775107gw+0.0368053g% +0.001162109gc - 0.02380998gf  

  (5.8) 

 

Selection Index 

 The selection index included information on all measured traits. For this system the 

selection index was 

 

 I= bsxs + bmxm + bwtxwt + blxl (5.9) 
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Where  I is the index 

 bs is index weight for survival 

 xs is survival 

 bm is index weight for maturation 

 xm is maturation 

 bwt is index weight for harvest weight 

 xwt is harvest weight 

 bl is index weight for fork length 

 xl is fork length 

 

 For the selection index, phenotypic EBVs should be available at the very minimum for 

genetic evaluation. As research on this species continues, molecular BVs may become available 

on more traits, such as fork length. As before, G, P and C matrices were required. As in 

CHAPTER 4, these genetic correlations were used to calculate covariances as per Equation 

(4.11). 
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Economic traits (n=6) are ordered survivability, maturity, gutted weight, gutted percent, colour 

score and fat content. 

Measured traits (m=4) are ordered survivability, maturity, harvest weight and fork length. 

 

 Similarly to CHAPTER 4, b was calculated for selection index, 

 

 b= P
-1

Cv (5.10) 

 

Where P and C are matrices as previously defined, and v is a vector of economic weights derived 

from the aggregate genotype. Recall v for this system 

 

 v= (0.2250731, 0.2229556, 0.8775107, 0.0368053, 0.001162109, -0.02380998) 

 

See appendix B.5 for b calculations for this index. The index weights calculated were inserted 

back into the original equation to get the final index, 
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 I= 0.865025311xs - 0.802721288xm + 1.179100285xwt + 0.002322046xl (5.11) 

 

 Response to selection, accuracy, and standard deviation of the index were calculated 

using equations (4.19), (4.0) and (4.22). 

 

Results 

 To compare to the previous indices, Table 5.4 outlines the results from Chapter 4 with 

Chapter 5 results added for comparison purposes. 

 

Discussion 

 As is evident from this comparison, the accuracy of this index has increased from the two 

previous indices. In addition, although the response to selection has in fact decreased, it is 

important to bear in mind that this index is based on a per fish basis, rather than the per 

broodstock parents, with profit being based on 3000 fish, rather than an individual. This means 

that in order to compare responses, the response for the third index must theoretically be 

multiplied by 3000 offspring (0.8201865x3000 offspring= 2460.5595) in order to be comparable. 

It is also combining several more traits than the previous indices and thus these values are not 

directly comparable. Although it is in fact less responsive than when the previous breeding 

objective was used, it is improving stock in a different way with the second breeding objective, 

aiming to improve on quality traits as well as quantity. 

 

 It is interesting to note that for this analysis, selection on maturity was negative, which is 

contradictory to the desired outcome. It is desired to have increased maturity, as was 
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demonstrated in the previous two indices. In this case, the decrease in profits resulting from the 

decrease in maturity status would be offset by profits produced from the increased quality of the 

final product. This is an example of the effects that genetic correlations have on these selection 

systems. The decrease in desired phenotype would not necessarily mean a decrease in profits, but 

rather is using the genetic interactions to allow for profit to be made on different traits by 

sacrificing some of the profits made on non-grilse products.  
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CHAPTER 6- General Discussion 

 

 As it has been demonstrated, the principles and methods used to develop breeding 

programs for other commercial livestock species can also be applied to Atlantic salmon. 

Although there are a few limitations to using these methods for this species they are still 

effective and show vast potential for improvement. Developing the previous selection indices 

demonstrated how the correct tools can be used to incorporate newly discovered data such as 

molecular markers into effective methods for this species. Use of these programs can impact the 

efficiency of breeding by providing a systematic approach to making selection decisions. 

However, these programs rely on the identification of key differences in phenotype so that an 

ideal organism can be identified. 

 

Genome Duplication 

 An issue which is of great concern, particularly to salmonid genetics is the 

tetraploidization event in salmonid evolution. A whole genome duplication event is believed to 

have occurred in the evolution of salmonid species, including Atlantic salmon. This event is 

believed by Allendorf and Thorgaard (1984) to have occurred 25 to 100 million years ago. 

Although this recent duplication event makes species such as the Atlantic salmon ideal for 

studying the effects of these types of events (Hayes et al., 2007) it may sometimes prove to be an 

issue with recombination rates and heterozygosity. Extreme heterozygous excess may result from 

this genome duplication, as is proposed by Hayes et al. (2007) with the discovery of 12 validated 

SNPs showing extreme excess. Although these issues may prove to be problematic, it is possible 

to work around them, finding ways to avoid and fix and problems which do arise. 
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 While preparing the linkage map for use with family data, some SNPs were duplicated on 

two chromosomes, indicated by the same SNP ID. In this case, SNPs were assigned to the first 

numerical linkage group and not included in the second. This meant that there was a possibility 

that a QTL on the second linkage group may not have been identified as being associated to this 

particular SNP on the second chromosome to which it was located. It is possible that a link to a 

SNP on the second chromosome was missed when the duplicated chromosome was not 

associated to the SNPs. Following final identification of significant SNPs, this seemed like a 

plausible possibility, given that all but one identified SNPs was located in linkage group 2, which 

is believed to be duplicated in chromosome 5. It is possible that a reanalysis of the data with 

duplicated SNPs associated to their second linkage group might yield additional significant 

results, possibly on linkage group 5. 

 

QTL Identification 

 Hayes et al. (2006) mentioned that the key to QTL analysis is to ensure that it can be 

applied to the current Atlantic salmon population structure. As previously stated, the current 

structure has very few offspring analysed per family (an average of 35 fish per family) making 

QTL detection rather difficult. To ensure that QTL analysis can be effectively applied to Atlantic 

salmon, it must be ensured that there are enough offspring being genotyped and that marker 

evaluations are accurate so that they may accurately detect traits of importance. 

 

 Following the initial analysis, there were a number of SNPs in all 6 trait categories that 

were significant with probF<0.01 following ANOVA, as well as some that were suggestive at 

probF<0.05. However after false discovery rate (FDR) was run in order to account for multiple 

comparisons, that number was greatly reduced. Using a genome wide variant along with a 
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chromosome wide variant test allowed for further classification of SNP effects. Following this 

FDR analysis of results, selection of SNPs with FDR values below 0.1 occurred and procured 

only two SNPs that were significantly linked to major QTL on a chromosome wide level. 

 

 The two SNPs indentified to have a significant effect on SwWt1 were SNP5175 and 

SNP5178. They are located only three relative positions away from each other. Being that these 

two identified SNPs are so close together, it would suggest that they are both linked to the same 

QTL with an effect on this stage of growth. 

 

 These SNPs differed from the ones found by Gutierrez et al (2012), although Gutierrez 

has identified by association analysis, SNP 5175 as a potential SNP with an effect on growth 

(unpublished data). However, both initial analyses did not yield similar results and thus it was 

required to investigate these discrepancies. 

 

 There are a few possible reasons for the discrepancy between studies. Gutierrez et al 

(2012) used two methods to identify significant SNPs; a full sib method in addition to a half sib 

method. This study did not take into consideration the half sib nature of sibs, but rather just their 

full sib nature. 

 

Class Effects 

 Initially, estimates and ANOVA were calculated on each SNP with only “family” used as 

a class effect, taking into account the full sib nature of each family. Because all families were 

between one male and one female only, each family comprised entirely of full sibs and it was 
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assumed that there was no relation between families used in the study. One major consideration 

that was soon accounted for was the addition of additional class effects. Sex and maturity status 

in particular should be considered as possible class effects, as males often grow faster than 

females, and maturity status can have a profound effect on growth. This was addressed following 

the analysis of SNPs using only family and resulted in a second analysis. 

 

 As previously stated, grilse fish experience a growth spurt before sexual maturation 

(Gjerde et al, 1994).  This evidence supported the decision to include maturation status as an 

additional variable. The structure used to include maturation was a unique one. In this data set, 

there were five possible maturation ages; precocious, grilse, sea winter 2, sea winter 3 and 

unknown. Precocious fish did not survive to be reared in sea water, and therefore did not procure 

any further records. In the case of unknown status, the sex of these fish was undetermined or the 

fish suffered fatalities before records could be made, and these fish were excluded. Therefore, 

the three maturity statuses of most concern were grilse, sea winter 2 and sea winter 3. Grilse fish 

were the individuals that matured early and would bring undesirable traits which would decrease 

meat quality. They were also the ones that experienced a growth spurt, and could potentially 

throw off identification of significant SNPs to a legitimate growth pattern. Therefore, these grilse 

fish were included in their own maturation category with precocious (of which there was a single 

precocious fish in the entire data set being analysed), while all other fish were grouped in another 

category. This easily segregated those fish that experienced a growth spurt from those who 

progressed normally, allowing the ANOVA analysis to mimic normal biological patterns, 

identifying SNPs with a significant effect on normal growth patterns in addition to the spurts 

associated with sexual maturation. Table 3.2 in Chapter 3 shows the SNPs identified to have an 
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effect on growth and their specific ID. These IDs can be used to investigate the genes associated 

to the SNPs. Once genes are identified, one can investigate the purpose of those genes. 

 

BLAST Search 

 Table 6.1 outlines all SNPs that were BLASTed to a particular protein within the genome 

of other species. Although there is no direct link to growth, it is possible to make inferences 

based on the function of associated proteins. 

 

 SNP 585 is associated to a molecular chaperone in bos Taurus (the bovine), proven to 

assist with the folding of proteins during ATP hydrolysis 

(http://www.uniprot.org/uniprot/Q3ZBH0 Accessed April 2013) and actin and tubulin folding in 

vitro, among other things. These constructive processes are normal for fully functional cells and 

are necessary for all living organisms. It would be safe to conclude that normal growing 

organisms would be required to be fully functional in these pathways.  

 

 As seen in Table 6.1, SNP 444 is associated to Tax1-binding protein 1 homolog in mice. 

According to (http://www.uniprot.org/uniprot/Q3UKC1 Accessed April 2013) this protein is 

shown to inhibit TNF induced apoptosis. Tumour necrosis factor (TNF) is a cytokine associated 

to innate immunity and causes death of many different cell types (Kuby Immunology, 2007). 

Logically, it makes sense that a healthy organism would experience fewer pathways typical of 

both innate and adaptive immunity, and thus inhibition of these types of destructive pathways 

would be associated with a healthier, stronger growing organism. A desirable phenotype for this 

would be one with a lower TNF response, and thusly higher expression of this Tax1-binding 

http://www.uniprot.org/uniprot/Q3ZBH0
http://www.uniprot.org/uniprot/Q3UKC1
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protein 1 homolog. Being that the 3 3 genotype has a higher BV value associated with weight, it 

can be hypothesized that this genotype would be associated with higher levels of this particular 

protein and would warrant further research into the association of this QTL with a particular 

phenotype. 

 

BV Calculations 

 Following identification for significant SNPs, calculating breeding values (BV) for 

identified SNPs can be useful for selection purposes. It gives a useful indication of the 

effectiveness of potential parents as broodstock. Calculating the BVs for the identified SNPs was 

simple. After calculating allele frequencies p and q from the population and collecting a and d 

values from the estimates provides by SAS software, calculating the average allele effects was 

relatively simple. It was problematic when several SNPs had only one homozygous genotype 

present in the population. This meant that a d value was not estimated for that SNP location and 

subsequent BV calculations could not be completed accurately. However, those that were 

calculated proved to be very useful for selection purposes. They clearly indicate which genotype 

is ideal for increased growth.  

 

 Of all the SNPs identified, only a handful of them were fully informative. SNPs 416 and 

418 were both indicated to have a significant association for both sea water weight 3 and weight 

at days to 5 kg. For both traits, they had associated BVs that were almost identical to one 

another.  For both traits, the homozygous 1 1 genotype was ideal, resulting in a higher breeding 

value for weight at those loci. It is interesting to note that the allele frequencies for these two 

traits were also practically identical, suggesting that these two loci were linked to one another. 
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Further evidence of this association was found when sequences were BLASTed and the two 

SNPs were associated to the same contig. A close SNP, number 457 was also fully informative. 

Its BV however worked against that of SNPs 416 and 418, with homozygous 3 3 being the ideal 

genotype candidate. The final fully informative marker for sea water weight 3 was SNP 3057, 

located in chromosome 12. Homozygous 1 1 was the ideal breeding genotype at this locus. 

 

 The three markers fully informative for the trait weight at days to five kg were SNP 416, 

SNP 418 and SNP 444. Similarly to sea winter weight 3, SNPs 416 and 418’s ideal genotype was 

homozygous 1 1. SNP444, similarly to SNP457 for SwWt3, was ideal with genotype 3 3. All of 

these values are greatly useful when combined with phenotypic information for each trait for use 

in a breeding program. 

 

Selection Index Development 

 Developing a breeding program that can be used with this molecular information proved 

rather difficult. Currently there is little research done on Atlantic salmon breeding objectives. 

Although there are various studies investigating varied aspects of particular traits, there is no 

inclusive study investigating the interaction of all traits of interest to a breeding program. This 

means that although there may be information available for weight or flesh traits, there is little to 

no information about how these traits interact with one another. This proves problematic when it 

comes to steps such as developing the selection index. Covariances among traits are often not 

available, and so matrix algebra is unable to calculate accurate index values. Although this study 

used estimates of covariances and sometimes heritability, they were not completely accurate and 
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could benefit greatly from further research into these values for this species. However, currently 

it provides an outline of methodology and allows for serious improvement. 

 

 While developing the profit function for a basic selection index, a few assumptions had to 

be made. First it was assumed that commercial aquaculture facilities were being paid solely on 

weight of fish produced. Other factors such as colour and flesh quality were not considered to 

have an impact on the value of each fish. Also, it was assumed that mature fish were of no value. 

Instead, revenue was created solely on immature fillets, as flesh quality of mature fish was not 

ideal. These assumptions allowed for a very simple model to be utilized on which further 

development of the selection index can be made. 

 

 The aggregate genotype was easily calculated from the previous profit function. 

Economic values for proportions of fish mature and that don’t survive could easily be calculated 

for this population using the data given. The calculated economic values do appear to make 

sense.  

 

 Lastly, the selection index was developed. This proved rather difficult owing to the lack 

of information available between traits. While conservative estimates were used for this study, as 

more information becomes available, it can easily be inserted in to replace estimated values to 

produce a more accurate index. For this index, single trait  EBVs were assumed for selection 

purposes. Molecular markers allowed for a more accurate estimate and so their incorporation into 

an index such as this allowed for more accurate selection to occur. 
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 Modifying the selection index to include molecular information required addition of a 

few indicator traits. No SNPs were identified to be significant with the weight indicator trait days 

to 5kg. However, several SNPs were identified following ANOVA analysis for sea water 

weights 1 and 3 as well as weight at days to 5kg. Therefore these traits needed to be added to the 

index in order to exploit this information. Normally, molecular information could be added as 

outlined by Dekkers (2007) and Lande and Thompson (1990) and as mentioned in CHAPTER 4, 

section titled “Modifying selection Index to include MAS,” however, because the traits which 

have molecular information are not already included in the index, they must be added. Once this 

is done, the molecular information can be exploited by the methods used. The phenotype could 

be used in conjunction with the molecular information, however since none of these traits were 

initially used as an indicator of weight, the molecular information is added to ensure better 

breeding decisions are made. 

 Table 6.2 outlines all traits involved in the two aggregate genotypes and three selection 

indexes included in this study. 

 

Response to Selection 

 Calculating the response to selection can be useful to help quantify the efficacy of a 

breeding program. When utilizing traits which have molecular information available it is seen 

that the accuracy and response to selection both increase. As outlined in Table 4.1, inclusion of 

traits with molecular information helped to increase not only the response to selection, but also 

the accuracy of the selection program.  Despite these increases being minute, they were still an 

encouraging result, and further research to accurately estimate heritability, correlations and 

effects of all these traits would allow for further improvement of these systems.  
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Selection Index for Integrated System 

 An additional breeding objective and subsequent selection index were developed in order 

to present a more comprehensive alternative to the current system design. This index included a 

more integrated system model, and included flesh quality traits in addition to the growth and 

maturation traits included previously. This allowed for breeding programs to improve the quality 

of flesh being produced along with the amount being produced. Consumers will pay more for a 

higher quality product, so including these traits appears to be of economic benefit. 

 

 The same assumption assuming mature fillets do not receive monetary compensation was 

applied. If mature fillets were to receive money, this new profit function would have required a 

much more complex model, including a “three dimensional” grid for price paid for fillets. When 

you assume that mature fillets do not get compensated, you can easily assign a price grid of 

colour and fat content to immature fillets. These qualities affect meat quality and are often 

judged by the consumer. Including them in the index allowed for improvement to be made on 

these traits which may become increasingly important as competition with other suppliers 

intensifies. Another trait included in this index was gutted percent. This is a yield trait which 

indicates the percent left after gutting has occurred (but before head removal). Improving this 

yield theoretically improves upon weight traits, reducing the amount of waste taken off before 

being sold by weight. Including these traits created a selection index which was significantly 

more inclusive of traits considered to be important and would create a truly superior product. 
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Uniformity between studies 

 A huge hurdle which prevents effective development of breeding programs is the lack of 

uniformity between QTL detection studies in Atlantic salmon. Using SAS software here at the 

University of Guelph we initially identified two individual SNPs significantly associated solely 

with growth at Sea water weight 1. According to the linkage map from Lien et al (2001) these 

SNPs are only 3 spots away from each other, suggesting linkage to the same QTL influencing 

growth. Contrary to this minute discovery, the group at Simon Fraser University in Burnaby, 

B.C., identified genome wide significant QTL on six chromosomes in addition to several other 

chromosomes containing suggestive and significant QTL. Following the initial results from 

University of Guelph, a second analysis discovered new significant SNPs that were not identified 

in the previous analysis. These SNPs included maturity status as well as family as class effects. 

None of the SNPs identified by Gutierrez et al (2012) were the same to the ones discovered at 

University of Guelph during either analysis. Being these are the only two studies known of this 

kind, the lack of uniformity between results shows a lack of overall uniformity between 

identification of QTL in the Atlantic salmon genome. 

 

 The most probable explanation for the difference in results between this study and that 

conducted by Gutierrez et al (2012) is the difference in software programming used for the QTL 

analyses. SAS software was used here at the University of Guelph, analysing QTL using 

ANOVA, and initially using solely family for the class effect. At SFU however, GridQTL was 

used, and data was analysed using two methods- a sib-pair model and a half-sib model. These 

were also conducted using all informative markers in each family separately, as well as all 
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informative markers over all families. In contrast, only informative markers for all families were 

using in the SAS software analysis at U of G.   
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CHAPTER 7- Conclusions and Recommendations 

 

7.1 Conclusion 

 It is evident that Atlantic salmon aquaculture is vitally important to British Columbia’s 

economy. Improving the structure and function of this industry will allow it to maintain the 

highest standards and functionality. The breeding population is already well established from 

previous strains of salmon, including the Mowi strain from Norway, and the Cascade strain from 

Quebec, Canada. Within this population, the genetic variance allows for selection of 

economically important traits to occur. Different kinds of markers can be highly useful for 

selection purposes. SNPs are perhaps the most useful, identifying single base pair polymorphism 

in the Atlantic salmons’ DNA sequence. These SNPs can be applied to QTL analysis of 

economically significant traits, using a variety of methods, including marker or genome-wide 

assisted selection. Knowledge of animal breeding and selection practices of other livestock 

species is highly beneficial for developing and applying them to the Atlantic salmon.  

 

 This project aimed specifically to implement a marker assisted selection process, 

developing the tools necessary for this type of system. Identification of significant SNPs is key to 

utilizing this system in an efficient way. Although varying results were found for these SNPs, it 

indicated that there was significant information available for this system and further research 

would be of benefit to these tools and their development. As Gutierrez et. al. continue to 

investigate molecular information for this broodstock their results can be integrated into the 

above developed system. The SNPs identified in this study (Table 3.1, Table 3.2) suggested 

multiple loci influenced a strong growth curve for these polygenic traits and larger final weight 
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and should be considered when making selection decisions. Although this differed from current 

indices used in commercial Atlantic salmon production, inclusion of these traits is easily adapted 

to current systems. 

 

 This study successfully used statistical analysis to identify regions of the Atlantic salmon 

genome that were associated to increased growth traits for salmon production. Identifying these 

markers means that this type of information can be incorporated into selection programs that can 

ensure that salmon production continues as efficiently as cost effectively as possible. Identifying 

these molecular markers also makes production more time efficient, allowing producers to make 

selection decisions sooner, because they don’t have to wait for broodstock to express the ideal 

phenotypes, but rather they can select using molecular markers that are proven to be linked to 

higher growth at a much younger age. This information was successfully incorporated into EBVs 

when possible for use in selection programs.  

 

 Creating an index for breeding purposes that utilizes molecular information had been 

shown to follow a stepwise developmental process. A basic index serves purpose as a starting 

point for expansion with information that continues to become available that is helpful to 

selection programs. The first index developed for this study was a very rudimentary one, using 

phenotypes of the traits survivability, days to 5Kg and maturation. The final selection index 

following development of the profit function and aggregate genotype read as 

 

   I= 319233.0448xs - 260.1115xd + 117437.3737xm 
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 This starts as a basic index on which to add additional information. Single trait EBVs 

were used for information in this index. This index was very basic, however it would still be 

helpful to the industry by effectively ensuring progress is made for growth and maturation 

patterns. 

 

 One way to enhance this first selection index would require the use of molecular markers. 

SNPs which have been identified to be significantly linked to growth QTLs can be used to as 

molecular markers in conjunction with the phenotypes that would be used in the first index. In 

this study, three additional traits were found to have at least one novel SNP significantly linked 

to QTLs.  Although additional traits are used, they are easily incorporated into the index. Using 

the molecular information identified in this study, the new selection index read as 

I= 2686846.098xS + 301252.091xM + 239127.309xO + 30250.423xT +1027.192xF + 1443.742xd 

  

 This new index successfully incorporated three indicator traits in addition to the previous 

traits; sea water weights 1 and 3 as well as weight at days to 5 kg.  Each of these traits was 

shown to be significantly linked to QTLs with an effect on body weight and thus the final fillet 

weight, securing their inclusion in the selection index. This new selection index ensures the 

incorporation of molecular information, increasing effectiveness of a selection program.  

 

 Development of the previous selection index did have some drawbacks. Most 

importantly, it lacked various traits that can also be economically important. These traits 

included those that contribute to fillet condition and flesh quality. It was suggested that 

incorporating these traits would help to greatly improve net profit by catering to the preferences 
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of consumers, particularly as market trends change to reflect these preferences. Another selection 

index was created using information from a more comprehensive system, utilizing information 

on more traits for a wider indication of types of traits. The third and final index in this project 

became 

 

  I= 0.865025311xs - 0.802721288xm + 1.179100285xwt + 0.002322046xl 

 

 This index used traits which are currently measured on fish populations as direct as well 

as indicator traits for other traits considered important in terms of economics. By using an index 

similar to this one, Atlantic salmon production can product not only a high yield, but increasing 

growth and thus fillets, but also the quality, catering to consumers that demand a high quality 

product. 

 

 We aimed to develop a program which can be applied to commercial Atlantic salmon 

production in British Columbia. Following the detection of significant QTL for polygenic growth 

traits, a selection index was developed to utilize EBV information. An enhance index was then 

developed that takes advantage of the detected QTL information. Finally, a comprehensive, 

forward looking selection index was developed that included additional traits to improve market 

and product quality. These steps allow for a cumulative process from which British Columbia 

Atlantic salmon production can remain internationally competitive. 
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7.2 Recommendations 

 While it was possible to create a basic selection index for commercial aquaculture 

production, there were several recommendations which could be made that would aid with 

further progress and development not only of Mainstream Canada’s own breeding program, but 

for commercial Atlantic salmon research worldwide. These recommendations focused mainly on 

providing a more diverse amount of information available for molecular studies and breeding 

program development as well as optimizing the methods for using available information. 

 

 One way in which development can be greatly aided is with the collection of more 

diverse types of data. There is a lack of information on other types of traits available for selection 

index development; currently data is collected mainly on weight and maturation traits. These 

traits are highly important, and assist in developing effective breeding programs. However, in the 

interest of improving multiple traits, information should be collected and available on more 

traits. Information on flesh quality traits such as colour and fat content, as well as more 

conformation traits such as fork length are possible to collect. Recording these traits provides a 

more diverse phenotypic profile for each fish. In addition, because these traits can only be 

recorded post-humously, identifying molecular markers is of greater value, so that fish can be 

selected for these traits without first having to kill them. These traits can all be analysed for 

genetic association and utilized in an integrated breeding program such as the one developed in 

Chapter 5. Many studies have collected these types of information for research (Gjerde and 

Gjedrem, 1984, Gjerde and Schaeffer, 1989, Gjedrem, 1997, Powell et al., 2008,Quinton et al., 

2005, Rye and Gjerde, 1996, Rye and Refstie, 1995) with success. Keeping records on these 

traits would be greatly useful to development of breeding programs not only by providing 
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phenotypes for the traits but also by allowing heritabilities and correlations to be estimated and 

used, as well as molecular information. 

 

 Mainstream Canada had stated that they prefer to use Days to 5Kg as indicator of weight 

in their breeding program. However, for an integrated system selection index, it is suggested that 

using an actual body weight EBV rather than days to 5Kg would more accurately determine 

economic rankings. This allows for further traits related to body size to be ranked along with 

body size. Using a time measurement for body size does not allow this same tandem ranking. 

Using a direct harvest weight breeding value would allow for better utilization of an integrated 

system model for breeding programs. This model included traits on flesh quality in addition to 

yield traits, ensuring that fish were being selected on quality in addition to quantity. 
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Appendix A- SAS software Scripts for Data Analysis 

 

1. SAS software script for master CSV file formation, Chapter 3. 

**** SALMON GENOTYPES DATA SETUP  **************************************; 
*** INPUT LINKAGE MAP ********************************; 
data linkmap; 
 length SNP_ID $50 Class $6 Chr $6 dbSNPac $20;  
    infile "D:\MireilleMainStorage\School Work\M.Sc Materials\SAS Files\SecondAttempt\linkMap.csv" delimiter=',' 
dsd missover firstobs=2 ; 
    input SNP_ID $ Class $ Chr $ No Fmap Mmap Meioses dbSNPac $ order; 
    proc sort data=linkmap; by SNP_ID; 
    *proc print data=linkmap; 
 run; 
*** INPUT FAMILY 1 GENOTYPING DATA ***;     
data gtypefam1; 
 length SNP_ID $50 ;  
    infile "D:\MireilleMainStorage\School Work\M.Sc Materials\SAS Files\SecondAttempt\1Geno.csv" delimiter=',' 
dsd missover firstobs=4 ; 
    input SNP_ID $ Fish01-Fish52; 
    proc sort data=gtypefam1; by SNP_ID; 
    *proc print data=gtypefam1; 
*** MERGE LINKAGE MAP & FAMILY 1 GENOTYPES ***;     
data mergfam1; 
 merge linkmap gtypefam1; by SNP_ID; 
 if order=. then delete; 
 proc sort; by order SNP_ID; 
 *proc print data=mergfam1; 
  *var order SNP_ID Fish01-Fish10;     
 proc transpose data=mergfam1  
  out=mergfam1t (rename=(_name_=fishno col1-col5918=snp1-snp5918)); 
  var Fish01-Fish52; 
data snpfam1; 
 set mergfam1t; 
 family=1; 
 proc sort; by family fishno;  
 *proc print data=snpfam1; 
  *var family fishno snp1-snp20; 
  *run; 
  *** INPUT FAMILY 2 GENOTYPING DATA ***;     
data gtypefam2; 
 length SNP_ID $50 ;  
    infile "D:\MireilleMainStorage\School Work\M.Sc Materials\SAS Files\SecondAttempt\2Geno.csv" delimiter=',' 
dsd missover firstobs=4 ; 
    input SNP_ID $ Fish01-Fish64; 
    proc sort data=gtypefam2; by SNP_ID; 
    *proc print data=gtypefam2; 
*** MERGE LINKAGE MAP & FAMILY 2 GENOTYPES ***;     
data mergfam2; 
 merge linkmap gtypefam2; by SNP_ID; 
 if order=. then delete; 
 proc sort; by order SNP_ID; 
 *proc print data=mergfam2; 
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  *var order SNP_ID Fish01-Fish10;     
 proc transpose data=mergfam2  
  out=mergfam2t (rename=(_name_=fishno col1-col5918=snp1-snp5918)); 
  var Fish01-Fish64; 
data snpfam2; 
 set mergfam2t; 
 family=2; 
 proc sort; by family fishno;  
 *proc print data=snpfam2; 
  *var family fishno snp1-snp20; 
  *run; 
  *** INPUT FAMILY 3 GENOTYPING DATA ***;     
data gtypefam3; 
 length SNP_ID $50 ;  
    infile "D:\MireilleMainStorage\School Work\M.Sc Materials\SAS Files\SecondAttempt\3Geno.csv" delimiter=',' 
dsd missover firstobs=4 ; 
    input SNP_ID $ Fish01-Fish46; 
    proc sort data=gtypefam3; by SNP_ID; 
   * proc print data=gtypefam3; 
*** MERGE LINKAGE MAP & FAMILY 3 GENOTYPES ***;     
data mergfam3; 
 merge linkmap gtypefam3; by SNP_ID; 
 if order=. then delete; 
 proc sort; by order SNP_ID; 
 *proc print data=mergfam3; 
  *var order SNP_ID Fish01-Fish10;     
 proc transpose data=mergfam3  
  out=mergfam3t (rename=(_name_=fishno col1-col5918=snp1-snp5918)); 
  var Fish01-Fish46; 
data snpfam3; 
 set mergfam3t; 
 family=3; 
 proc sort; by family fishno;  
 *proc print data=snpfam3; 
  *var family fishno snp1-snp20; 
  *run; 
*** INPUT FAMILY 4 GENOTYPING DATA ***;     
data gtypefam4; 
 length SNP_ID $50 ;  
    infile "D:\MireilleMainStorage\School Work\M.Sc Materials\SAS Files\SecondAttempt\4Geno.csv" delimiter=',' 
dsd missover firstobs=4 ; 
    input SNP_ID $ Fish01-Fish47; 
    proc sort data=gtypefam4; by SNP_ID; 
    *proc print data=gtypefam4; 
*** MERGE LINKAGE MAP & FAMILY 4 GENOTYPES ***;     
data mergfam4; 
 merge linkmap gtypefam4; by SNP_ID; 
 if order=. then delete; 
 proc sort; by order SNP_ID; 
 *proc print data=mergfam4; 
  *var order SNP_ID Fish01-Fish10;     
 proc transpose data=mergfam4  
  out=mergfam4t (rename=(_name_=fishno col1-col5918=snp1-snp5918)); 
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  var Fish01-Fish47; 
data snpfam4; 
 set mergfam4t; 
 family=4; 
 proc sort; by family fishno;  
 *proc print data=snpfam4; 
  *var family fishno snp1-snp20; 
  *run; 
*** INPUT FAMILY 5 GENOTYPING DATA ***;     
data gtypefam5; 
 length SNP_ID $50 ;  
    infile "D:\MireilleMainStorage\School Work\M.Sc Materials\SAS Files\SecondAttempt\5Geno.csv" delimiter=',' 
dsd missover firstobs=4 ; 
    input SNP_ID $ Fish01-Fish67; 
    proc sort data=gtypefam5; by SNP_ID; 
    *proc print data=gtypefam5; 
*** MERGE LINKAGE MAP & FAMILY 5 GENOTYPES ***;     
data mergfam5; 
 merge linkmap gtypefam5; by SNP_ID; 
 if order=. then delete; 
 proc sort; by order SNP_ID; 
 *proc print data=mergfam5; 
  *var order SNP_ID Fish01-Fish10;     
 proc transpose data=mergfam5  
  out=mergfam5t (rename=(_name_=fishno col1-col5918=snp1-snp5918)); 
  var Fish01-Fish67; 
data snpfam5; 
 set mergfam5t; 
 family=5; 
 proc sort; by family fishno;  
 *proc print data=snpfam5; 
  *var family fishno snp1-snp20; 
  *run; 
*** INPUT FAMILY 1 PHENOTYPIC DATA ***; 
data ptypefam1; 
 length ID Pit Maturity $15 ;  
    infile "D:\MireilleMainStorage\School Work\M.Sc Materials\SAS Files\SecondAttempt\1Pheno.csv" delimiter=',' 
dsd missover firstobs=2 ; 
    input fishno $ ID $ Pit $ Sire Dam ImpWt SWWt1 SWWt2 SWWt3 Maturity $ Dto5kg WtatDto5kg sex $ Sample; 
    family=1; 
    proc sort data=ptypefam1; by family fishno; 
    *proc print data=ptypefam1; 
 *run; 
 *** INPUT FAMILY 2 PHENOTYPIC DATA ***; 
data ptypefam2; 
 length ID Pit Maturity $15 ;  
    infile "D:\MireilleMainStorage\School Work\M.Sc Materials\SAS Files\SecondAttempt\2Pheno.csv" delimiter=',' 
dsd missover firstobs=2 ; 
    input fishno $ ID $ Pit $ Sire Dam ImpWt SWWt1 SWWt2 SWWt3 Maturity $ Dto5kg WtatDto5kg sex $ Sample; 
    family=2; 
    proc sort data=ptypefam2; by family fishno; 
    *proc print data=ptypefam2; 
 *run; 
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 *** INPUT FAMILY 3 PHENOTYPIC DATA ***; 
data ptypefam3; 
 length ID Pit Maturity $15 ;  
    infile "D:\MireilleMainStorage\School Work\M.Sc Materials\SAS Files\SecondAttempt\3Pheno.csv" delimiter=',' 
dsd missover firstobs=2 ; 
    input fishno $ ID $ Pit $ Sire Dam ImpWt SWWt1 SWWt2 SWWt3 Maturity $ Dto5kg WtatDto5kg sex $ Sample; 
    family=3; 
    proc sort data=ptypefam3; by family fishno; 
    *proc print data=ptypefam3; 
 *run; 
 *** INPUT FAMILY 4 PHENOTYPIC DATA ***; 
data ptypefam4; 
 length ID Pit Maturity $15 ;  
    infile "D:\MireilleMainStorage\School Work\M.Sc Materials\SAS Files\SecondAttempt\4Pheno.csv" delimiter=',' 
dsd missover firstobs=2 ; 
    input fishno $ ID $ Pit $ Sire Dam ImpWt SWWt1 SWWt2 SWWt3 Maturity $ Dto5kg WtatDto5kg sex $ Sample; 
    family=4; 
    proc sort data=ptypefam4; by family fishno; 
    *proc print data=ptypefam4; 
 *run; 
 *** INPUT FAMILY 5 PHENOTYPIC DATA ***; 
data ptypefam5; 
 length ID Pit Maturity $15 ;  
    infile "D:\MireilleMainStorage\School Work\M.Sc Materials\SAS Files\SecondAttempt\5Pheno.csv" delimiter=',' 
dsd missover firstobs=2 ; 
    input fishno $ ID $ Pit $ Sire Dam ImpWt SWWt1 SWWt2 SWWt3 Maturity $ Dto5kg WtatDto5kg sex $ Sample; 
    family=5; 
    proc sort data=ptypefam5; by family fishno; 
    *proc print data=ptypefam5; 
 *run; 
*** COMBINE ALL SNP DATA TO ONE SET TO BE MERGED WITH PHENOTYPES ***; 
data snpall; 
 set snpfam1 snpfam2 snpfam3 snpfam4 snpfam5; by family fishno; 
 proc print data=snpall;  
  var family fishno snp1-snp20; 
 run; 
*** COMBINE ALL PHENOTYPIC DATA ***; 
data phenall; 
 set ptypefam1 ptypefam2 ptypefam3 ptypefam4 ptypefam5; by family fishno;  
 proc print data=phenall; 
run;  
*** MERGE SNP AND PHENOTYPE DATA BY FAMILY, FISHNO ***; 
data all; 
 merge snpall phenall; by family fishno; 
 proc print data=all; 
  var family fishno ID ImpWt SWWt1 SWWt2 SWWt3 Maturity $ Dto5kg WtatDto5kg Sire Dam 
snp1-snp5; 
 proc means; by family; 
  var ImpWt SWWt1 SWWt2 SWWt3 Dto5kg WtatDto5kg; 
 proc chart; by family; 
  hbar ImpWt SWWt1 SWWt2 SWWt3 Dto5kg WtatDto5kg; 
 proc plot; by family; 
  plot (SWWt1 SWWt2 SWwt3)*ImpWt; 
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 proc freq;  
  tables family*Maturity; 
run;*/ 
*** OUTPUT TO CSV FILE FOR GORD ***; 
data allout; 
 set all; 
 file "D:\MireilleMainStorage\School Work\M.Sc Materials\SAS Files\SecondAttempt\allfile.csv" 
lrecl=18500 delimiter=","; 
 put family fishno ID Dam Sire ImpWt SWWt1 SWWt2 SWWt3 Maturity $ Dto5kg WtatDto5kg sex $ snp1-
snp5918; 
run; 
 

2. SAS software script for Estimate and ANOVA calculations, Chapter 3 
/*macro to loop through snps   
*1)n has to be set to number of snp in data file   
*2)trait  set to rwt 
*    
*/  
%macro glm_snp; /* begin macro*/ 
%do i = 1 %to 5918; 
Data Gall; merge all(keep=ID SNP&i in=s1) Gall(in=s2); by ID; 
if s1 & s2; 
if SNP&i= ' ' then SNP&i = '0 0'; 
run; 
proc glm data=Gall ; 
class SNP&i; 
model Resid= SNP&i/solution; 
ods output ParameterEstimates=est&i ; 
ods output ModelANOVA=anov&i ; 
run; 
proc append base=est_snp data=est&i force; 
proc append base=anova_snp data=anov&i force; 
data est_snp;length Parameter $13.; set est_snp;run; 
%end; 
%mend; /*end macro*/ 
ODS Listing Close; 
data all; length ID $13.;  
infile 'D:\MireilleMainStorage\School Work\M.Sc Materials\SAS Files\SecondAttempt\allfile.csv' dsd dlm=',' 
lrecl=18000 missover ; 
input family Fishno $ ID $ Sire Dam ImpWt SWWt1 SWWt2 SWWt3 Maturity $ Dto5kg WtatDto5kg sex $ (SNP1-
SNP5918) ($); 
proc sort ; by ID; 
proc mixed ; 
 class family ; 
 model WtatDto5kg= / outp = Gall; 
 random family ; 
 run ; 
%glm_snp; 
run; 
ods html file ='D:\MireilleMainStorage\School Work\M.Sc Materials\SAS Files\SecondAttempt\wtatdto5kg.xls'; /* 
set up output format and destination to excel file */ 
proc print data=est_snp;      /* output to print to excel file */ 
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proc print data=anova_snp; 
run; 

 

3. SAS software script for False Discovery Rate tests, Chapter 3. 

1) Genome Wide FDR test 
ods listing; 
data a; 
infile 'D:\MireilleMainStorage\School Work\M.Sc Materials\Family Spreadsheets\FDR Files\FDRimpt.csv' dsd 
dlm=',' lrecl=100 dsd missover firstobs=1 ; 
input Source $ raw_p; 
 proc multtest pdata=a fdr out=new; 
 run; 
 proc print data=new; 
 run; 

 

2) Chromosome Wide FDR test 
ods listing; 

data a; 

infile 'D:\MireilleMainStorage\School Work\M.Sc Materials\SAS Files\Chrom files\chromsw1.csv' dsd dlm=',' 

lrecl=100 dsd missover firstobs=1 ; 

input chromosome Source $ raw_p; 

proc sort; by chromosome; 

 proc multtest pdata=a fdr out=new; by chromosome; 

 run; 

 proc print data=new; 

 run; 

 

4. SAS software script for getting genotypes for frequency calculations 

data all; length ID $13.;  

infile 'D:\MireilleMainStorage\School Work\M.Sc Materials\SAS Files\SecondAttempt\allfilefixedmat.txt' dsd 

dlm=',' lrecl=18000 missover ; 

input family Fishno $ ID $ Sire Dam ImpWt SWWt1 SWWt2 SWWt3 Maturity $ Dto5kg WtatDto5kg sex $ (SNP1-

SNP5918) ($); 

proc print data=all; 

 var family Fishno SNP2987 SNP416 SNP418 SNP457 SNP584 SNP585 SNP588 SNP589 SNP601 SNP444 

SNP3057; 

run; 
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Appendix B- R Scripts for Index Value Calculations 

 

1. Economic values for Mainstream Canada Profit Function 

1.1 Categorical Function 
categorical<-function(props,price){ 
# economic weights for a threshold trait on the liability scale, N(0,1) 
# props is a vector of populations proportions in each category 
# price is a vector of prices/costs per category 
 np<-(t(props) %*% price) 
 cumprops<-cumsum(props) 
 thresholds<-qnorm(cumprops[1:(length(props)-1)]) 
 values<-c(0,dnorm(thresholds),0) 
 parts<-c(values[1:(length(values)-1)] - values[2:length(values)]) 
 ecwt<-sum(price*parts) 
 results<-list(economic_value=ecwt,expected_revenue=np,thresholds_liabilityscale=thresholds) 
 results 
 } 

 

1.2 Data used for Mainstream Canada profit function 
source(file.choose()) 
/Survival 
props<-c(0.142322,0.857678) 
price<-c(0.0,10.0) 
categorical(props,price) 
/maturity 
props<-c(0.140351,0.859649) 
price<-c(0.0,10.0) 
categorical(props,price) 

 

2. Economic values for integrated system Profit Function 

2.1 MQ_pricegrid_withoutwt 
pricegrid_withoutwt <- 
function(grid,baseprice,md,yd,mn_md,sd_mdp,h2md,mn_yd,sd_ydp,h2yd,mn_wt,conversion) 
{ 
# columns of grid are prices/unit for increasing 1st trait categories, rows are prices/unit for increasing 2nd trait 
categories 
# if baseprice not = 1, entries of grid are proportion of base price 
# entries of md are cutoffs for 1st categories (number columns in grid - 1) 
# entries of yd are cutoffs for 2nd trait categories (number rows in grid - 1) 
# ratio of carcass weight to live weight if prices are per unit of carcass weight if prices are per unit of carcass 
weight, otherwise = 1 
 rows=nrow(grid) 
 cols=ncol(grid) 
 sd_md<-sqrt((1-h2md/4)*(sd_mdp*sd_mdp)) 
 sd_yd<-sqrt((1-h2yd/4)*(sd_ydp*sd_ydp)) 
# calculate returns for a single market pig at mean 
 mclass<-length(md[mn_md>md])+1 
 yclass<-length(yd[mn_yd>yd])+1 
 for1pig=(grid[yclass,mclass])*mn_wt 
 Sbeg<- pnorm((yd[1]-mn_yd)/sd_yd) 
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 Send<-(1-pnorm((yd[rows-1]-mn_yd)/sd_yd)) 
  Tbeg<- pnorm((md[1]-mn_md)/sd_md) 
    Tend<-(1-pnorm((md[cols-1]-mn_md)/sd_md)) 
 Vend<-dnorm(yd[rows-1],mean=mn_yd,sd=sd_yd) 
 Vbeg<- -dnorm(yd[1],mean=mn_yd,sd=sd_yd) 
 Uend<-dnorm(md[cols-1],mean=mn_md,sd=sd_md) 
 Ubeg<- -dnorm(md[1],mean=mn_md,sd=sd_md) 
 if (cols>2) 
 {Tmid<-matrix((pnorm((md[2:(cols-1)]-mn_md)/sd_md)-pnorm((md[1:(cols-2)]-mn_md)/sd_md) ) ); 
 T<-rbind(Tbeg,Tmid,Tend); 
      Umid<- matrix(dnorm(md[1:(cols-2)],mean=mn_md,sd=sd_md)-dnorm(md[2:(cols-
1)],mean=mn_md,sd=sd_md)); 
  U<-rbind(Ubeg,Umid,Uend)} 
 else { T<-rbind(Tbeg,Tend); U<-rbind(Ubeg,Uend)} 
 if (rows>2) 
 {Smid<-matrix((pnorm((yd[2:(rows-1)]-mn_yd)/sd_yd)-pnorm((yd[1:(rows-2)]-mn_yd)/sd_yd) ) ); 
 S<-rbind(Sbeg,Smid,Send); 
      Vmid<- matrix(dnorm(yd[1:(rows-2)],mean=mn_yd,sd=sd_yd)-dnorm(yd[2:(rows-
1)],mean=mn_yd,sd=sd_yd)); 
  V<-rbind(Vbeg,Vmid,Vend)} 
 else { S<-rbind(Sbeg,Send); V<-rbind(Vbeg,Vend)} 
#calculate expected returns from offspring and economic values  
    Rgrid<-((t(S) %*% grid) %*% T) * mn_wt * conversion 
    ecwtmd<-((t(U) %*% t(grid)) %*% S) * mn_wt * conversion 
    ecwtyd<-((t(V) %*% grid) %*% T) * mn_wt * conversion 
    ecwtwt<-((t(S) %*% grid) %*% T)  * conversion      
 stuffout<-
list(grid=grid,revenue_1animal_at_mean=for1pig,Expected_revenueperanimal_all_offspring=Rgrid, 
 economic.value_1sttrait=ecwtmd,economic.value_2ndtrait=ecwtyd,economic.value_liveweight=ecwtwt,T
=T) 
 return(stuffout) 
}  

 

2.2 Input for use with MQ_pricegrid_withoutwt 
source(file.choose()) 
INPUT 
grid<-matrix(c 
(.5,.5, 
.9,.5, 
1,.9), 
nrow=3,ncol=2,byrow=TRUE) 
baseprice<-10.0 
md<-18 
yd<-c(21,24) 
mn_md<-13.5 
sd_md<-4.26 
h2md<-0.19 
mn_yd<-27.45 
sd_ydp<-1.075 
h2yd<-0.13 
mn_livewt<-5.0 
conversion<-0.89 
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pricegrid_withoutwt(grid,baseprice,md,yd,mn_md,sd_md,h2md,mn_yd,sd_ydp,h2yd,mn_livewt,conversion) 
 

3. Selection Index calculations for Mainstream Canada 
library(MASS) 
G<-matrix(c 
(0.0004,0.001252198,0.0002,-0.472651704, 
0.001252198,0.392,0.009391486,-3.414539712, 
0.0002,0.009391486,0.01,-1.563386405, 
-0.472651704,-3.414539712,-1.563386405,1321.89132), 
nrow=4,ncol=4,byrow=TRUE) 
P<-matrix(c 
(0.00010583,-0.179926881,6.50631E-05, 
-0.179926881,724.0296945,-0.731773436, 
6.50631E-05,-0.731773436,0.004), 
nrow=3,ncol=3,byrow=TRUE) 
C<-matrix(c 
(0.00010583,0.000476681,6.50631E-05,-0.179926881, 
-0.179926881,-1.870220424,-0.731773436,724.0296945, 
6.50631E-05,0.004395868,0.004,-0.731773436), 
nrow=3,ncol=4,byrow=TRUE) 
v<-c(114763,114500,22119,-111.5) 
b=ginv(P)%*%C%*%v 
i<-c(2.06) 
r=sqrt((t(b)%*%C%*%v)/(t(v)%*%G%*%v)) 
sdev=sqrt(t(v)%*%G%*%v) 
T=i*r*sdev 
b 
r 
sdev 
T 

 

4. Selection Index calculations for Mainstream Canada including molecular information 
library(MASS) 
G<-matrix(c 
(0.0004,0.001252198,0.0002,-0.472651704, 
0.001252198,0.392,0.009391486,-3.414539712, 
0.0002,0.009391486,0.01,-1.563386405, 
-0.472651704,-3.414539712,-1.563386405,1321.89132), 
nrow=4,ncol=4,byrow=TRUE) 
P<-matrix(c 
(0.00010583,6.50631E-05,7.32268E-05,0.000756792,0.003544733,-0.179926881, 
6.50631E-05,0.004,0.000900379,0.00465267,0.001441664,-0.731773436, 
7.32268E-05,0.000900379,0.005066767,0.041891676,0.03018708,-1.532264108, 
0.000756792,0.00465267,0.041891676,0.541183551,0.194988037,-9.897385526, 
0.003544733,0.001441664,0.03018708,0.194988037,-7.132041526,-7.132041526, 
-0.179926881,-0.731773436,-1.532264108,-9.897385526,-7.132041526,724.0296945), 
nrow=6,ncol=6,byrow=TRUE) 
C<-matrix(c 
(0.00010583,0.000476681,6.50631E-05,724.0296945, 
6.50631E-05,0.004395868,0.004,-0.731773436, 
7.32268E-05,0.004947435,0.000900379,-1.532264108, 
0.000756792,0.126123892,0.00465267,-9.897385526, 
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0.003544733,0.036845146,0.001441664,-7.132041526, 
-0.179926881,-1.870220424,-0.731773436,724.0296945), 
nrow=6,ncol=4,byrow=TRUE) 
v<-c(114763,114500,22119,-111.5) 
b=ginv(P)%*%C%*%v 
i<-c(2.06) 
r=sqrt((t(b)%*%C%*%v)/(t(v)%*%G%*%v)) 
sdev=sqrt(t(v)%*%G%*%v) 
T=i*r*sdev 
b 
r 
sdev 
T 

 

5. Selection Index calculations for an integrated system 
library(MASS) 
G<-matrix(c 
(0.0004,0.0002,0.001252198,7.58947E-05,0.000113137,0.000334664, 
0.0002,0.01,0.009391486,0.000379473,0.013859293,0.025099801, 
0.001252198,0.009391486,0.392,0.008315576,0.03541751,-0.099528086, 
7.58947E-05,0.000379473,0.008315576,0.036,0.012879752,0.038098819, 
0.000113137,0.013859293,0.03541751,0.012879752,0.08,0.139619483, 
0.000334664,0.025099801,-0.099528086,0.038098819,0.139619483,0.7), 
nrow=6,ncol=6,byrow=TRUE) 
P<-matrix(c 
(0.00010583,6.50631E-05,0.000350661,0.000736709, 
6.50631E-05,0.004,0.006467474,0.022646006, 
0.000350661,0.006467474,0.1161895,1.098468414, 
0.000736709,0.022646006,1.098468414,2.673371573), 
nrow=4,ncol=4,byrow=TRUE) 
C<-matrix(c 
(0.00010583,6.50631E-05,0.000476681,1.46806E-05,3.49434E-05,0.000113651, 
6.50631E-05,0.004,0.004395868,9.02545E-05,0.005263285,0.010480661, 
0.000350661,0.006467474,0.15320697,0.000486432,0.023156572,0.056486168, 
0.000736709,0.022646006,1.493232654,0.025548792,0.304062217,1.384513141), 
nrow=4,ncol=6,byrow=TRUE) 
v<-c(0.2250731,0.2229556,0.8775107,0.0368053,0.001162109,-0.02380998) 
b=ginv(P)%*%C%*%v 
i<-c(2.06) 
r=sqrt((t(b)%*%C%*%v)/(t(v)%*%G%*%v)) 
sdev=sqrt(t(v)%*%G%*%v) 
T=i*r*sdev 
b 
r 
sdev 
T 


