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Abstract 
Most of the economically important traits in animal breeding programs are quantitative in 

nature. Detecting major genes and/or blocks of genes influencing these traits has been 

made possible by the availability of hypervariable DNA markers. In this study, 

phenotypic variations related to growth and body girth in the two domesticated strains of 

Arctic char (Salvelinus alpinus L.) at Icy Waters Ltd. (Whitehorse, Yukon, Canada) were 

examined and then quantitative trait loci for growth were identified using a genome wide 

scan approach. Twelve crosses involving the pure strains (Tree River and Yukon 

GoldTM), the reciprocal hybrids, and the reciprocal backcrosses were set up with ten 

families per cross. After 18 months of rearing in the hatchery environment under identical 

culture conditions, it was observed that backcrosses with a 75% Tree River genome 

contribution ((YGfxTRm)fxTRm) grew fastest and possessed greatest variance. A total of 

198 highly polymorphic microsatellite markers, from various salmonid species, covering 

41 linkage groups on the current Arctic charr linkage map were tested for a genome scan. 

Sixty two highly polymorphic markers were chosen to perform a genome wide scan on a 

hll-sib backcross family, namely 6-1 0, to detect genetic factors responsible for the 

variation of growth in Arctic charr. These markers cover 28 of the 46 linkage groups in 

the currently available, low-resolution genetic map of Arctic charr. Results from a 

transmission disequilibrium test (TDT) indicate a significant association (0.001 <p<0.05) 

between growth parameters and several markers on the linkage group AC-25. While, the 

analysis of variance components demonstrate continuously decreasing effects on the 

either sides of a putative QTL location. QTL effects at these marker locations have also 

. . . 
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been reported in Fraser River Arctic charr (Somorjai 2001) and in the rainbow trout 

(Oncorhynchus mykiss) (O'Malley et al. 2003). 'These results indicate the probable 

existence of one or more stable growth QTL in this region of the Arctic charr genome. A 

sex-specific (male) marker Sfo8LAV was also identified in Arctic charr from Icy Waters 

Ltd. 
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Chapter 1. Introduction 

1.1 Arctic Charr: biology, culture and issues 

1.1.1 Biology of Arctic charr 

Arctic charr (Salvelinus alpinus L.) is generally deemed to be a highly plastic 

salmonid fish species i.e. adapted to varied environmental conditions. It has a holarctic 

distribution with both landlocked and anadromous populations (Maitland 1995; Brunner 

et. al. 2001). A wide range of size variation per year class, varying growth rates, variable 

spawning time, extremely variable body colors, and tolerance to a wide range of 

temperatures are common biological features of the Arctic charr (Rogers and Davidson 

2001). Although Arctic charr performs well in temperatures ranging from 0-22'~, the 

optimum temperatures for the growth of Arctic cham under culture conditions are in the 

14-17•‹C range (Glebe and Turner 1993; Sullivan et al. 2000; Larsson 2002). 

Furthermore, for different Arctic charr populations of the same year class, the differences 

in length and weight may vary up to 800% and 4000%, respectively (Johnson 1980; 

Baker and Ayles 1986). These basic biological attributes and a high market value are 

comparable to other salmonid species for commercial culture (Johnston 2002). Therefore, 

in recent years the Arctic charr has been viewed as a new potentially cultivable coldwater 

fish species among salmonid farmers in North America (Jobling et. al. 1993). 

1.1.2 Arctic charr aquaculture 

Although Arctic charr is regarded as an excellent candidate salmonid for 

aquaculture, unlike Atlantic salmon or rainbow trout, its farming is still in its infancy. 



Due to the ocean dwelling part of its life cycle, it was believed that anadromous 

populations of Arctic cham could be raised both in the fresh and saline water; however, 

seawater acclimation was not very beneficial (Staurnes et al. 1994; Dumas et. al. 1995). 

Therefore, most Arctic cham culture is limited to freshwater. The optimal stocking 

density in sea-cages for Arctic charr ranges from 5 0 - 7 0 ~ ~ / m ~ ,  which is significantly 

higher than for Atlantic salmon (25kg/m3) (Jobling et al. 1993). Hence, Arctic char can 

utilize the farming space better. Furthermore, the optimal growth temperature for Arctic 

charr is much lower than other salmonids, providing a great opportunity to exploit 

temperate niches where farming of Atlantic salmon or rainbow trout proved 

uneconomical (Jobling et al. 1993; Johnston 2002; The Charr network 

http://www.charrnet.org). 

There are no published studies comparing the commercial attributes of the 

Norwegian, Icelandic and Canadian strains of Arctic charr under similar culture 

conditions. However, Johnston (2002) recorded that the Nauyuk Lake Arctic charr, a 

Canadian strains, grew to a larger market size (2-3Kg) in 3years before reaching sexual 

maturity (5 t  years) and egg size was also bigger (4.0-5.lmm) than the most other 

commercial strains of Arctic charr in the world. However, the Tree River strain of Arctic 

charr was not included in these observations. 

Among all Arctic charr, the native Canadian strains are recognized as having the 

best potential for development as an aquaculture strain (Lundrigan 2001 ; Johnston 2002). 

Therefore, in the early 1980s, the Department of Fisheries and Ocean (DFO), Canada, 

started to provide the Arctic charr seedlings for commercial production in Canada 

(Delabbio 1995; Johansen 1999). Like most other fish species, the broodstock for the 
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purpose of artificial propagation of Arctic charr was collected from a wild population, in 

this case from the Fraser River, Labrador (Appendix I) (Johansen 1999). Later, two other 

stocks were introduced into the Arctic charr breeding program (see section 1.3 for 

details). Thus far, Arctic charr breeding has been based on phenotypic selection (PS); the 

process of identifying the best individuals, families, or lines to breed for the next 

generation and the process has contributed significantly to these gains (Johnston 2002). 

The ultimate goal of Arctic charr farming is a high return on investment for 

farmers. Apart from financial gains, another factor motivating the breeding of fast 

growing individuals is related to the maturation-induced changes in appearance and fillet 

quality. At maturity, salmonids cease feeding and proteins and lipids are mobilized from 

muscle and utilized in developing gonads, leading to deterioration in fillet quality and 

color (Aksnes et al. 1986). In North America a three to four year old farmed Arctic charr 

provides a good trade-off between commercial gains and consumer satisfaction (Eric 

Johnson pers. comm.). 

Currently, Arctic charr is being cultured in more than twenty countries in the world 

(Food and Agricultural Organization of the United Nations; 

http://www.fao.org/fi/statist/FISOFT/FISHPLUS.asp; The Charr network 

http://www.charrnet.org; The Irish Char Conservation Group http://www.charr.org). The 

global production of cultured Arctic charr in the year 2000 was estimated to be 3000 

metric tons and Canada contributed 720 metric tons to it (Rogers and Davidson 2001; 

Johnston 2002). Iceland is the number one Arctic charr producing country in the Europe 

and the world, producing more than 1000 metric tons in the year 2000. Based on the 

current trends, the extrapolated production of Arctic charr would reach a total of around 



5600 metric tons by the year 2006, with a Canadian contribution of 2000 metric tons (The 

Charr network http://www.charrnet.org). The culture of Arctic charr is also growing in 

parts of Europe and China (Johnston 2002) 

1.1.3 History of strains under culture in Canada 

Like most aquaculture fish species, the currently utilized broodstock of Arctic charr 

was collected from the wild and has undergone only a few generations of domestication. 

The literature suggests that in Canada, the culture of Arctic charr started at the Rockwood 

Aquaculture Research Center in Manitoba in 1978. For the purpose of Arctic charr 

aquaculture, DFO retained juveniles of the unknown generation (F,) resulting from the 

artificial propagation of wild adults collected over a ten year period from 1978 to 1988, 

from three different locations in Canada: Fraser River (Labrador); Nauyuk Lake 

(Nunavut); and the Tree River system (Nunavut) (Appendix I). It is not clear exactly how 

many females and males were used to propagate the Fraser River strain, which was 

collected once in both 1980 and 198 1, and more than twice in 1984, but the exact number 

of collections made in 1984 is not known (Johnston 2002). Only seven females and seven 

males contributed as founders to the culture of the Nauyuk Lake population. The Tree 

River strain was started with fifteen females and nine males. The Nauyuk Lake 

population is a combination of resident and anadromous Arctic charr, while the Tree 

River and the Fraser River populations of Arctic charr are anadromous only (Lundrigan 

200 1). Later, the F, generation individuals were supplied in the form of brooders to the 

Arctic charr farming industry in North America. The precise record of generation number 

or pedigree information on widely distributed Arctic charr broodstock is not known 

(Somorjai 2001). It is apparent therefore, that all the hatchery strains of Arctic char  in 



Canada should be considered genetically different from one another (Rogers and 

Davidson 200 1). This becomes vital in developing a selective breeding program for a 

species which was founded with a very small number of individuals and may be suffering 

from inbreeding depression through genetic bottlenecks. 

1.1.4 Arctic charr production by Icy 'Waters Ltd. 

Icy Waters Ltd. (1 986) is one of the largest Arctic charr producers in North 

America. It is a private enterprise which sells Arctic charr eggs around the world and 

contributes up to 150 metric tons to the global Arctic charr production through their own 

grow out facilities. In 1996, Icy Waters Ltd acquired two stocks of Arctic charr from the 

Rockwood hatchery, Manitoba. The Tree River Arctic charr population is believed to be 

one of the largest growing Arctic charr in the world and individual fish may weigh up to 

14 Kg in a life time (Moshenko et al. 1984). The Nauyuk Lake strain has more 

orangehed flanks when compared to the silvery Tree River strain (personal observations). 

This is one of the reasons that the Nauyuk Lake Arctic charr is sold under the trade name 

of Yukon   old^^ by Icy Waters Ltd. The fecundity of Arctic charr from Tree River is 

similar to those from Nauyuk Lake but the egg size of Nauyuk Lake Arctic charr is 

slightly larger than those from Tree River at the beginning of the spawning season 

(Moshenko et al. 1984). Hybridizing the two lines produces an excellent, fast growing 

fish, with a pleasing body color and a good market value (Eric Johnson pers. comm.). For 

seed production, the two pure strains (from Tree River and Nauyuk Lake) and their 

reciprocal hybrids (HI; TRfemaje x YGmaIe and H2; YGfemale x TRmaIe) are maintained at ICY 

Waters Ltd., Whitehorse, Yukon, Canada. 



1.1.5 Issues in Arctic charr aquaculture in North America 

Despite its great potential, past attempts at Arctic charr farming have not been very 

successful. Declining growth rates, decreasing food conversion ratios (FCR), increased 

number of deformed fish per generation, lack of a steady supply of quality fingerlings, 

and increased cost of production are matters of concern. Issues concerning the control of 

Arctic charr fisheries by the Aboriginal communities in Canada have further complicated 

the problem (Johnston 2002). 

Arctic charr f m i n g  is also hindered by inherent species plasticity and lack of 

knowledge-based selective breeding programs. Studies intended to evaluate growth 

performance of Arctic charr suggested that some individuals could never attain a 

marketable size and may remain runts even after a prolonged growth period (Jobling et 

al. 1983). It is believed that the genetic makeup of these runts is responsible for slow 

growth (Papst and Hopky 1983 as cited in Johansen 1999). Several studies suggest that 

growth related traits have a high phenotypic and genetic correlation in salmonids, 

although the magnitude and directions of these effects depend on the culture environment 

and appear to be complex and difficult to predict (Nilsson 1992, 1994; Silverstein and 

Hershberger 1992; Heath et al. 1994). 

Inappropriate aquaculture practices, such as breeding of closely related individuals, 

undocumented spawning, and small number of founding individuals, may inadvertently 

result in the loss of genetic variability and an increased probability of inbreeding 

depression. Because of the much higher fecundity in most fish species compared to 

terrestrial animals, even large-scale hatcheries may be operated with the use of a few 

breeders (Jackson et al. 2003; Evans et al. 2004). This frequently seems to result in 
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genetic degradation of hatchery stocks because of rapid accumulation of inbreeding and 

an unintended selection response in closed aquaculture populations (Eknath and Doyle 

1990) 

Inbreeding arises from the mating of related individuals. In populations under 

artificial selection, inbreeding can occur randomly from the use of a limited number of 

breeding individuals. The classical effect of inbreeding, the reduction of phenotypic 

performance, has been widely recognized for farm animals (Falconer 1989). An 

important attribute of fish physiology that has aided to the inbreeding depression is the 

high fecundity in fish. This has facilitated the mating of close family members to 

propagate domesticated lines in a short period of time of one to three generations. 

Therefore, studies estimating the inbreeding effects on fitness traits in fish have shown, in 

general, the detrimental effects of inbreeding such as reduced growth, viability and 

survival and increased number of abnormalities (Su et al. 1996; Rye and Mao 1998; 

Pante et al. 2001). Reduction in genetic diversity has also been shown to result in 

decreased fitness and survival in salmonids, cyprinids and cichlids (Falconer and Mackay 

1996; Graham Mair pers. comm.). Additionally, an increased frequency of deformed 

individuals has also been found to be associated with the loss of heterozygosity and could 

be used as an indicator of the loss of genetic variation due to breeding practices 

(Allendorf and Ryman. 1987 and references cited there in). 

One common practice that has been reasonably beneficial and has been put into 

practice by the hatchery operators around the world to maintain genetic diversity is the 

periodic hybridization of domesticated brooders with wild-caught adults, presumably 

unrelated. However, introducing a wild-caught fish may very well reduce the overall 
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selection response in a domesticated hatchery population (Kirpichnikov 198 1 ; Tave 

1993). In the case of Icy Waters Ltd. Arctic charr, this approach cannot be applied 

because the Aboriginal communities have exclusive control over the Tree River Arctic 

charr fisheries and thus have restricted the drawing of more fast growing adults from the 

wild for artificial breeding purposes (Eric Johnson pers. comm.; Johnston 2002). 

Given the history of domestication of Arctic cham there are two issues faced by the 

Canadian Arctic cham aquaculture industry: (1) are the available levels of genetic 

variation in the broodstock enough to sustain the Arctic cham farming industry in the long 

run, and (2) what is the potential for the enhancement of Arctic charr aquaculture through 

a steady supply of quality seedlings in the 21S' century? 

The loss of genetic diversity under domestication is a common problem among 

cultured finfish. Arctic charr can be added to the list of species that suffers a major loss of 

genetic diversity due to their domestication. Due to a strong founder effect, the strains of 

Arctic cham currently being used in the aquaculture industry in Canada might be lacking 

the genetic variation that is required to carry out an effective selective breeding program 

(Lundrigan 2001). Founder effects and the gradual domestication of a wild population 

through artificial selection are known to reduce the genetic variation of hatchery-reared 

fish stocks (Dickson and MacCrimmon 1982; Cross and King 1983; Allendorf and 

Ryman 1987; Fleming and Gross 1992; Crozier 1994; Doyle et al. 1995; Dowling et al. 

1996). The loss of genetic variation results in a loss of potential genetic gain (Allendorf et 

al. 1987). Assortative mating, a process of mating unrelated individuals with a common 

characteristic, can result in an excess of homozygosity for associated genes or alleles 

(Beaumont and Hoare 2003). Cultured strains of Nauyuk Lake and Tree River Arctic 



charr populations are no exception. At the Rockwood Aquaculture Research Center, 

Manitoba, these two strains have undergone several generations of genetic selection and 

the subsequent loss of genetic variation under artificial selection is evident (Lundrigan 

200 1). 

In a comprehensive review compiled from 36 studies conducted on various plant 

and animal species, Reed and Frankham (2003) observed a highly significant correlation 

between measures of genetic diversity and population fitness, concluding that the loss of 

heterozygosity has a deleterious effect on population fitness. Jackson et al. (2003) 

reported a decrease of 26% in total allele numbers and a 36% reduction in heterozygosity 

in Atlantic halibut (Hippoglossus hippoglossus) from three Canadian hatcheries as 

compared to their wild counterparts, after one generation of domestication. Comparable 

observations were also made in two domesticated populations of abalone (Haliotis sp.) 

from South Africa and Australia (Evans et a/. 2004). Reduction in genetic variation has 

been shown to be detrimental to commercially important traits such as growth rate and 

fitness in several fish species (Cross and King 1983; Koehn et a/. 1988; Danzmann et al. 

1989; Pante et al. 2001). These observations emphasize the necessity of close monitoring 

of breeding among fish and suggest that there is a need to apply innovative approaches to 

maintain genetic variation in Arctic charr broodstock, without introducing adults from the 

wild. Therefore, the viability of Arctic charr aquaculture primarily depends upon 

developing a superior broodstock so that the supply of quality seeds can be regularized 

and fingerlings can be raised economically (Rogers and Davidson 2001). 



1.2 Aquaculture enhancement: A molecular genetic approach 

Over the last half century, genetics of crossbreeding, hybridization, ploidy 

manipulation, and pure phenotypic selection, have done a commendable job in improving 

fish productivity (Dunham et al. 2001 ; Lutz 2001; Hussain et al. 2002). These genetic 

approaches, however, are slow and time consuming, and hence did not succeed in 

securing a status of a dependable farming industry for most cultivable fish species. 

Selection utilizing DNA tools has the potential to accelerate genetic gains in aquatic 

organisms. Use of novel genetic technologies has already proven to be economically 

efficient in livestock and plants in enhancing productivity. 

The hture of 21 st century aquaculture in the world is dependent on genetically 

identifying or establishing high quality strains that are fast growing as well as able to 

survive better and possess traits that consumers are willing to pay a higher price for, such 

as better color, texture and taste. Improved profits will depend on the use of 

biotechnology to enhance growth rates, control reproductive cycles, improve feed 

composition and conversion, produce new vaccines, and develop a hardier disease 

resistant genetic stock (Beaumont and Hoare 2003). However, the majority of fish species 

used for farming have not been improved genetically for commercially important traits 

(Wright and Bentzen 1994). 

In recent years, many molecular genetic techniques have been refined to a point 

where they are becoming practical for commercial aquaculture and are now being 

combined to improve production within a modern aquaculture industry (Sorgeloos 2001). 

Chiefly, two strategies of molecular mechanisms have been proposed to improve the 

efficacy of genetic improvements in cultured plant and animal species: the production of 
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introgressed transgenic lines and the use of marker-assisted breeding (Dekkers and 

Hospital 2002). Similar approaches have also been suggested to enhance aquaculture 

production through artificial fish breeding programs (Fjalestad et al. 2003). 

Genetic introgression aims to introduce a 'target' gene(s), regulating a desired trait, 

from an inbred line (donor) into a productive l he  that lacks that particular gene 

(recipient). This can be achieved either via direct gene transfer (i.e. transgenic) or via 

hybridization of donor species with the recipient organism, followed by several 

generations of selective introgression of targeted foreign genes into the recipient strain 

(Macaranas 1986). In aquaculture, the production of transgenic fish can be a powerful 

means to improve the performance of many farmed fish (Fletcher and Davis 199 1 ; Lutz 

200 1). For example, transgenic Atlantic salmon are made triploid to reduce the chance of 

them breeding if they escape (Entis 1997). Triploids, which have been created in a wide 

variety of fish, are believed to be reproductively sterile producing no or unviable germ 

cells (Allen et al. 1986). Therefore, sterile triploids have been suggested as a means to 

contain transgenes in transgenic stocks released to the natural environment, as if the 

method were "fool proof'. In reality, a number of studies suggest that sterile triploids are 

"leaky", and some fertile gametes are sometimes produced (ISIS 2002, http://www.i- 

sis.org.uk/transfish.php). Then again, the effectiveness of hybrid introgression schemes, 

however, is conditional upon identifying individuals with the target gene(s) (Dekkers and 

Hospital 2002). Furthermore, there are numerous concerns regarding consumer 

acceptance of transgenically modified organisms (Edmonds Institute Manual 1998; 

Walter 1997; Sagoff 1998; Fletcher 1999). 



On the other hand, during the last century, genetic improvements through selective 

molecular breeding programs have proved to be exceptionally successful in increasing 

livestock production steadily and are publicly well acknowledged (Lande and Thompson 

1990; Gjedrem 1997; Rosegrant et al. 1999; Swick and Cremer 2001; Dekkers and 

Hospital 2002; Kutzer et al. 2003). Therefore, molecular genetics can be integrated with 

conventional methods of artificial selection through the application of marker assisted 

selection (MAS) to enhance aquaculture production (Fjalestad et al. 2003). 

1.3 Marker Assisted Selection 

1.3.1 Concept and requirements 

Marker-assisted selection (MAS), which can also be described as marker-assisted 

breeding, is a process of identifying potential individuals that are enriched for desirable 

alleles that are associated with traits of interest. In other words, MAS is a process of 

incorporating the use of molecular markers linked to specific traits in genetic 

improvements programs (Fjalestad et al. 2003). Molecular marker analysis allows the 

identification of genome segments, so-called quantitative trait loci (QTL), contributing to 

the genetic variance of a quantitative trait and thus to select superior genotypes at these 

loci (Cannai et al. 2003). The ultimate goals of QTL analysis are to identify and locate 

the gene(s) underlying a quantitative trait (Liu 1998; Korstanje and Paigen 2002). 

However, for the practical application of MAS, one does not need to discover which 

genes are involved (Andersson 2001), because the information on the genetic markers 

flanking the gene of interest can be applied to make future selection decisions, since 

animals that inherit the marker will also inherit the useful effects of gene(s) associated 



with it (Meuwissen and Goddard. 1996; Liu et al. 2003). Besides assisting in the breeding 

process and improving breeding predictions, MAS provides the capability of culturing a 

better quality animal in less time with greater survival and at lower cost than individuals 

selected conventionally (Weller 2001; Dekkers and Hospital 2002). Overall, along with 

genetic improvement, MAS brings gains in industrial efficiency, consistency in product 

quality and availability, and reduction in prices for consumers (Swick and Cremer 2001). 

Successful execution of MAS requires information about available phenotypic and 

genetic variation within inbred lines or populations and a wide array of molecular 

markers, preferably mapped onto a high-density linkage map that can be linked to a 

putative QTL under measurement (Liu 1998). Not knowing the reliable estimates of QTL 

positions may seriously inflate the expected gain from MAS (Knapp 1998), especially in 

animals where the vast majority of production traits undergoing selection are typically 

polygenic (Lasley 1972; Ferguson and Danzmann 1998; Andersson 2001). Highly 

complex traits, such as growth and disease resistance, may not necessarily follow 

classical Mendelian inheritance (Liu 1998), and thus can be referred to as oligogenic 

(Risch 2002). Nevertheless, numerous genetic markers, each explaining a small part of 

the variation in a complex trait, can be determined by using well suited mapping 

populations and a marker set with a good genome coverage (Lander and Bottstein 1989; 

Risch 2002). 

A number of genetic maps have been developed specifically to locate QTL in 

several fish species. The first such map was produced in zebrafish (Postlethwait et al. 

1994; Shimoda et al. 1999), which is a non-aquacultural species. Among cultivable fish 

groups low-density maps have been developed for salmonids (Sakamoto et al. 2000; 

I3 



Gharbi 2001 as cited in Woram 2001 ; Woram et al. 2004), for catfish (Liu et al. 2003; 

Poompuang and Na-Nakorn 2004), for tilapia (Kocher et al. 1998; Cnaani et al. 2003), 

for Japanese flounder (Sanchez et al. 2003), for Ayu (Sakamoto et al. 2003), for red sea 

bream (Sakamoto et al. 2003), for oysters (Yu and Guo 2003), and for shrimp 

(http://shrimpmap.tag.csiro.au). However, a genetic map is an accessory to precisely 

conduct molecular marker mediated selection in any given species (Liu et al. 2003). 

1.3.2 Effectiveness of MAS for selection of economically important 
traits into existing breeding programs 

Most economically important traits of farmed animals are quantitative and follow a 

continuous distribution caused by the action and interactions of many genes and the 

environment (Falconer and Mackay 1996; Liu 1998). In evaluating the possible 

contribution of MAS it is important to know in general how many QTL contribute to the 

trait of interest (Lynch and Walsh 1998). Therefore, most applications of MAS in 

selection programs are preceded by an analysis aimed at QTL detection, and only QTL 

that are shown to have a significant effect on phenotype are subsequently used for 

selection (Weller 2001). Selecting for favorable QTL effects based on marker data, 

therefore, has a great potential for improving quantitative traits (Schechert et al. 1999). If 

unbiased and true QTL estimates exist, even markers explaining a small part of the total 

genetic variance could increase the effectiveness of MAS substantially (Hospital et al. 

1997; Soller and Medjugorac 1999). The same holds true for phenotypes with low 

heritabilities or phenotypes that are difficult to quantify (Moreau et al. 1998). An 

additional need to verify estimated QTL effects is possible epistatic interactions of the 



QTL alleles with the genetic background of the strain one aims to improve (Soller et al. 

1976; Meuwissen and Goddard 1996; Danzmann et al. 1999). 

1.3.3 Potential limitations of MAS 

There are two potential limitations of MAS. The first is the economics of MAS and 

the second is the efficiency. Although studies on the economics of MAS are scarce so far, 

based on a theoretical study, Xei and Xu (1 998) calculated that MAS is only economical 

over phenotypic selection if the costs of the phenotypic data are higher than the marker 

data. At the present state of the art of molecular technology, in most practical cases this 

condition is only met if mapping costs are not included in the breeding program (Dreher 

et al. 2000), because the expected economic return of MAS compared with phenotypic 

selection decreases with the increasing cost of genotyping (Weller 2001). When the cost 

of genotyping is high, only a small proportion of the genome can be examined to identify 

a tightly linked QTL in a large population, which is a necessary condition to explain a 

large part of genetic variation (Moreau et al. 2000). A small population size would affect 

the precision of the QTL estimates, eventually compromising the efficiency of the MAS 

(Moreau et al. 1998). 

In addition to finance, the issue of efficiency of MAS is associated with the 

uncertainties associated with the QTL estimations. A QTL can only be utilized by MAS 

if the marker and the trait loci are tightly linked i.e. the two are in complete 

disequilibrium (Lande and Thompson 1990). Computer simulations by Hospital et al. 

(1997) show that under long-term MAS program, while selecting for target QTL with 

large effects, the fixation of non-target unfavourable alleles at QTL with small effects 



could be a potential problem. At the same time, another issue that may arise is the loss of 

favourable genes or QTL with small effects (Lande and Thompson 1990), which are 

difficult to map precisely (Liu 1998). One way of solving these problems is by reducing 

selection intensity, but this would lessen the efficiency of MAS, which is not desirable 

(Hospital and Chevalet 1993). However, the problem of the fixation of unfavourable 

alleles or the loss of small QTL may not be that consequential because the loss of small- 

effect QTL in the long term is small, compared with the gain of large-effect QTL in the 

short term (Hospital et al. 1997). Also, salmonids and some other aquacultural species 

have such a long generation intervals that a MAS-QTL mediated rapid selection response 

could actually be worth more from an economic point of view such as net present value, 

than a high selection (phenotypic) plateau that might not be acquired in several decades. 

1.3.4 Selective breeding and potential contributions of MAS in 
aquaculture 

Arguably among all the aquacultural finfish, tilapia are the most studied and carps 

are the most cultivated fish. Among salmonids the Atlantic salmon has been the most 

produced fish so far. The three fish, tilapia, carps and Atlantic salmon contributed at a 

rate of 18%, 32% and 22.4% annually between 1987 and 1997, respectively (Naylor et al. 

2001). There are several other finfish and shellfish species that led to the growth of the 

aquaculture industry in last two decades (Food and Agricultural Organization of the 

United Nations; http:llwww.fao.oralfi/statist/FISOFT/FISHPLUS.asp) Credit for the 

successful aquaculture of these species goes to their high phenotypic plasticity, which 

gave an opportunity for geneticists to perfom a wide variety of phenotypic selections. 



Gjedrem (1997) reported a 20-35% genetic variation for growth rate in fish species 

compared to 7-1 0% in farmed terrestrial animals. 

Given the huge species plasticity, until the mid 1990s, most genetic selection 

programs in aquaculture primarily focused on quantitative genetic analysis of body 

growth, body shape, disease resistance, and skin coloration of farmed fish (Dunham et al. 

2001) and the use of molecular markers was limited to stock identifications (Ferguson 

1994). Selective breeding programs for example, Atlantic salmon in Norway, tilapia in 

the Philippines, catfish in the southern USA and Thailand, and oysters in North America 

(Dunham, 1995; Gjedrem, 1997), represent a long-term genetic improvement strategy 

and are the best examples of selective breeding programs making full use of the genetic 

resources of aquatic species. 

Although selection for body weight generally has been associated with increased 

performances, there are examples of long-term selections resulting in decreased fitness, 

lower survival, and reduced fecundity, possibly due to a genetic correlation between 

growth and fitness traits or inbreeding depression (Dunham et al. 2001 and references 

therein). In other words, the success of selective breeding is influenced by genetic 

properties of traits: a trait needs to exhibit additive genetic variation in subsequent 

generations (Dekkers and Hospital 2002) and, preferably, there should not be any strong 

disadvantageous genetic correlations with other traits of importance (Falconer and 

Mackay 1996). 

Taking these concerns into account, molecular-genetics based knowledge is rapidly 

developing for aquatic species domestication. Furthermore, the stimulating results 



produced from the application of MAS in breeding programs, in terms of detecting QTL 

and integrating the acquired knowledge, both in plants and animals (Soller and 

Medjugorac 1999; Andersson 200 1 ; Pillen et al. 2003; Zheng et al. 2003), have also 

contributed to the cause. At the moment, MAS is not employed in any fish-breeding 

scheme (Sonesson 2003) and much effort is devoted to QTL mapping for growth, feed 

conversion efficiencies, disease resistance, fecundity, and spawning time (Dunham et al. 

2001). In fish, several QTL studies have been published; in salmonids (Jackson et al. 

1998; Johansen 1999; Robinson et al. 1999; Sakamoto et al. 1999; Martyniuk 200 1, 

Ozaki et al. 2001 ; Somorjai 2001 ; Tao and Boulding 2003), in catfish (Liu et al. 2003), in 

tilapia (Cnaani et al. 2003), and in silver barb (Hussain et al. 2002). 

In general, the application of MAS for the founding and maintenance of hatchery 

populations is straightforward. The first step is to define the goal of the hatchery project. 

For instance, a selective breeding program that aims at producing fast-growing fish with a 

high food conversion ratio would start from a base population containing a large amount 

of genetic variation governing required growth variations (Allendorf and Ryman. 1987). 

Knowing the amount of available genetic variation is a prerequisite to being able to 

respond to altered selection strategies (Hedrick and Miller 1992; Flint and Mott 2001). 

The next stage is the preparation of a suitable mapping population, followed by QTL 

estimation i.e. identification of marker-phenotype association (Weller 2001). Once effects 

of potential QTL are reliably estimated, two or more QTL can be combined into an 

inbred line, and progeny carrying QTL having positive effects may be selected for future 

breeding. 



Although it is yet to be proven in aquaculture, undoubtedly together with 

'traditional' selective breeding, MAS would be more beneficial for the fish breeding 

industry (Asins 2002; Koning 2003; Fjalestad et al. 2003). However, for MAS to be 

precisely effective, the unbiased marker-trait associations need to be estimated and 

verified across populations (Moreau et  al. 1998) because only the reliable QTL effects 

should be included in the selection process (Montaldo and Meza-Herrera 1998). 

1.4 Quantitative traits and QTL estimation in fish 

Ubiquitous to all the breeding programs is their reliance on genetic variation and 

use of artificial selection to improve individuals for quantitative traits that are of interest 

for growers and the consumer. Hence, means of uncovering the potential genetic basis of 

quantitative variation and identification of genes which regulate quantitative variation 

could be profoundly important for artificial breeding (Liu 1998; Flint and Mott 2001; 

Shavorskaya 2004). Through the 1920s to 1980s, the use of statistical-genetic techniques 

(population means, variances, heritabilities, etc.) provided sufficient evidence to believe 

that there are several genes segregating in a population and that certain combinations are 

responsible for phenotypic variations in progeny (Liu 1998; Asins 2002). However, the 

molecular basis of such variation remained unclear until the 1980s (Weller 200 1). 

Marker-QTL studies rely on physical associations between markers and functional 

genes with effects on the trait of concern. The assumption is that in a sufficiently large 

population of recombining chromosomes, the QTL will be linked to different alleles and 

that a common QTL effect can be recognized at an observable locus (Flint and Mott 

200 I), which means that in a given population the marker allele and the QTL are in 



linkage disequilibrium (LD) (Kocher et al. 1998; Liu et al. 1998). The required 

components for marker-QTL analysis are: a suitable resource population, molecular 

genetics, and statistical significance (Soller and Medjugorac 1999; Dekkers and Hospital 

2002; Doerge 2002). In animals, generally, marker-QTL linkage studies are carried out 

within-family and between-families, and require markers that are polymorphic within the 

population or lines under study (Weller 2001). This approach also requires that the 

pedigree information is available (Estoup et al. 1998). 

1.41 Molecular genetic approaches for QTL detection 

The primary interest of animal breeding and selection in molecular genetics is in 

finding all the QTL influencing the performance of a trait and being able to distinguish 

among allele effects. There are two strategies available to locate a QTL: the genome-wide 

scan approach and the candidate genes approach (Andersson 2001 ; Pagnacco and Carta 

2003). 

A genome-wide scan approach using anonymous molecular markers is a process of 

identifying chromosomal regions influencing quantitative traits of commercial 

significance. This analysis assumes that a statistically significant association between the 

inheritance of a particular marker allele and a measured quantitative trait provides 

evidence that a QTL is linked to the marker in question (Malek et al. 2001). Provided an 

adequate proportion of a genome is covered (Liu 1998), genome-wide scans guarantee 

that a QTL with a given effect will be detected in a segregating population (Haley 1999). 

According to Ashwell et al. (2001), in an appropriate pedigree, by following the 

inheritance of 100 to 200 markers approximately evenly localized across the animal 



genome, it is possible to trace all the major QTL influencing variation in a trait. In a 

given species, however, approximation of the optimum number of markers to carryout a 

genome-wide scan relies on the size of the genome, i.e. the number of linkage groups (or 

chromosomes) and the marker density on them (Lande and Thompson 1990). Usually, in 

a population with sufficient linkage disequilibrium (e.g. backcross population), choosing 

markers at an interval of 10-20cM is found to be appropriate to scan the entire genome in 

search of a QTL in an animal species (Lander and Botstein 1989; Piepho 2000; Asins 

2002). For the first time, Paterson et al. (1 988) used this approach in plants to determine 

a QTL controlling the difference between genetically divergent lines, whereas in 

livestock the first such study was conducted on pigs to identify genes controlling 

differences between the wild boar and commercial pigs (Andersson et al. 1994). Since 

then the genome-wide scan approach has been widely applied to identify QTL in several 

plant and animal species (Liu 1998). However, the genome-wide scan approach is 

relatively lengthy (Haley 1999), and without fine mapping (1 to 3cM) it is difficult to 

move from mapping a QTL to identifying the actual gene (Asins 2002; Pagnacco and 

Carta 2003). Furthermore, gene-hunting can be complicated by the lack of sufficient 

observable recombination between two closely linked markers flanking the actual gene 

(Kearsey and Pooni 1996; Lynch and Walsh 1998). More advanced mapping designs and 

increased population size, however, can solve the problem of fewer recombination events 

(Liu 1998; Asins 2002). This will inflate the cost of mapping though (Weller 2001). 

These problems partly explain why an alternative strategy, the candidate gene approach 

for mapping QTL, has been adopted by some animal geneticists more recently (Haley 

1999; Linville et al. 200 1). 



A candidate gene approach is a second phase of association based QTL analysis 

(Haley 1999). This analysis is undertaken when a gene, which is assumed to affect trait 

performance, is chosen based on its physiological relevance to the trait (Montaldo and 

Meza-Herrera. 1998). There are two tactics to this approach: comparative and 

physiological (Haley 1999). The comparative approach explores the patterns of the 

genomic location of known genes in different species as candidates to detect similar QTL 

effects in the species under study (Pagnacco and Carta 2003). Johansson-Moller et al. 

(1 996) found similar effects of a color coding gene, originally identified in the mouse, in 

a domesticated strain of pig. The results of Hirooka et al. (2002) confirmed this finding. 

The physiological candidate gene tactic, the second of the two, focuses on within species 

polymorphism in, or close to, genes directly contributing to the variation of the trait of 

interest (Montaldo and Meza-Herrera. 1998; Haley 1999). An association between the 

candidate gene polymorphism and the trait performance insinuates the presence of a 

causative mutation in that gene (Grobet et al. 1997; Pagnacco and Carta 2003). To date, 

in combination with the positional information (Haley 1999), the candidate gene 

approach has been very successful in identifying large effect-genes both in plants and 

animals (Flint and Mott 2001; Shavorskaya 2004). Hence, utilizing a candidate gene 

approach, selection can be based on the gene itself, rather than MAS. The gene based 

selection is known as gene-assisted selection (GAS) (Pagnacco and Carta 2003). 

However, we are still long away from applying GAS in aquacultural species, as the 

identification of conserved sequences in the region of genes of interest is not 

accomplished yet. 



An alternative strategy to detect QTL in a domesticated population is to follow 

frequency changes at marker loci in selected lines (Keightley and Bulfield 1993). Under 

the assumption that artificial selection brings drastic changes to allele frequencies (Liu 

1998) this approach, after several generations of unidirectional selection, estimates linked 

QTL effects by tracking changes to allele frequencies of anonymous markers and, the 

marker alleles showing large difference in allele frequencies between the high and the 

low (or no) selected lines would suggest the presence of QTL (Lebowitz et al. 1987 as 

cited in Rocha et. al. 1997). However, there are two major limitations of this approach: a) 

uncertainty whether loci with smaller differences in allelic frequencies contribute to 

quantitative trait variation or not and, b) prolonged selection time (Keightley et al. 1996). 

This method can be considered as a variation of the genome-wide scan approach because 

we are browsing the genome to detect a tight linkage between a marker and the QTL, by 

finding statistically significant differences between two ends of the selection (i.e. with 

and without selection). Apparently, this approach would be applicable to any farm 

species with or without availability of a dense linkage map (Keightley et al. 1996). 

A similar approach is to test for differences in allele frequencies at a locus between 

the two extremes of the population (Lander and Bottstein 1989). This is known as 

selective genotyping where, from a large population equal numbers of individuals at each 

tail of the distribution are genotyped to determine if the genotype of individuals at the 

high end is significantly different from the genotype of individuals at the other end 

(Tanksley 1993). Assuming that two tails would be most varied (f 1.96 standard 

deviations) for fixed QTL effects (Darvasi 1997); usually 40% of individuals (20% at 

each tail end) are sampled for this analysis (Darvasi and Soller 1992; Weller 2001), and 



the remaining 60% of the population would represent the mean differences between the 

two genotypic classes (Liu 1998). To avoid any family effect, however, individuals 

should be sampled at the extremes within a well defined family (Muranty and Goffinet 

1997). Another potential problem is that the savings from the selective genotyping could 

be nullified by the cost of maintaining a large number of individuals of one or more 

families (Weller 2001). In addition, searching for QTL for several correlated traits at the 

same time could compromise the reliability of QTL estimates (Ronin et al. 1998; Liu 

1998) or one would end up sampling the most of the population (Tanksley 1993; Darvsai 

1997; personal observations). 

1.4.2 Experimental designs for QTL mapping 

In general, obtaining a resource population involves selecting and hybridizing 

parental lines that differ in one or more quantitative traits and analyzing the segregating 

progeny in order to link the QTL to known DNA markers. According to Montaldo and 

Meza-Herrera (1 998), in livestock, there are basically four designs possible for marker- 

QTL linkage analysis: 1) a half-sib sire design in which heterozygous males for the 

markers are mated with random females, 2) a grand-daughter design in which a sire and 

his sons are evaluated, 3) a backcross between the F 1 and one of the original parent 

populations, and 4) mating of individuals from divergently selected lines or from 

populations with wide variations for traits under study. Methods 1,2, and 4 are suitable 

for predicting QTL effects for within-population selection, while method 3 allows 

detection of marker-QTL associations in which QTL are already fixed in one breed. 

Other complicated designs are basically variations on these four designs (Weller 2001). 

Nevertheless, the purpose of such an exercise is to create a population-wide LD (Koning 



et al. 2003). Because with LD, alleles at a marker locus and an associated trait locus are 

non-randomly associated across the population, allowing detection of a tightly linked 

marker-QTL association with a significant effect on the phenotype (Haley 1999). 

In an ongoing fish breeding program, where individuals are under extreme selective 

pressure (Falconer 1 983), the production and preservation of separate inbred lines 

facilitates in creating desirable LD (Sonesson and Meuwissen 2000). Two or more of 

these inbred populations that are representatives of the overall genetic diversity of the 

species can be combined into a single strain, and therefore genetic rehabilitation of a 

population can be engineered (Krueger et al. 198 1 ; Ferguson 1994). Also, different 

inbred lines will be homozygous for many of the alleles of the loci under selection 

(Falconer and Mackay 1996; Beaumont and Hoare 2003), and QTL are expected to be 

fixed for alternative alleles in two populations (Haley 1999). Therefore, when two 

separate inbred lines are crossed, the 'F1 hybrid' is expected to be heterozygous (Weller 

2001) and may express hybrid vigor (Krasznai 1987). Using a backcross system 

maximizes the likelihood of polymorphism while searching for QTL, because QTL tend 

to co-segregate with the associated molecular markers (Lynch and Walsh 1998; 

Sakamoto et al. 1999; O'Malley 2001; Perry 2001). The backcross families also facilitate 

the mapping of those markers that may not be informative in a single line (Liu et al. 

1998). Hence, the backcross hybrid system offers a powerful system for rapid QTL 

detection (Slate et al. 2002) and MAS of economically important traits in fish breeding 

programs (Liu 1998). 



1.4.3 Molecular markers for QTL mapping 

Prior to the 1980s QTL analysis was limited to morphological (e.g. bean length and 

seed weight) and biochemical polymorphism (e.g. use of blood groups or allozymes) (Liu 

1998). However, it was quite clear that neither of these two types of polymorphisms was 

sufficient to explain the total genetic variation for a given trait (Weller 200 1) and the 

large quantity of naturally occurring polymorphism could only be detected by DNA- 

markers (Ferguson and Danzmann 1998). With the advent of DNA markers and PCR 

technology in the 1980s, came the ability to generate large numbers of polymorphic 

genetic markers in any given species (Liu 1998). Such genetic markers enhanced 

scientific capabilities to track the inheritance of a particular segment of the genome in a 

suitable pedigree (Haley 1999). Therefore, the utilization of DNA markers for the joint 

analysis of segregation of marker genotypes and phenotypic values of individuals or lines 

has simplified QTL detection (Liu 1998; Asins 2002). 

Based on their transmission, DNA markers can be categorized into two types; 

mitochondria1 and nuclear. Mitochondria1 DNA (mtDNA) markers are maternally 

inherited and non-recombining which limits their ability to provide information on the 

male component of the genome (Ferguson and Danzmann 1998) and suitability for QTL 

mapping. The nuclear DNA markers, such as randomly amplified polymorphic DNA 

(RAPDs), restriction fragment length polymorphism (RFLPs), amplified fragment length 

polymorphisms (AFLPs), simple sequence repeats (SSRs; mini/ micro-satellites), and 

more recently, single nucleotide polymorphism (SNPs) allow the detection of variations 

or polymorphisms that exist among individuals in a domesticated population (Montaldo 

and Meza-Herrera 1998). RFLPs were the first DNA-markers to be employed in a 



genome-wide scan for QTL in tomatoes (Patesson el al. 1988). Since then, using various 

DNA-markers, many more QTL studies have been carried out successfully both in plants 

and animals (Weller 200 1). However, the choice of genetic marker used for QTL 

detection depends upon the model system used and the species under study (Park and 

Moran 1994). 

Among all the nuclear markers developed in fish species so far, microsatellites are 

capable of detecting the greatest amount of genetic differentiation (Ferguson and 

Danzmann 1998). Microsatellites, which are prevalent throughout all genomes, are highly 

variable molecular markers (Tautz 1989). Furthermore, microsatellites are codominant 

DNA-markers and have high reproducibility (Cross et al. 1998). Utilizing these attributes 

of microsatellite markers, relatively dense genetic maps are being generated for most 

domesticated species (Weller 2001), allowing the complete genome to be examined for 

QTL with a major effect on the phenotype (Montaldo and Meza-Herrera 1998). 

The recent surge in the application of SNPs to dissect the molecular basis of 

complex traits in humans (Trikka et al. 2002) has made them candidate markers for QTL 

mapping in other animals as well (Jungerius et al. 2002; Curtsinger 2003; Kutzer et al. 

2003). According to Brookes (1 999), SNPs are single base pair positions in genomic 

DNA at which different sequence alternatives (alleles) exist in normal individuals in 

some population(s), wherein the least frequent allele has an abundance of one percent or 

greater. Unlike microsatellites, which as are usually multiallelic, SNPs can be bi-, tri-, or 

tetra-allelic (Weller 2001). SNPs are numerous, more stable and potentially easier to 

score than microsatellites (Weiss 1998). SNPs can be found anywhere in the genome. 

SNPs in the coding regions of genes (cSNPs) or in regulatory regions are more likely to 



cause functional differences than SNPs elsewh.ere in the genome (Collins et al. 1998). 

Similar to microsatellite analysis, SNP-linkage studies also assume that the marker allele 

and the QTL are in LD (Long and Langley 1999). Due to lower mutation rates, however, 

SNPs may provide a better platform for LD mapping than microsatellites (Weiss 1998). 

In Arctic charr, Tao and Boulding (2003) successfully identified a SNP associated with 

growth rates in juveniles. However, it will take some time to put SNPs into use because 

the DNA sequence is not available yet for any aquacultural species. Therefore, 

microsatellites remain the largest class of molecular markers available for QTL mapping 

in fish. 

1.4.4 Statistical associations in QTL analyses 

A QTL is essentially a statistical creation that identifies a particular region of the 

genome as containing a gene (or genes) that is associated with the trait being assayed 

(Weller 2001). In LD-based methods, a statistically positive association between neutral 

DNA polymorphisms and the variation in the trait performance is observable (Long and 

Langley 1999). A significant association between the trait and the markers may be 

evidence of a QTL near the marker (Liu 1998). Lander and Kruglyak (1 995) examined 

three main causes of occurrence of a positive association in an association study: a) 

marker-allele carries causative mutation and thus is the actual cause of the variation in 

trait; b) marker-allele does not influence the trait but is in close LD with the cause, and c) 

is an artefact. To counter the number of artefects in QTL analysis, the use of stringent 

statistical significance thresholds (Lander and Kruglyak 1995; Lynch and Walsh 1998; 

Doerge 2002) and increasing the QTL-reliability by replicating studies (Liu 1998; Long 

and Langley 1999) have been proposed. 



To date, there has been little consensus in the QTL mapping community on how 

data from QTL studies should be analyzed and what significance thresholds should be 

used to detect and report QTL (Van Tassel1 et al. 2000; Doerge 2002; Cnaani et al. 

2003). Therefore, it is not surprising that results from these studies sometimes confirmed 

the same QTL and, in other cases, provided conflicting results (Ashwell et al. 2001). 

Nonetheless, most studies agree that to gain experimental power establishing an 

appropriate significance threshold is important before reporting a QTL (Lander and 

Kruglyak 1995; Lynch and Walsh 1998; Schrooten et al. 2000; Weller 2001 ; Doerge 

2002). Churchill and Doerge (1 994) proposed a permutation test to assess chromosome- 

wide statistical significance in QTL analysis. Similarly, a threshold for genome-wide 

significance can be obtained by correcting the chromosome-wide significance threshold 

for the number of chromosomes (or linkage groups) analyzed (Schrooten et al. 2000). For 

example; a permutation tests for a given trait yielded a chromosome-wise significance 

threshold of p<O.O5, and assuming that 40 chromosomes were analyzed then a threshold 

of p<O.OOl25 represents genome-wide significance. However, in a QTL analysis using 

anonymous markers for which no chromosomal linkage information is available, i.e. 

marker location on a linkage map is not known, a nominal significance threshold of 

p<0.05 can be considered (Churchill and Doerge 1994; Robinson et al. 1999; Cnaani et 

al. 2003). Furthermore, according to the statistics of normal distribution 95% of the data 

points fall within f 1.96 standard deviations (Cann 2003). Therefore, for a population 

possessing f 1.96 or more standard deviations, using a=0.05 appears to be statistically 

sound. In a QTL study in cattle, Grosz and MacNeil(200 1) found that a 95% confidence 

interval (or a=0.05) is significant enough to report a putative QTL, as the location of 



detected QTL effects range from 28 to 83cM, which is substantially broader than those 

estimated for effective MAS by Lande and Thompson (1999) using the a=0.01 level of 

significance for detection of additive genetic variance at any QTL. Subsequently, these 

findings were confirmed in a comprehensive QTL analysis using 229 microsatellite 

markers, spanning 2.41 3 morgans mapped on to 29 bovine autosomes (MacNeil and 

Grosz 2002). In another study, Robinson et al. (1 999), tested 222 unlinked marker loci at 

a significance threshold of p<O.OS, to detect QTL influencing embryonic development in 

rainbow trout. To achieve required levels of stringency, however, applying adequate 

statistical corrections (e.g. Bonferroni, Tukey etc.), across multiple markers is advisable 

(Knott et al. 1998; Schrooten et al. 2000; Doerge 2002) and only effects that display 

statistical significance on two or more independent studies should be considered as 

confirmed (Lander and Kruglyyak 1995; Long and Langley 1999; Cnaani et al. 2003). 

The associations showing marginal significance or those that cannot be replicated or 

confirmed in subsequent studies, however, should be reported and be clearly identified 

for future references (Cheverud et al. 1996). Otherwise, many true effects will be missed 

out (Weller 200 1). 

In general, the basic hypothesis of a genome-wide scan approach is to detect one or 

more QTL on different chromosomes or linkage groups, one of which would be 

significant at the genome-wide level i.e. it exceeds the stringent confidence-interval limit 

required by a large number of simultaneous tests (Schrooten et al. 2000; Ashwell et al. 

2001; Hirooka et al. 2002). In the single-QTL single-marker model, two basic statistical 

approaches are used to identify QTL (Liu 1998). These approaches are equivalent or 

similar under the assumption that if the genes and the markers are segregating in a 



genetically defined population, then the linkage relationships among them may be 

discoverable by looking at the association between the trait variations and the marker 

segregation pattern (Liu 1998). In one approach, the phenotype of an offspring is 

regressed against the probability that it has inherited a QTL (actually, the QTL linked 

marker), which compares the trait variation between two allele classes as inherited from 

either sire or dam. Typically, this test is referred to as a transmission disequilibrium test 

(TDT) (Spielman et al. 1993). The second method is the linear regression model (LRM), 

which is the concept of variance of the inheritance of quantitative trait (Johansson and 

Rendel 1968). The TDT examines a one trait-one allele effect (Spielman et al. 1993) 

while the LRM (ANOVA) explains the amount of predictable variation at a marker 

location i.e. the effect-size of a QTL (Whittaker et al. 1995; Cam 2003). Having several 

closely-linked markers on a chromosome each explaining a significant portion of the 

phenotypic variation would be good evidence of a critical region (at the genome level) 

influencing the trait performance (Malek et al. 2001). 

The basic concept of TDT is that marker alleles associated with high or low trait 

performance have a high probability of being t.ransmitted to superior or inferior 

individuals. Typically, the TDT starts with a set of parents who differ in their phenotypic 

expression and are heterozygous for a marker under investigation (Liu 1998). Then a test, 

whether or not a marker-allele (let us assume 'lM1') is associated with the superior 

phenotype, is carried out. If so, confirming the association by selecting other parents who 

are heterozygous for M1 is requisite. This way., the TDT approach can be generalized to 

an arbitrary number of alleles in a stock population (Spielman et al. 1993). However, the 

TDT is effective only if association (due to LD) is present (Liu 1998) and the differences 



in effects are large enough to detect (Spielman et al. 1993). Additionally, due to the fact 

that TDT only uses a portion of the data, the statistical power of TDT is believed to be 

low (Liu 1998). Despite these limitations TDT is recommended for QTL analysis, 

because in the absence of any linkage the probability of detecting a false positive is low 

(0.05), if we select 0.05 as the significance threshold (Liu 1998). 

Since the TDT is a linkage-based test and does not estimate the magnitude of allele 

effect, the LRM has been a model of choice for QTL estimation in both plants and 

animals over the last half a century (Liu 1998). The LRM uses a least squares method to 

find a linear relationship between a response variable (phenotype) and a possible 

predictor variable (marker) and depending upon the number of markers used in the 

model, it can be of two types: simple linear regression and the multiple linear regression 

models (Cam 2003). The simple linear model aims to find a linear relationship between a 

response variable (phenotype) and a possible predictor variable (marker). The multiple 

linear regression model aims to find a linear relationship between one or more 

phenotypes and several markers at the same time (Liu 1998). These models can also be 

modified to evaluate the environmental contributions to the overall trait variance (Liu 

1998; Weller 200 1 ). For more complex experimental designs, several other variations on 

these basic approaches have been proposed and used (Liu 1998). 

The concept of variance is fundamental to the inheritance of quantitative trait. The 

total variance of a trait or a set of correlated traits has two main components (i) directly 

observable components of variance caused by, for example, the differences between 

group means and within groups and (ii) causal component derived from theoretical model 

(Johansson and Rendel 1968). The equation; y:=p+Px+~, represents the standardized 

32 



LRM applied to QTL analyses (Liu 1998)' where y is the observed phenotypic value of 

the nth individual in a mapping population (N=n), p is the trait mean of the population, 

is the effect of marker-allele 'x' as inherited from the male or female parent, and E is the 

residual error of the model. The output of this model is an R~ value (Liu 1998). This 

value tells us the amount of the variance of phenotype 'y' explained (or predicted) by the 

marker 'x', e.g. an  va value of 0.5 means that O.5* l00= 50% of the variance of 

phenotype y is due to the marker x. Suggesting up to 50% contribution of marker-locus to 

the total variance of the phenotype for a population under investigation (Cam 2003). 

This model can also be applied to a situation where several alleles at a locus are 

found to be positively associated with the trait across multiple families (Simianer 1994; 

Meuwissen 2003). This would indicate genome-wide random QTL effects, as opposed to 

a locally fixed effect due to the marker-allele ('Weller 2001). This is more likely to 

happen in backcross pedigrees whose parents are derived from a population carrying a 

large number of alleles at a locus (Weller 2001) and also the two parents may differ in 

state and in phase for QTL alleles (Simianer 1494; Asins 2002). The simple LRM, which 

assumes a single genotype per locus per individual i.e. two alleles per parent, can be 

modified to multiple genotype per locus per animal (Weller 2001). Fernando and 

Grossman (1 989) devised a mixed variance-covariance model to estimate a population 

wide QTL effect (Meuwissen 2003). While combining data across families to estimate 

QTL effects, however, this approach assumes that the QTL location is the same for all the 

families and each family is considered to be heterozygous for two different QTL alleles 

(Weller 2001). 



Taking a genome-wide scan approach, Slate et al. (2002) found evidence for the 

presence of several QTL for birth-weight (a fitness-related trait) in different linkage 

groups, even in a wild population of red deer (Cervus elaphus). This suggests a great 

suitability of genome-wide scan approach for QTL detection in fish stocks, which have 

undergone only a very few generations of domestication since their drawing from their 

natural habitat. Furthermore, being able to detect QTL in a natural population could be 

very useful in species that have a long first maturity time (e.g. salmonids) and hence, the 

time needed for making crosses among inbred lines can be reduced considerably (Liu 

1998). 

1.4.5 QTL mapping in fish, salmonids and Arctic charr 

Although in fish several studies have confirmed the existence of significant genetic 

variation for quantitative traits of commercial importance (Kause et al. 2003), and have 

recognized the potential of MAS for their genetic improvement (Flint and Mott 2001), the 

application of QTL-mediated MAS in fish breeding is relatively insignificant compared 

to other agribusinesses in the world (Sonesson 2003). This is primarily due to the lack of 

reliable QTL estimates in fish species. 

Thus far, very few QTL for production traits have been identified in fish (Sonesson 

2003). Much effort is devoted to QTL mapping for growth, feed conversion efficiencies, 

disease resistance, fecundity, and spawning time (Dunham et al. 200 1). QTL associated 

with the growth hormone gene have been reported in coho salmon (Forbes et al. 1994); 

brown trout (Gross and Nilsson 1995), chinook salmon (Park et al. 1995), Atlantic 

salmon (Gross and Nilsson 1999) and Arctic charr (Tao and Boulding 2003). Several 



QTL studies have been published in rainbow trout for temperature tolerance (Jackson et 

al. 1998; Danzmann et al. 1999; Perry 2001), spawning time (Sakamoto et al. 1999; 

Fishback et al. 2000; OYMalley 200 1); growth (Martyniuk 200 I), disease resistance 

(Ozaki et al. 2001), and fitness traits (Som0rja.i 2001). Other notable QTL studies 

published in aquacultural fish species include: in tilapia for temperature and salinity 

tolerance (Streelman and Kocher 2002; Cnaani et al. 2003), in catfish for feed conversion 

efficiency and bacterial septicemia resistance (Liu 2003), in guppy for growth (Nakajima 

and Taniguchi 2002), in shrimps for viral resistance (http://shrimpmap.tag.csiro.au), in 

Atlantic salmon for infectious anemia resistance (Moen et al. 2003 as cited in Sonesson 

2003) and in Arctic charr for growth rates and fitness traits (Johansen 1999; Somorjai 

2001). 

One important application of accumulating QTL information for many species is 

comparative mapping. In the future, genetic mapping may possibly be carried out by 

comparing genome maps among relatives in the same species or between different 

species (Kutzer et al. 2003). The purpose of comparative mapping is twofold: the transfer 

of mapping information across species and to achieve a better understanding of genomic 

evolution (Sankoff 1999). For example, co-linear genetic maps have been uncovered in 

plants; among maize, rice and sorghum, and animals; mouse, humans and other mammals 

(Liu 1998). While searching for birth-weight QTL in red deer, Slate et al. (2003) found a 

conserved marker order by comparing homologous linkage groups between cattle and 

deer. Using highly variable microsatellite markers from various salmonids and possibly 

from other fish species for mapping purposes might help in integrating QTL information 

across several fish species. Regions of genome flanking microsatellite in fish may have 



evolved at a slower rate than those of terrestrial animals and therefore, the conservation 

of microsatellite loci across a broad range of species is evident among various teleost taxa 

(Rico et al. 1996; Dunham 2004). However, due to ecological variations and local 

adaptations, high polymorphism at a DNA marker in a species from one location does not 

mean that there will be high polymorphism in another population (Liu 1998). This might 

explain why several markers that are polymorphic in the Fraser River Arctic charr were 

found to be monomorphic in the Tree River or Nauyak Lake Arctic charr and vice versa. 

Slate et al. (2003) observed the same problem in a study conducted in cattle and deer, 

where due to lack of comparable density in syntenic regions desirable results could not be 

reached. Nonetheless, comparative mapping is a cost effective way of QTL mapping in 

several populations in a fish species and possibly, from one teleost to other. 

Furthermore, it is also believed that in a broad breeding program a very few QTLI 

marker associations are reliable because different mapping populations of a species share 

only a small set of common QTL (Kearsey and Farquhar. 1998; Lynch and Walsh 1998). 

This attribute is very important in composite QTL-mapping in salmonids because they 

seem to share life history characteristics and phenotypes observed across species and 

thus, it is likely that common genetic effects will be detected among them (Somorjai 

2001). The availability of genome-wide microsatellite maps for an increasing number of 

animal species has facilitated QTL identification and eventually in dissecting the genetic 

architecture of variety of important quantitative traits in livestock (Andersson 2001; Flint 

and Mott 2001), and the same is due to be applicable in salmonids (Martyniuk 2001) and 

fish in general. 



1.4.6 QTL mapping in Arctic charr from Icy Waters Ltd. 

Arctic charr aquaculture has the advantage of learning from past mistakes made 

during the aquaculture of other salmonid species. Identification of QTL in the moderately 

inbred Arctic charr stocks maintained at Icy Waters Ltd. is facilitated by a consolidated 

linkage map of Arctic charr, which was developed through collaboration between groups 

at the University of Guelph and Simon Fraser University. More than 300 microsatellite 

markers have been placed on the genetic map of the Arctic charr, which is comprised of 

46 linkage groups (Worarn et al. 2004). Backcrosses between two strains with strong 

phenotypic divergence are appropriate for detecting and mapping of QTL in the Tree 

River and Nauyuk Lake populations of Arctic charr (Lynch and Walsh 1998; Weller 

2001). Furthermore, backcrosses will contribute to polarized genetic variations 

(O'Malley 200 1 ; Pillen et al. 2003). Such an approach should maximize the likelihood of 

detecting polymorphism with the markers used because the genotypes of the backcross 

parents are not expected to be completely homozygous at all the microsatellite loci 

(Hallerman and Beckmann 1988). The QTL of interest in Arctic charr include growth, 

length, condition factor (KTL), feed conversion ratio (FCR), disease resistance, upper 

temperature tolerance (UTT), coloration, levels of omega3 fatty acids, and size at harvest. 

Considering, the small number of founders and few generations under selective pressure, 

this approach should be effective in detecting QTL of economic interest in Icy Waters 

Arctic charr. 



1.5 Aim of the thesis. 

The aim of this thesis is to evaluate the growth performance of various hybrid cross 

combinations and to search for QTL associated with growth in Arctic charr, which will 

enable us to design MAS strategies for the charr from Icy Waters Ltd. 



Chapter 2. Material and Methods 

2.1 Background information on Arctic charr crosses and 
families 

Source material for this study was derived from the two domesticated strains of 

Arctic charr raised at Icy Waters Ltd. (as described in section 1.1.4). Icy Waters Arctic 

charr is comprised of the Tree River (TR) strain, the Nauyuk Lake strain (NL) and their 

reciprocal hybrids (Hybridl: TRfema\e x YGmaIe and Hybrid2: YGfemale x TRmale). At this 

facility, the Tree River strain was selected for growth and the Nauyuk Lake strain was 

selected for its appealing coloration. For the purpose of this study the Nauyuk Lake 

Arctic charr may also be referred to as Yukon   old^^ Arctic charr (i.e. NL or YG). 

In May 2001, the entire 1996 Arctic char  broodstock (n=848: TR= 250, YG=210, 

Hybridl = 185 and Hybrid2=203) at Icy Waters Ltd. was physically tagged with passive 

integrated transponder (PIT) tags. Also, to measure genetic relatedness among them, all 

848 broodfish were genotyped at four microsatellite loci (Ssa84DU, SalE3 8SFU, 

Sfo8LAV and Sfo23LAV). This experiment was important to propagate genetically 

identifiable families of unrelated individuals that will set-up the platform to track the 

genetic basis of phenotypic variations in the Arctic char. Subsequently, in the fall of 

200 1, 123 genetically identifiable full-sib families were propagated from the 1996 

broodstock. Dr. Colin McGowan caried out the preliminary genetic analysis of 848 

broodfish at four microsatellite markers (Ssa85DU, SalE38SFU, Sfo8LAV and 

Sfo23LAV) and designed the following mating schema at the Icy Waters Ltd., 

Whitehorse, Yukon, Canada (Table 2.1). 



2.1.1 Mating design 

During the 200 1 spawning, 107 females and 90 males from the 1996 broodstock 

were artificially bred to produce two pure crosses, two reciprocal hybrid crosses, and 

eight backcrosses. The parent fish (n= 197) consisted of 26 TR males, 34 TR females, 36 

YG males, 32 YG females, 13 hybridl males, 15 hybrid2 males, 21 hybridl females, and 

20 hybrid2 females. Each of the twelve propagated lines was composed of ten hll-sib 

families of unrelated male and female parents. A total of 123 full-sib families from four 

hatchery-reared groups of Arctic charr were propagated at Icy Waters Ltd., Whitehorse. 

One of these families was used to identify putative growth QTL in Icy Waters Ltd. Arctic 

charr. A description of the families propagated from the four groups of Arctic charr is 

given in Table 2.1. 

2.1.2 Incubation and Rearing 

The sacfry from the 123 unique families were incubated separately in 123 Heath 

Tray incubators. After 85% of yolksac absorption, equal number of alevins from each 

family, representing a specific cross, were pool.ed and transferred into 12 newly 

purchased circular tanks (fiberglass) for rearing under identical conditions in an indoor 

hatchery. The ambient conditions such as water temperature and dissolved oxygen 

concentration, and daily feeding rates were kept consistent across the twelve lines 

throughout the rearing to eliminate any biases in stock performance. Alevins were 

monitored and maintained in the hatchery for the duration of the experiment. 



Table 2.1. Families produced from four groups of Arctic charr at Icy 
Waters Ltd. in the fall of 2001. 

Tree River 

TRf x YGm (Hybridl) 
YGf x TRm (Hybrid2) 

Backcross (Hybrid2 x YGm) 
Backcross (YGf x Hybrid2) 
Backcross (Hybridl x YGm) 
Backcross (YGf x Hybridl) 

FAMILY 

Yukon  old^^ 
TR 

TR 
YG 

YGf x TRm (hybrid2 
YG 

TRf x YGm (Hybridl 
YG 

FEMALE MALE 

Y G Y G 

) YG 
YGf x TRm (Hybrid2) 

) YG 
TRf x YGm (Hybridl) 

TR 

Backcross (Hybrid2 x TRm) YGf x TRm (Hybrid2) TR 
Backcross (TRf x Hybrid2) YGf x TRm (Hybrid2) 
Backcross (Hybrid1 x TRm) TR 

TRf x YGm (Hybridl) 

YGm; male from the Nauyuk Lake strain, YGf; female from the Nauyuk Lake strain, TRm; male from the Tree 
River strain, TRf; female from the Tree River strain. 



2.2 Genetic Profiling of the 1996 broodstock 

In May 2001, at the time of PIT tagging, samples of fin-tissue were collected from 

848 broodfish. Collected tissues were stored in 95% ethanol at room temperature. DNA 

was extracted from fin tissue using the PUREGENEB kit (Gentra system, Minneapolis, 

MN. USA). 

After testing several microsatellite markers (Appendix 11), four additional 

polymorphic microsatellite markers (One1 8ASC, SalSUG, SalP6lSFU, and SalD39SFU) 

were used to complete the genetic profiling of the 1996 Arctic charr broodstock at eight 

microsatellite markers (Appendix 111). The genetic profiling of the entire broodstock was 

important to consolidate the relatedness matrix, which will be a crucial element for the 

marker-assisted artificial breeding of these Arctic charr in the future. 

Genotyping at loci Ssa85DU, SalE38SFU, SfoSLAV, and Sfo23LAV was done 

using a radioactive technique, whereas, genotyping at loci One1 8ASC, SalSUG, 

SalP61 SFU, and SalD39SFU utilized a semiautomated fluorescent technique. 

Furthermore, to be consistent with the genotyping on progeny, all the parents (n=197) 

that were used to generate the 12 different lines were re-genotyped using the fluorescent 

technique at all eight microsatellite loci (Appendix 111). The radioactive and fluorescent 

fingerprinting techniques are as described in section 2.6.2 of this chapter. 

2.3 Growth performance of twelve lines 

In July 2002, after eleven months of indoor rearing, the total-length (TL; cm, 

nearest lmm) and the wet-weight (WT; g, nearest O.1g) of 250 juvenile fish from each of 



the 12 lines were recorded. In addition, at the time of adjusting for weekly feeding rates, 

hatchery staff also measured the batch weight from each of the 12 crosses on a weekly 

basis. All measurements were taken on randornly sampled juvenile fish. 

2.4 Strategy for genome coverage in Arctic charr 

It was hypothesized that one microsatellite marker per linkage group would be 

tested for initial genome scanning and, if a marker was found associated with a growth 

parameter in the most variable family, other neighboring markers from the same linkage 

group would also be tested to detect similar associations i.e. QTL effects, enabling the 

detection of region(s) of the genome on one or more linkage groups significantly 

responsible for superior growth performance in Arctic charr. 

Due to the low resolution of the Arctic charr linkage map initially available 

(Worm 200 I), however, other anonymous microsatellite markers cloned from various 

salmonids species were also included in this study to achieve greater genome coverage. 

2.5 Marker suitability in Icy Waters Arctic charr 

Using the radioactive genotyping technique, 198 microsatellite markers from 

various salmonid species were tested on twelve randomly chosen brooders (six NL and 

six TR) for their suitability in this study (Appendix 11). Out of 198 microsatellite loci, 

only 75 markers were informative in the Icy Waters' populations, whereas, 123 markers 

were unsuitable for this study. Among non-informative markers, a marker locus 

producing one allele across the two strains or an allele size larger than 400bp was 

considered undesirable (n=54) for this work, whereas, the rest of the 69 loci produced 

either no amplicons or nonuseable amplicons. One hundred and eighteen microsatellites 
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of the total tested markers (n=198) have not been mapped on to the Arctic charr linkage 

map yet. 

Although adequate polymorphisms at the 75 markers were observed, only 62 

polymorphic markers (Appendix VI) were given priority to perform genome wide scans 

in the Icy Waters Arctic charr population. These markers were chosen based on 

polymorphism results obtained in this study and information from other QTL studies in 

Arctic charr (Somorjai 200 1 ; Johansen 1999). 'The remaining thirteen markers were left 

for hture analysis. 

Forty-five of the 62 selected markers cover 28 linkage groups (AC-1, AC-3, AC-4, 

AC-6, AC-7, AC-8, AC-9, AC-10, AC-11, AC-12, AC-13, AC-14, AC-15, AC- 16, AC- 

18, AC-20, AC-22, AC-23, AC-24, AC-25, A(:-26, AC-27, AC-29, AC-30, AC-31, AC- 

33, AC-36, AC-38) on the consolidated Arctic charr map (Woram et al. 2004). The 

remaining 17 markers remain unassigned to any linkage group on the Arctic cha r  linkage 

map. To test if a polymorphic marker is also informative in a particular full-sib family, 

the two parents and two of their randomly selected progeny were screened for the 62 

informative microsatellite loci prior to family-wide screening. 

2.6 QTL analysis in Icy Waters Arctic charr 

2.6.1 Phenotyping of the four most variable backcrosses 

In February 2003, based on the phenotypic information obtained in July 2002, four 

backcrosses were selected for further genetic analysis in Icy Waters Arctic cham. The 

measurements of total-length (cm, nearest 1 mm) and wet-weight (g, nearest 0.1 g) were 

gathered for 500 randomly sampled individuals from each of four backcrosses: (tankl: 



(YG~xTR,)~xYG,, tank3: YGfx(TRfxYG,),, tank7: TRfx(TRfXYGm), and tanklo: 

(YG~xTR,)~xTR,). Fulton's condition factor (KTL) was used as an indicator of plumpness 

of a fish. It is a measure of the relationship between body weight and total length. 

[K~~=(w/TL~)*  1001 (Murphy and Willis 1996). The crosses (YGfxTRm)fxYG, and 

YGfx(TRfxYG,), were the fastest growing among the four Nauyuk Lake backcrosses 

and the crosses TRfx(TRfXYGm), and (YGfxTR,)fxTRm were the fastest growing among 

the four Tree River backcrosses propagated in the fall of 2001 (Table 2.1). At the time of 

phenotypic measurements, fin tissue from the randomly selected fish was also collected 

for genetic analysis. Fin tissue from all 2000 juvenile fish were preserved and stored as 

described in the section 2.2 of this chapter. 

2.6.2 Genotyping of Tree River back.cross 

2.6.2.1 DNA extraction 

For the purpose of identification of growth QTL in Icy Waters Arctic charr, based 

on the phenotypic information gathered in February 2003, the Tree River backcross 

(YGfxTR,)xTRm) was selected for detecting growth QTL in Icy Waters Arctic charr. 

This backcross possessed the greatest amount of variance for growth parameters under 

consideration among all four sampled backcrosses, and thus had the greatest potential for 

detecting segregating QTL. The DNA from all the 500 fish sampled from this backcross, 

was extracted from fin tissue using the PUREGENEB kit (Gentra system, Minneapolis, 

MN. USA). Concentrations of purified DNA were determined and approximately 50 

ng/pL of sample DNA were used for the polym.erase chain reaction (PCR). 



2.6.2.2 Radioactive genotyping 

PCR was performed in a 10-20 pL volume containing 1X PCR buffer with 1.5mM 

MgC12, 1U Taq DNA polymerase (Amersham Biosciences Corp. NJ, USA), 0.05mM 

each dNTP, 0. lmM each primer and 50ng of genomic DNA. For each marker, the 

forward primer was end-labeled with [ y 3 2 ~ ] ~ 7 ' ~  (T4 polynucleotide Kinase kit, 

GIBCOBRLB, USA). The following PCR program, with locus specific modifications, 

was used: an initial denaturation cycle of 5 mill at 95 '~ ,  followed by 35 cycles of 45 sec 

at locus specific annealing temperature, 45 sec at 72 '~ ,  45 sec at 9 5 ' ~  and a final 

extension time of 1 min at 72 '~ ,  in a Biometra thermocycler. PCR products (or 

amplicons) were size fractionated using electrophoresis through an 8% highly denaturing 

polyacrylamide-formamide gel (Litt et al. 1993). Gels were dried and exposed to Kodak 

X-Omat Blue film for autoradiography. Genotypes were manually scored from the 

autoradiographs. 

2.6.2.3 Fluorescent genotyping 

PCR was carried out using the same method as described in the previous section 

(2.6.2. ii). For semiautomated fluorescent genotyping, fluorochromes of different colors 

(FAM, blue; HEX, green; TAM or TET, yellow) replaced the radioactive labeling. Gels 

containing fluorescently labeled amplicons were visualized using an ABI PrismTM 377- 

96 collection software (ABI, Foster City, California, USA). For analysis, 0.5-1.2 pL from 

as many as three different PCR reactions were pooled, and the mixture was added to 1.53 

pL formamide-loading buffer and 0.17 pL GeneScan 400HD standard ladder (Applied 

Biosystems). After denaturation at 9 4 ' ~  for 5 min, the solution was loaded on an ABI- 

377 DNA sequencer (8% polyacrylamide-formamide gel or 5% longranger from 



GIBCOBRLB, USA). The DNA fragments were separated by electrophoresis and allele 

sizes were determined using GenescanB software (version 2. I), which uses a logarithmic 

scale to compare unknown band sizes to known base pair sizes. As an internal standard, 

GenescanB 400HD [ROX] (Applied Biosystems, California, USA) was used. Fragment 

size data for the upper and lower size range for each allele were determined. This 

information was used to determine the electrophoresis run time (2-8hours) and to bin 

sizes for all alleles (the nearest whole base pair number). One advantage of fluorescent 

genotyping is that multiple loci could be co-amplified in the same PCR tube (multiplex 

PCR). Ssa85DU(FAM) and SalE3 8SFU(TAM), and SSOSL456(HEX) and 

One8ASC(FAM) could be multiplexed successfully, while the other loci were amplified 

individually (for details see Appendix VI). 

2.6.3 Parentage assignment 

PROBMAX 1.2 (Danzmann 1997) was used to sort juvenile fish into 10 unique 

full-sib families per cross. When the parental mating combinations and genotypes of the 

parents and the progeny are known, this pr0gra.m calculates the maximum probability of 

progeny assignments to a mixture of parents. To achieve a precise assignment to one 

unique parent pair, all 500 fish sampled from tank 10 (Backcross (YGfxTRm)fxTRm) were 

genotyped at eight loci (Appendix 111). 

2.6.4 Statistical analysis 

The ANOVA, Mann-Whitney U rank test, correlation tests, descriptive statistics, 

and frequency distribution were carried out using SPSSB 10.0 software, SPSS Inc. 



Chicago, whereas the regression analysis was performed using SAS (version 8.0) 

software from the SAS Institute, Cary, North Carolina, USA. 

2.6.5 Basic statistics and correlation tests 

Using ANOVA, painvise comparisons for growth data between all 10 full-sib 

families of cross 10 (backcross (YGfxTRm)fxTRm) were made. Within each family, the 

growth performances of male and female juvenile fish were also compared to assess any 

sex-influenced effects. Kolmogorov-Smimov tests were performed to test for the 

normality of the weight, length, and condition factor data. Descriptive statistics were 

performed to assess the amount of phenotypic variation present in 10 full-sib families of 

cross 10. Significant differences in growth were determined using a 95% confidence 

interval and under the assumption of unequal variances. 

To determine a correlation among three growth parameters a bivariate correlation 

analysis using the Pearson Product-Moment Correlation was performed on the 

transformed data (logtl, logwt, and logcf) and using the Kendall's tau-b correlation on the 

raw data for the three growth parameters (TL, 'WT, KTL) for all six sizable full-sib 

backcross families (2-10, 3-10, 4-10, 5-10, 6-10, and 9-10). The Kendall's tau-b 

correlation estimation is a nonparametric test and measures an association between rank 

orders. 

2.6.6 Statistical tests and thresholds for QTL detection 

A sizable backcross family ((YGf~TRm)f~TRm), namely 6-1 0, derived from the Tree 

River and the Nauyuk Lake strains of Arctic charr was chosen for QTL analysis in the Icy 

Waters Arctic charr. Among six sizable families (35 or more sibs per family), family 6-10 



(n=36) possesses the largest phenotypic variances for the three growth parameters under 

study. 

Using the nonparametric Mann-Whitney U rank test, a statistical association 

('<0.05) between a marker and a trait was examined by comparing the phenotypic means 

of two groups of individuals receiving different alleles from a heterozygous parent 

(female or male). If both parents were heterozygous for the same alleles, homozygous 

progeny were compared for their phenotypic means based upon their genotypes rather 

than allelic inheritance. The probability values were adjusted (p<0.00081) using the 

Bonferonni correction for multiple tests for 62 markers. An association that failed to pass 

this correction but for which a was 0.05 or less (i.e. p<0.05) during the initial analysis, 

was considered marginally significant. 

To test for the proportion of phenotypic variation explained by a particular locus 

i.e. size of the QTL effect, an analysis of regressing phenotypes on to a molecular marker 

locus was carried out. To be conservative, before performing the regression analysis, the 

data were transformed by taking the natural log of the phenotypic values. The following 

generalized linear regression model was used to estimate the QTL effect; 

where yi, is the observed phenotypic value of the ith individual in a mapping 

population (N=l-ni) at ,th locus, p is the trait mean of the group, P is the effect of marker- 

allele 'j' (j=1,2,12) as inherited from the male or female parent, and ~ i j  is the residual 

error of the model. The R~ value obtained from this model predicted the amount of the 



variance of phenotype 'y' explained by the marker. A computer code was written to carry 

out the regression analysis for multiple markers simultaneously for all three normalized 

parameters total length (loglt), body weight (logwt) and condition factor (logcf) 

(Appendix IX). 



Table 2.2. Revised designations for BHMS loci (clones) used in 
this study, as per SALMAP declaration. 

Genbank accession 
Previous Designation New Designation number of the clone 

BHMS121 

BHMS 130 

BHMS 142 

BHMS206 

BHMS2 17 

BHMS330 

BHMS3 56 

BHMS409 

BHMS4 1 1 

BHMS429 

BHMS43 1 

BHMS490 

BHMS540.1 

BHMS546 

BHMS7.030 

BHMS7.033 

Ssal32NVH AF256769 

Ssal2NVH AF256663 

Ssa l35NVH AF256772 

Ssa30NVH AF256680 

Ssal52NVH AF256786 

Ssa I 05NVH AF256748 

Ssal O9NVH AF256751 

Ssa I 80NVH AF2568 1 1 

Ssa121 NVH AF256761 

Ssa7l NVH AF2567 1 9 

Ssa72NVH AF256720 

Ssa76NVH AF256724 

Ssa l98NVH AF257059 

Ssa200NVH AF256829 

Ssa209NVH AF256838 

Ssa5NVH AF256658 



Table 2.3. Sources of microsatellite primers used in this study. 

Abbreviation Common Name Scientific Name 

As 
BFRO 
BHMS 
Cocl 
MBO 
MST 
Ocl 

Ogo 
OMM 

O ~ Y  
One 
Ots 
Sal 

Sap 
Sco 
Sf0 
Sma 
Sox9-ms 
Ssa 
SSLEE 
SSOSL 
Str 

Atlantic salmon Salmo salar 
Marble trout Salmo marmoratus 
Atlantic salmon Salmo salar 
Lake Whitefish Coregonus clupeaformis 
Arctic charr Salvelinus alpinus 
Brown trout Salmo trutta 
Cutthroat trout Oncorhynchus clarki 
Pink salmon Oncorhynchus gorbuscha 
Rainbow trout Oncorhynch us mykiss 
Rainbow trout Oncorhynchus mykiss 
Sockeye salmon Oncorhynchus nerka 
Chinnok salmon Oncorhynchus tshawytscha 
Arctic charr Salvelinus alpinus 
Arctic charr Sa1velir)us alpinus 
Bull trout Salvelinus confluentus 
Brook charr Salvelinus fon tinalis 
Marble trout Salmo marmoratus 
microsate within SOX9 gene cloned from S. alpinus 
Atlantic salmon Salmo salar 
Atlantic salmon Salmo salar 
Atlantic salmon Salmo salar 
Brown trout Salmo trutta 



Table 2.4. lnstitute and country from where microsatellite primers used in 
this study were originated. 

Abbreviation Institute's Name 

ASC Alaska Science Center, USA 
BRFO University of Ljubljana, Slovenia 
DlAS Danish Institute of Agricultural Sciences, Denmark 
DU Dalhousie University, Canada 
INRA lnstitut Natioal de la Recherche Agronomique, France 
L AV University of Laval, Canada 
LEE National Fish Health Research Laboratory, USA 
MBO NRC Institute for Marine Biosciences, Canada 
NUlG National University of Ireland, Galway, Ireland 
NVH Norwegian College of Veterinary Medicine, Norway 
NWFSC North-West Fisheries Scienec Center, USA 
SFU Simon Fraser University, Canada 
TUF Tokyo University of Fisheries, Japan 
UBC University of British Columbia, Canada 
UG University of Guelph, Canada 
UW University of Washington, USA 



Chapter 3. Results 

3.1 Molecular tagging of 1996 Broodstock 

All 1996 Arctic charr broodstock fish (n=848) from the four groups (Tree River, 

Nauyuk Lake, and two reciprocal hybrids) were genotyped to test for genetic variation at 

eight microsatellite markers (Ssa85DU, SalE38SFU, Sfo8LAV, Sfo23LAV, Onel8ASC, 

SalSUG, SalP61 SFU, and SalD39SFU). At the eight loci, a total of 69 alleles were 

detected across the four groups (Table 3.1). 

The loci and genotyped brood fish showed a wide variation for the genetic 

variability in the two strains. Inter-locus allele size differences and the number of alleles 

per locus (i.e. allele diversity) varied. The locus Sfo23LAV possesses the greatest size 

range (176-3OObp) of all alleles across all 848 samples. In contrast, locus Onel8ASC has 

the smallest size range (1 80-220bp) of all the loci tested. In general, hybrid fish revealed 

the greatest range of allele sizes and the greatest number of alleles per locus. 

Overall, allelic diversity (A) in Icy Waters Arctic charr stocks is 8.6 per locus 

(Table 3.1). In ascending order, the average number of alleles overall in the four groups 

examined were: Hybridl, Hybrid2, Tree River and Nauyuk Lake. The Tree River strain 

had a greater allelic variation (A=6.9) than the Nauyuk Lake strain (A=5.1). The larger 

allelic diversity in the two hybrid groups, Hybridl (A=8.1) and Hybrid2 (A=7.9), 

indicated a combined genetic diversity of the two original Tree River and Nauyuk Lake 

populations in them. At loci SalD3 9SFU, SalE3 8SFU, Sfo8LAV, and Sfo23LAV, the 

two pure strains (TR and YG) seem to carry 3-4 private alleles. Allele 187 at locus 



Ssa85DU is exceptionally frequent in the Nauyuk Lake strain (0.98). Similarly, allele 220 

at locus Onel8ASC is very frequent in the pure Tree River (0.86) strain (Figure 3.1) 

All of the 197 parents that were involved in generating the 12 different crosses 

were re-genotyped using the fluorescence-based automated genotyping technique at all 

eight loci (Appendix 111). Using automated genotyping, the number of alleles across the 

four groups increased from 69 (autoradiography) to 8 1 and, thus the number of alleles per 

locus rose from 8.6 to 10.1 per locus. The allele 180 at the One1 8ASC locus is absent 

fiom the 197 parents used to generate the 12 family lines. 

The fluorescence-based automated genotyping is a highly sensitive technique, 

which offers greater consistency when scoring electrophoresis gels. Ability to multiplex 

two or more loci in the same PCR tube and run the amplicons through the single gel lane 

is the key to this high-throughput technique (Chamberlain et al. 1988). Gels can be 

analyzed immediately after the electrophoresis is completed and genotypes can be 

obtained in much shorter time than with the radioactive technique (Olsen et al. 1996). 

However, scoring two alleles differing by only two base pairs can be difficult and may 

lead to genotyping errors. This problem can be minimized by comparing with other 

alleles in the population or by selecting microsatellites with tri- or tetra-nucleotide 

repeats. Nonetheless, the fluorescence-based automated genotyping technique offers 

several advantage over conventional and hazardous radioactive technique (Oda et al. 

1997; Cawkwelll and Quirke 2000). 



Table 3.1. Allelic diversity of the four Arctic charr broodstock groups at Icy Waters Ltd., 
using eight microsatellites (for details see Appendix IV). 

Allele size All brooders Tree River Yukon Gold Hybrid1 Hybrid2 
Marker 

range @P) Allele NO. Allele No. Allele No. Allele No. Allele No. 

SalE38SFU 

Sfo8Lav 

Ssa85DU 

Sfo23Lav 

Onel8ASC 

SalP61SFU 

SalD39SFU 

Sal5UG 

Total 

Mean allele per locus 



Figure 3.1. Allele frequencies for the eight microsatellites tested on the four groups. The 

number of samples tested per group: Tree River (TR; in blue)= 250, Yukon Gold (YG; in 

red)= 210, Hybrid1 (HI; in yellow)= 185, Hybrid2 (H2; in light blue)= 203, All 1996 

broodstock (All; in brown)= 848. 
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3.2 Male specific markers 

Following fluorescent genotyping, a male-specific allele at the Sfo8Lav locus was 

observed in each of the two Arctic cham strains. At this locus marker-alleles Sfo8LAV- 

27 1 and Sfo8LAV-3 08 were exclusively found in males originating from the Nauyuk 

Lake and the Tree River populations, respectively. All of the 39 Nauyuk Lake males and 

20 Hybridl males (TRfxYGm) possessed a 271 allele at this locus. Similarly, all 40 Tree 

River males and 20 Hybrid2 males (YGfxTRm) possess a 308 allele. None of the Nauyuk 

Lake, Tree River, Hybridl, or Hybrid2 females carries either the 271 or the 308 allele at 

the Sfo8LAV locus. The only exception to this observation was one of the Hybridl male 

(PIT tag # 497249), which does not have a 271 allele, but possesses a 308 allele. For this 

fish, the genotypes at the other seven loci also suggest that it is an incorrectly identified 

individual and it is now believed to be a male fish from Hybrid2 (YGfxTRm) not Hybridl 

(TRfxYGm). This finding was confirmed by testing 25 males and 25 females from each of 

the four groups. Therefore, the Sfo8Lav marker is believed to be a male-specific marker 

and could prove to be invaluable during sex-reversal related genetic manipulations in 

Arctic charr at Icy Waters Ltd. 

Additionally, all male fish carrying either allele 271 or 308 were heterozygous at 

the Sfo8LAV locus. This suggested a possible location of Sfo8LAV on the male-sex 

chromosome in Arctic charr. Results fiom the linkage analysis on the three Tree River 

backcross families (3-10,4-10, and 6-10) indicated that the Sfo8LAV marker (allele 308) 

has zero percent recombination with the Omy6DIAS locus (allele 229) (Appendix X). 

The marker Omy6DIAS is 14cM fiom the phenotypically mapped 'SEX7-locus on the 

currently available Arctic charr linkage map (AC-4; Woram et al. 2004). The linkage 



group AC-4 is believed to be a sex-specific linkage group in Arctic charr. Due to a lack 

of polymorphism in the two mapping families used by Woram et al. (2004), the marker 

Sfo8LAV could not be mapped to any linkage group (Dr. McGowan pers. comm.). Also, 

the two mapping families used to generate the current Arctic charr linkage map were 

created as Fraser River backcrosses (hybrid (Fraser x Nauyuk) x Fraser) (Woram et al. 

2004), while the families used in this study were propagated as the Tree River backcross 

families ((YGfxTRm)fxTRm). 

3.3 Marker suitability and genome coverage in Icy Waters 
Arctic charr 

One hundred and ninety eight microsatellite markers from various salmonid species were 

tested for their suitability in this study (Appendix 11). Among the 198 markers, eighty 

have been mapped on to 39 various linkage groups on the current genetic map covering 

85% of the Arctic charr genomic map leaving the remaining 1 18 unassigned (Woram et 

al. 2004). Out of the 198 markers, only 75 markers were informative in the Icy Waters 

Arctic charr populations. Among unsuitable markers, 54 were undesirable and other 69 

loci either did not amplify or produced unusable amplicons. The 75 informative 

microsatellite markers covered 39 of the 46 linkage groups of the current Arctic charr 

genetic map (Woram et al. 2004). Among the :seven linkage groups that were not 

represented in this study, AC-40 and AC-43 each only have one microsatellite whereas, 

linkage groups AC-39, AC-41, AC-42, AC-44, and AC-46 have no microsatellites 

mapped on them and were characterized by AFLP markers in mapping families. Overall, 

39 of the possible 41 linkage groups were screened in this study and thus, only linkage 

groups AC-40 and AC-43 remain unanalyzed in this study. 



Table 3.2. Summary of informative microsatellite markers (n=75) in Icy Waters Arctic 
charr (for details see Appendix 11). 

Polymorphism 
Nauyuk Lake Tree River 

(N=6) (N=6) 

No. of Monomorphic loci 20 1 3* 

No. of Polymorphic loci 55 62* 

*35 loci carried non overlapping alleles. 



Among informative microsatellite markers (Table 3.2), 35 loci have non- 

overlapping alleles, whereas, 40 markers are sharing one or more alleles between the two 

strains (TR and YG) at Icy Waters Ltd. Among microsatellites with non-overlapping 

alleles, seven of the markers are monomorphic in the respective strains. Overall, the 

number of monomorphic microsatellite markers in the Nauyuk Lake and the Tree River 

Arctic charr from Icy Waters Ltd. are twenty and thirteen, respectively, suggesting either 

a heavier selection pressure under domestication or a larger founder effect in the Nauyuk 

Lake Arctic charr than the Tree River Arctic charr. Considering that the domestication of 

the Nauyuk Lake Arctic char  started with fewer individuals than the Tree River strain, 

the latter reason seems more likely. However, the number of founders contributing to the 

existing 1996 broodstock at Icy Waters Ltd. is not available. 

3.4 Growth performance assessment of twelve crosses 

After eleven months of rearing, in July 2002, length and weight data were collected 

for the twelve lines of juvenile fish (Table 2.1). Table 3.3 summarizes the data on twelve 

crosses as sampled in July 2002. No bimodal distributions were observed and those 

groups that were not distributed normally were very close to being normal. Probability 

estimates for pairwise comparisons between the twelve lines are shown in Appendix V. 

For the purebred lines, Tree River Arctic charr appeared to grow faster than the Nauyuk 

Lake Arctic charr. Both hybrid lines grew at similar rates and were equivalent to the Tree 

River line. Three of the four backcross lines generated from hybrids backcrossed with 

Yukon Gold fish grew at similar rates to the pure Yukon Gold line, while the backcross 

YGfx(TRfxYGm), grew at a rate similar to the Tree River strain. One time data collected 



Table 3.3. Summary of length (cm) and weight (g) data for twelve lines of juvenile Arctic char (July 2002) 

Mean 
Cross Tank Length SD variance distributio SD variance distribution 

I I I 
TRf x TRm 5.6 0.41 0.17 normal 1.29 0.29 0.084 normal 
YGfxYGm 1 1 5.1 0.27 0.073 normal 1 1 0 2  0.16 0.026 normal 

YGf x TRrn 
TRf x YGrn 

5.8 0.38 0.14 normal 
5.6 0.44 0.19 normal 

(YGf x TRm)f x YGrn 
(TRf x YGm)f x YGm 
YGf x (TRf x YGm)m 
YGf x (YGf x TRm)m 

5.2 0.34 0.12 not normal 
5.3 0.41 0.17 normal 
5.5 0.47 0.22 normal 
5.1 0.4 0.16 normal 

1 
4 
3 
9 

1.35 0.28 0.078 normal 
1 1.34 0.3 0.09 normal 

(YGf x TRm)f x TRm 
(TRf x YGm)f x TRm 
TRf x (TRf x YGm)m 
TRf x (YGf x TRm)m 

1 .09 0.22 0.048 not normal 
1.11 0.26 0.068 normal 
1.2 0.32 0.1 normal 

0.98 0.23 0.053 not normal 

1.5 0.4 0.16 normal 
1.53 0.35 0.12 not normal 
1.75 0.5 0.25 normal 
1.28 0.36 0.13 normal 

10 
12 
7 
8 

5.9 0.5 0.25 not normal 
6 0.42 0.18 not normal 

6.1 0.53 0.28 not normal 
5.6 0.5 0.25 normal 



in July 2002 showed a strong agreement with the weekly measurements taken at the 

hatchery over a period of 35 weeks from the first feeding (Figure 3.2, 3.3, 3.4, and 3.5). 

Four backcross lines generated from hybrids backcrossed with Tree River fish, 

exhibited the best growth. The Tree River backcrosses with 75% male 

((YGfxTRm)fxTR,) or 75% female (TRfx(TRfxYGm),) contribution grew even faster than 

the other two Tree River backcrosses (TRfx(YGfxTR,), and (TRfxYGm)fxTRm). 

Among the four Nauyuk Lake Arctic charr backcrosses, the backcrosses with 75% 

female (YGfx(YGfxTR,),) contribution grew slowest. Although in general the Yukon 

Gold backcrosses were out-grown by the Tree River backcrosses, the Yukon Gold 

backcross families may be valuable in detecting QTL responsible for the attractive color 

and body shape in the Arctic charr at Icy Waters Ltd. 

3.5 Growth performance of the four most informative 
backcrosses 

In February 2003, four backcrosses were selected for the detection of QTL in Icy Waters 

Arctic charr populations. Two of the four sampled lines represent the Nauyuk Lake 

backcross ((YGfxTR,)fxYGm and YGfx(TRfxYGm),), while the other two were the Tree 

River backcrosses (TRfx(TRfxYGm), and (Y(3fxTRm)fxTRm). These lines were the fastest 

growing among eight backcrosses at that time and were expected to provide the most 

information while searching for growth QTL in Icy Waters Ltd. Arctic charr (Table 



Figure 3.2. Average batch weight of juvenile fish for the two pure (cross 2; TRfxTR, in 

gray, and cross 6; YGfxYGm in blue) and the two reciprocal hybrid (cross 5; TRfxYG, in 

green, and cross 1 1 ; YGfxTRm in yellow) crosses over 32 weeks of hatchery rearing 

between February 2 1,2002 to October 22,2002. 
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Figure 3.3. Average batch weight of juvenile fish for the pure Nauyuk Lake (NL) cross 

(cross 6; YGfxYGm in blue) and the four Nauyuk Lake backcrosses (cross 1; 

YGfxTRm)fxYGm in brown, cross 4; (TRf~YGm)f~YGm in dark blue, cross 3; 

YGfx(TRfxYGm), in pink, and cross 9; YGfx(YGfxTRm), in yellow) over 32 weeks of 

hatchery rearing between February 21,2002 to October 22,2002. 
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Figure 3.4. Average batch weight of juvenile fish for the pure Tree River (TR) cross 

(cross 2; TRfxTRm in light blue) and the four Tree River backcrosses (cross 10; 

YGfxTb)fxTRm in dark blue, cross 12; (TRfxYG,)fxTRm in pink, cross 7; 

TRfx(TRfxYG,), in red, and cross 8; TRfx(YGfxTRm), in green) over 32 weeks of 

hatchery rearing between February 21,2002 to October 22,2002. 
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Figure 3.5. Average batch weight of juvenile fish for the four most variable backcrosses 

(cross 1; (YGfxTR,)fxYG, in brown, cross 3; YGfx(TRfxYG,), in pink, cross 7; 

TRfx(TRfxYGm), in red, cross 10; (YGfxTR,)fxTR, in blue) over 32 weeks of hatchery 

rearing between February 21,2002 to October 22,2002. 







Table 3.4.2. Summary of pairwise comparisons for three growth parameters in the four backcrosses: 
tankl; (YG,xTR,),xYG,, tank3; YG,x(TR,xYG,),, tank7; TR,x(TR,xYG,),, and tanklo; (YG, xTR , ) 
(February 2003). 

(YG,xTR,)~xYG, YG, x(TR,xYG,), TR,x(TR,xYG,), ('I'G~xTR,)~xTR, 

Cross Tank 1 3 7 10 
XXX 

YGf x(TRfxYG,), 3 xxx 
E - 
s m .- 

TRfx(TRfxYG,), 7 xxx 5" 
(YG,xTR,)~xTR, 10 xxx 

Length (TL) 

(YG~xTR,)~xYG, I .** *t* 

YG, x(TR,xYG,), 3 ns KTC 

TR,x(TR,xYG,), 7 **P 

m; highly significant for TL& WT (P<0.001), "'; highly significant differences for KTL (p<0.001), ns: not significant 



The four backcrosses were significantly different from one another for total length 

and body weight (p<O.OO 1 ; Table 3.4.2). Among these four crosses, the Tree River 

backcross (tank 10) had the largest variance for both total length and body weight and 

hence, families derived from this backcross were considered to have the greatest potential 

for detecting the genetic basis of growth in Arctic charr. Therefore, the Tree River 

backcross (YGf~TRm)f~TRm) was selected for growth QTL analysis. 

3.6 Parentage assignment in the Tree River backcross: 
(YGf~TRm)f~TRm 

All 500 fish from cross 10 ( ( Y G ~ x T R ~ ) ~ x T R ~ )  were genotyped for eight 

polymorphic loci (Appendix 11) and sorted into ten full-sib families using PROBMAX 

1.2. The PROBMAX is a software that calculates the maximum probability of progeny 

assignments to a mixture of possible contributing parents, when the genotypes of the 

parents and progeny (at the same loci), and the potential parental mating combinations 

are known. Only 32 1 juvenile fish could be assigned to ten unique full-sib families 

belonging to cross 10. Each family was comprised of 12 to 47 full-siblings (Table 3 S). 

One hundred and seventy nine (1 79) fish from 'tank 10' could not be assigned to a unique 

family and therefore were excluded from further analysis. Out of ten, only six families (2- 

10, 3-1 0,4-10, 5-1 0, 6-1 0 and 9-1 0) were sufficiently large (N>35) to carry out QTL 

mapping analysis. 



Table 3.5. Description of ten full-sib families from ((YGfxTRm)fxTRm backcross (tank 10). 

Family 
Female (YG,xTR,) Male (TR,) 

No.of juvenile fish 
PIT tag # PIT tag # 

1-10 497268 503443 16 



3.7 Growth patterns of ten full-sib Tree River backcross 
fa milies (Y Gf~TRm)f~TRm) 

After sorting 321 fish into 10 unique full-sib families (Table 3.5), fish from each of 

the 10 families were sorted into male and female groups based on the presence or absence 

of the 308 allele at the Sfo8LAV locus. It was apparent that males and females had been 

randomly sampled in equal proportion. There were no differences (p<0.05) in early 

growth rates (all three parameters) between males and females (Appendix XI). These 

findings ruled out any possibility of a sex-associated effects on the early growth of the 

juvenile fish and therefore the entire family can be treated uniformly. Table 3.6 

summarizes the mean phenotypic values for the three growth parameters and tests for 

normality of the data for all ten families. 

Variation in the growth rates and the number of progeny in each family indicates 

the prevalence of family effects between families. For the purpose of genome wide scans 

to test for linkage between genetic markers and quantitative traits, family 6-10, the most 

variable family was selected. Among sizable families, family 6-10 (N=36) possessed the 

greatest phenotypic variance for the three growth parameters which was very important in 

analyzing the mechanisms underlying the phenotypic variation caused by genetic or 

environmental factors or their interaction. Since all families were raised under identical 

culture conditions, the effect of environment on the phenotypic variation was assumed 

insignificant. 



Table 3.6. Summary of three growth parameters and test of normality in ten full-sib families of the Tree River 
backcross (YGfxTR,),xTR, (February 2003). 

1 Length (cm) 1 I KTL Weight (g) 
Family N I Mean STDEV *Sig. ( p < ~ . 5 )  1 Mean STDEV *Sig. ( p < ~ . 5 )  1 Mean STDEV *Sig. (p<0.5) 
1-10 16 1 1 2 . 3  2.01 0.200 1 17.45 10.47 0.200 1 0.85 0.08 0.200 
2-10 47 
3-10 35 
4-10 36 
5-10 46 
6-10 36 
7-10 33 
8-10 20 
9-10 40 
10-10 12 

*Kolmogorov-Smirnov test of normality was used. 

12.2 1.83 0.031 
13.2 1.90 0.068 
12.5 1.77 0.149 
12.4 1.73 0.200 
14.7 2.10 0.200 
14.1 1.84 0.128 
12.7 1.87 0.200 
10.2 1.29 0.200 
13.6 1.87 0.186 

17.02 8.74 
21 93 10.05 
19 26 9.26 
16.89 8.01 
31.29 13.70 
27.10 10.29 
18.85 8.71 
9.64 3.79 
23.89 11.34 



Table 3.7. Correlations among three growth parameters in six backcross families of Arctic 
charr calculated using the Kendall Tau-b Correlation Coefficients (above diagonal) and the 
Pearson Product Moment (below diagonal: after normalizing the data by taking the natural log 
of it). Where, TL; total length, WT; body weight, and KT,; Fulton's condition factor. Values in 
bold indicate no correlation at p>0.05*. 

Family Trait T L WT KTL 

*Null rejected at p<O.O17(Bonferonni 0.0513). 



3.8 Correlation among Growth traits in six full-sib Tree 
River backcross families 

Correlations among all three growth parameters varied in both magnitude and pattern 

across families (Table 3.7). Total length and body weight were highly correlated in all 

families (r>0.84 and, r>0.94 for transformed data). TL and KTL were weakly correlated in 

four families and were not correlated (p>0.017) in two families for both tests. WT and 

KTL showed a moderate to weak correlation. Furthermore, the correlation between WT 

and KTL greatly varies across families for both tests (r=0.28-0.50 and, r=0.36-0.67 for 

transformed data). In family 6-1 0, correlations between the TL and WT, TL and KTL and, 

WT and KTL were very similar across the two tests. 

3.9 QTL Mapping: Genome wide scans in family 6-10. 

Out of the 62 informative markers tested in family 6-1 0,49 microsatellite markers 

were heterozygous for either of the two parents and 13 markers were uninformative 

(Appendix VI). Thirty two of the 49 informative markers were assigned to 27 linkage 

groups of the Arctic charr linkage map. The remaining seventeen informative markers 

were unassigned. Moreover, five microsatellite loci (MST85, Omy38DU, SapI26SFU, 

Ssa208, and Ssa20.l9NUIG), which were each believed to be single loci, were found to 

be duplicated in Icy Waters Arctic charr. Among markers informative in family 6-10, 

however, the microsatellite loci (Ogo4UW7 SalDl OOSFU, SalF4 1 SFU, BHMS206, 

BHMS490, and SSOSL32) which were mapped as duplicate loci by Woram et al. (2004), 

produced only one locus in these populations. This supports the pseudo-tetraploid nature 

of Arctic charr. Furthermore, successful amplification of primers originally isolated from 



other salmonids confirmed the high conservation of microsatellite flanking regions across 

several salmonid fish species (for details see Appendix 11). 

3.10 QTL Mapping: TDT and LRM analyses 

Eighteen allele-trait association effects (p<0.05) from both the female and male for 

the three growth parameters (four for TL, six for WT, and eight for KTL) were detected at 

thirteen markers in the Icy Waters Arctic charr family 6- 10 (Table 3.8). Furthermore, a 

marginal allelic variation (p<0.053) was detected at Sal5UG for K T ~ .  None of the 49 

informative markers cleared the experiment-wide significance threshold of p<0.001 

(Bonferonni 0.05/49). Thus, all reported associations were considered marginal (p<0.05). 

Two of the four informative markers on AC-25 passed a linkage group-wide threshold 

(p<0.0125; 0.05/4). 

The proportion of phenotypic variation explained by the regression model ranged 

from 9.9-26.3% for significant or marginally significant associations (Table 3.8). 

Further, TL and WT showed nearly identical results at six loci both for the TDT and 

LRM analyses, which was not surprising given their high correlation (r>0.94) in family 

6-10 (Table 3.7, Table 3.8). 

Allelic variation at BHMS490 (AC-4 & AC-25) from the male parent was 

significantly associated with TL and WT. Another, two informative markers on AC-4, 

OMM1228 and Omy6DIAS, did not show any notable association for either of the 

growth parameters. However, the two markers flanking BHMS490 on AC-25, BHMS 12 1 

and OmyRGT39TUF, showed significant association (p<0.05). Linkage analysis between 



Table 3.8. Putative QTL for total length (LT), body weight (VVT), and Fulton's condition factor (KTL) in family 6-10 of Icy Waters Arctic charr. 
Values in bold indicate significant allele effects at p<0.05, while values in bold-italics indicate marginal effects at 0.06>p>0.05 for the 
transmission disequilibrium test (TDT). R' is the proportion of phenotypic variance explained by the linear regression model, and represents the 
QTL effect. The underlined R' values are additional notable variations (for details see Appendix VII 8 VIII). 

AC-6 One8ASC genotypic 148/148(10)-158/158(7) 0.406 2.0 

148/148(10)-1481158(19) 0.396 

158/158(7)-148/158(W) 1.000 

unassigned OMMI 037 f 124(18) - 128(18) 0.019 14.7 

rn Homozygous(124) 

KTL 

TDT-Stat. 
(p<0.05)' R* % 

TL. (cm) 
Linkage Locus 
Group 

Allele (freq.) TDT-Stat, 

(p<0.05)' RZ 

unassigned Ssal 71 f 96(18) - 99(18) 0.055 12.5 

rn Homozygous(99) 

WT (gm) 

TDT-Stat. 
(p<0.05)' R' 

unassigned Ssa208b f 310(17) - 340(19) 0.064 8.1 1 0.053 8.4 1 0.089 3.5 

rn 280(19) - 300(17) 0.428 0.5 1 0.254 1.7 1 0.003 24.4 

'Experiment-wide null rejected at p<O.OOl(Bonferonni 0.05149). 



Table 3.9. Putative growth QTL (TL: total length. VVT; body weight, and (KT,; condition factor) on the Arctic charr linkage group AC-25, in 
the Icy Waters Arctic charr family 6-10 as inherited from the female and male parents. Values in bold indicate significant allele effects at 
Pc0.05, while values in bold-italics indicate marginal effects at 0.06>p>0.05 for the transmission disequilibrium test (TDT). R~ is the 
proportion of phenotypic variance explained by the linear regression model, and represents the QTL effect. For details see Appendix VII & 
VIII. 

TL (cm) vvT (gm) KTL 

Allele (freq.) T D T - s ~ ~ ~ ,  TDT-Stat. TDT-Stat. 
(pc0.05)' % (pc0.05)' R2 % (pc0.05)' % 

OmyRGT39TUF f 106(15) - 118(21) ns 9.9 0.047 11.6 0.009 

m 116(18) - 118(18) 0.010 19.2 0.007 20.3 0.016 

'Chromosome-wide null rejected at p<O.O125(Bonferonni 0.0514). 1; OMM1184, one of the rive tested markers was homozygous for both the parents 



BHMS490 and OmyRGT39TUF detected a tight linkage (unpublished results). For allelic 

variation derived from the female parent, a significant association was detected at 

OMM1037 (unassigned) with WT. Furthermore, marginal maternal effects on WT were 

also detected at BHMS206 (AC-6 & AC-8), OmyRGT4TUF (AC-20), Ssal71 

(unassigned), and Ssa208b (unassigned). The male parent was homozygous for the loci 

OMM1037, BHMS206, and Ssal71. Alleles derived from the male, however, did not 

yield any significant association at OmyRGT4TUF and Ssa208b. 

The existence of significant or marginally significant associations with TL and WT and 

markers on AC-25 provides suggestive evidence for a LT-/ WT-QTL on this linkage 

group (Table 3.9). These effects were detected in alleles derived from the male parent. 

The variance for loci exhibiting significant association (p<0.001) for LT or WT ranged 

from 19.2-26.3%. The variance at the locus BHMS 121 showed a marginal significance 

and contributed 14.6% and 11.6% to the variation in TL and WT, respectively. Overall, 

the genomic region on AC-25 spanning BHMS 12 1 and OmyRGT39TUF loci contributed 

14.6-25.5% and 11.6-26.3% to the variance of TL and WT, respectively. A total of five 

microsatellite markers were tested for an association on this linkage group, one of which, 

OMMl184, was homozygous for both the parents. The marker SalD39SFU did not show 

any association with any of the three growth parameters. 

An unassigned marker, Ssa208b (paternal effect only) was associated with variation 

in KTL (Table 3.8). The marker contributed the most (24.4%) to the total variation in KTL. 

In addition, allelic variations at the loci BHMS490 and OmyRGT39TUF showed very 

similar associations with KTL at AC-25. Furthermore, both BHMS490 and 

OmyRGT39TUF, contributed -1 2% (paternal effect) and -1 5% (maternal effect) to the 
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variation in KTL. Unlike for TLIWT, however, the contribution of the locus BHMS 12 1 

from the same linkage group is negligible to the variation in KTL. This supported the 

evidence of growth-QTL closely linked to BHMS490. 

The existence of marginal associations (maternal effect) with KTL at markers 

Ssa77NUIG (AC-I), Sal5UG (AC-36), and Ssal71 (unassigned) provided suggestive 

evidence for QTL in those locations (Table 3.8). In addition, two other marginal 

associations with KTL at the locus Ssa85DU (AC-13; paternal effect) and One8ASC (AC- 

6; genotypic) were also observed. Although genotypic variation was marginal at the locus 

OneSASC, the model explains 15.7% of the variance which is similar to, or more than, 

any other marker with the exception of marker Ssa208b. This suggested the existence of a 

major QTL at this location. However, when comparing genotypic classes a/a and b/b 

alone, the genotypic variation did not show any significant differences between the two 

classes. Since both the parents were double-heterozygotic for the same alleles, however, 

effects of allelic variation (paternal or maternal) remain to be determined. Overall, the 

variance for loci exhibiting marginal associations with KTL ranged from -1 0-24%: -1 0- 

15% (maternal) and -1 0-24% (paternal). 

A higher number of linkage groups associated (p<0.05) with QTL effects for KTL 

(eight) than for TLIWT (six) and weak correlations between KTL and TL (r<0.53), and 

KTL and WT (r<0.68) supported the presence of QTL for KTL and TLIWT in different 

chromosomal regions. In addition, genes responsible for the shape (girth) of fish might be 

more widespread than for the length or weight of the fish. Furthermore, genes responsible 

for the length and the weight in fish might be co-localized and could have evolved under 

similar selective pressure in the Tree River Arctic charr. Similarly, genes governing fish 
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girth could have been selected independently in the Nauyuk Lake Arctic charr at Icy 

Waters Ltd. 



Chapter 4. Discussion 
The aim of this study was to evaluate the growth performance of various hybrid 

cross combinations and to search for QTL associated with growth in Arctic charr. To find 

the favorable crosses for production of Arctic charr in the fish farming industry, the 

growth performance of juvenile fish from twelve crosses was evaluated. Crossing 

experiments also provided information on the amount of variation available for genetic 

selection. To apply MAS for the development of Arctic charr broodstock at in Canada, it 

was essential to identify molecular markers associated with growth and then to estimate 

the QTL effect. An analysis of 62 microsatellite markers was carried out to detect QTL. 

Utilizing the knowledge obtained from this study will make it possible to design and 

implement a MAS strategy for the integration of commercially important QTL in the 

Arctic charr breeding program at Icy Waters Ltd. 

4.1 Growth performance in Arctic charr 

4.1.1 Growth evaluation of Arctic charr at Icy Waters Ltd. 

This study presents the most comprehensive growth trial ever performed on the TR 

Arctic charr and for the first time allows the comparison with other domesticated Arctic 

charr populations around the world. The eleven months old juvenile Arctic charr from the 

twelve crosses showed significant differences for growth (Fig. 3.2; Appendix V). The TR 

Arctic charr, which grew at a significantly faster rate than the NL Arctic charr, proved to 

be the fastest growing domesticated strain of Arctic charr in the world. Thus far, 

according to Johnston (2002), the NL Arctic charr was known to be the fastest growing 

domesticated strains of Arctic charr in the world. The data collected on the 1996 



broodstock also showed significant differences in growth between the two strains 

(Appendix XII). Furthermore, these results are consistent with the growth data collected 

on the wild counterparts of these two Arctic charr populations (Moshenko et al. 1984). 

The two reciprocal hybrid crosses performed better than the pure NL cross but did 

not show any crossbreeding advantage for growth over the pure TR cross for growth. In 

general, intraspecific hybrids between two inbred but divergent strains are expected to 

show heterosis and may express intermediate or better growth than the parent displaying 

the best growth rate (Alm 1955, as cited by Refstie and Gjerdrem 1975; Krasznai 1987; 

Tave 1993; Weller 2001). Aside from this study, no study comparing different 

domesticated strains of a salmonid fish species has been published. However, based on 

interspecific hybridization trials, Refstie and Gjerdrem (1 975), reported that all salmonid 

hybrids involving Arctic cham were heavier than the better pure bred specimen at eleven 

months and all other hybrids were lighter than the best pure bred fish. From a 

hybridization trial between brook charr (Salvelinus fontinalis) and Arctic charr, Dumas et 

al. (1995) reported that after first feeding the two reciprocal hybrids grew at 

approximately the same rate, intermediate to the parental species. Both the hybrids grew 

faster than Arctic c h a r  but slower than brook charr, suggesting little or no heterosis 

effects in F1 hybrids. In another hybridization experiment on Atlantic salmon and brown 

trout (Genus Salmo), McGowan and Davidson (1 992) observed that only one of the two 

hybrids (Atlantic salmonfemale X brown troutmale) grew faster than the two pure crosses, 

whereas the growth of the reciprocal hybrid (brown t r ~ ~ t ~ , ~ ~ ~ X A t l a n t i ~  salmonmale) was 

significantly lower than the pure parents. In hybridization experiments carried out in 

catfish (Genus Ictalurid), it was observed that only one of the two reciprocal hybrids 



performed significantly better than the slower growing parent strain (Smitherman et al. 

1983; Argue et al. 2003). Similar results were also observed in a comprehensive 

hybridization experiment on the common carp (Genus Cyprinus) by crossbreeding twelve 

different genotypes, including backcross hybrids (Bakos and Gorda 1995). These 

crossing experiments support the results obtained in this study, suggesting that crossing 

different genotypes of Arctic charr can result in useful heterosis, but not for all crosses. 

The four backcrosses generated by the mating of two hybrids and the NL Arctic 

charr showed little to no absolute growth differences compared with the pure NL cross 

(Fig. 3.3 ; Appendix V). Moreover, the backcross YGfx(YGfxTR,), (i.e. 75% NL 

female) grew slowest. This might be due to the accumulation of genes fixed for reduced 

growth rates in the NL population. Conversely, the four backcrosses generated by the 

mating of two hybrids and the TR Arctic charr exhibited the best growth and possessed 

the largest growth variances (Fig. 3.4; Appendix V). The backcross TRfx(TRfxYG,), 

(i.e. 75% TR female) grew fastest but the backcross (YGfxTR,)fxTR, (i.e. 75% TR male) 

carried the largest variance for weight and length. 

Physiologically, these differences in growth could be associated with an early or a 

late start of first feeding in these Arctic charr. In Atlantic salmon, McCarthy et al. (2003) 

reported significant effects of timing of first feeding on the growth. It was demonstrated 

that under identical hatchery conditions, early first feeding parr grew faster than late first 

feeding pan from the same family. In this study, it is possible to consider such a 

phenomenon. Weekly batch weight data suggest that at the time of first feeding (week 3) 

juvenile hybrids from all four TR backcrosses were heavier (avg. O.16g) than the four NL 

backcrosses (avg. O.13g) (Appendix XIV). The heavier backcross hybrids (at week 3) 
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continued to grow faster (avg. 7.3g vs. 5.1 g) until week 35. The same holds true for the 

pure TR (0.16g) and NL (0.12g) crosses. The two reciprocal hybrids weighed the same 

(0.15g) at the start (week 3); however, after the mortality related reduction in stocking 

density during week 15, the hybrid2 (YGfxTR,) started growing more rapidly. Without 

concrete knowledge on exactly when the first feeding started for each cross and 

correlation between first feeding and growth in Arctic charr, this hypothesis remains 

unclear. Regardless, it appears to be a genetic component involved in the faster growth of 

juvenile Arctic charr. 

In the genetic sense, crossbreeding between different selection lines may improve a 

farm animal by heterosis i.e. non-additive genetic effects. The process of epistasis, 

positive or negative interactions among alleles at different loci (Wright 1977, as cited by 

Hedgecock et al. 1996) may explain a significant source of this heterosis. However, due 

to segregation and recombination of gametes from crossbred parents, epistatic advantages 

present in the F1 generation may be compromised in subsequent introgression efforts (e.g. 

FZ, F, or backcross) (Kirpichnikov 1981 ; Rieseberg et al. 2000). The formation of 

homozygotes at certain loci can result in the observed losses in epistatic superiority (i.e. 

heterosis) in subsequent generations (Lutz 2001). One possibility of reduced growth in 

the NL backcrosses could be attributed to epistatic recombination loss, whereas epistatic 

gains might have contributed to the enhanced growth in the four TR backcross hybrids. It 

should also be realized that the TR strain at Icy Waters Ltd. represents the fastest growing 

known Arctic charr in the world (Moshenko et al. 1984), and the genes responsible for 

fast growth might be fixed in the TR Arctic cham genome. On the other hand, 

backcrossing F1 hybrids onto NL would be diluting the genetic contribution of the TR 



genome. Therefore, individuals could lose certain desirable genes andlor combinations of 

genes of interest, which are believed to be more active in TR. Nonetheless, the new 

additive genetic variance introduced from hybridization may be explored by fish breeders 

in selection programs (Lutz 2001). Selecting top performing hybrids and their mating 

with the original parents to produce backcross hybrids could be an excellent alternative 

for genome homogenization and selection for the best traits from the original parents 

(Dalton 1985, as cited by Argue et al. 2003). Taking advantage of this approach, Argue et 

al. (2003) have successfully demonstrated how a female F1 hybrid (channel-blue catfish) 

upon breeding with a male channel catfish can be used to increase dress-out and fillet 

percentage. It was also reported that a backcross hybrid produced from the mating of a 

female channel catfish with a male F1 hybrid did not produce these desirable gains. 

For the selection of desired traits, the additive genetic variance obtained by 

crossbreeding different strains provides an opportunity to detect genetic factors 

contributing to the cause i.e. large genetic variance is critical in determining QTL effects 

in species under study (Weller 2001; Asins 2002). Backcross progeny derived from two 

genetically isolated and phenotypically divergent strains are expected to show either 

positive (QTL with negative effect) or negative (QTL with positive effect) skewness 

(Weller 200 1). However, the backcrosses studied here did not show any significant 

skewness and appeared to be normally distributed for their growth (Table 2.1, Table 3.3). 

These results are rather surprising and may be explained by the early age at which the 

fish were sampled in February 2003 (Figure 4.1). In fish, growth can be represented by a 

sigmoid curve (Figure 4.2) (Hopkins 1992). Moreover, similar growth trajectories were 

observed by Glebe and Turner (1 993) in a growth trial on Arctic charr from two different 



hatcheries populations. The phenotype of an individual, including its size, shape, and 

metabolic rate changes with age (Wu et al. 2002). 

Recently a widely accepted view of the genetic basis of growth proposed that a 

given set of genes affecting growth is progressively modified. Hence, growth at different 

ages should be treated as different traits (Wu et  al. 2002a). The genetic basis of an age- 

dependent trait analysis is also important from an evolutionary and developmental point 

of view, which can help in predicting changes to phenotypes within particular 

environmental contexts (Rice 1997). Several QTL analyses have shown that growth 

variations may result from the activation or repression of genes responsible for changes 

in growth (Pletcher et al. 1998; Vaughn et al. 1999; Promislow et al. 2001; Wu et al. 

2002b). The phenotypic data collected on the same eight backcrosses in January 2004 

show much greater variances in weight than the data collected in February 2003 

(McGowan 2004). These findings clearly suggest that there are age-dependent factors 

acting on growth in these hybrid Arctic charr. Hence, there is a potential of finding more 

QTL effects in a population of mature Arctic charr. 



Figure. 4.1. Batch weight over time for the four most informative backcrosses (Cross 1 : 

(YGfxTR,)fxYG,; cross 3: YGfx(TRfxYG,),; cross 7: TRfx(TRfxYG,),; and cross 10: 

(YGfxTR,)fxTR,) over 32 weeks of rearing in hatchery at Icy Waters Ltd., Whitehorse, 

Yukon, Canada. 
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Figure. 4.2. A sigmoid growth curve in fish showing an exponential segment A+C, a 

relative linear segment B+C, the stabilizing segment C+D, and sigmoid section A+D. 

Source: Hopkins 1992. 





One of the aims of hybridizing the TR and YG Arctic charr at Icy Waters Ltd. was 

to obtain a fast growing fish with a pleasing body color, which will have a higher market 

value than the either of the two pure line fish. The observation of the two reciprocal 

hybrid broodstock (a part of 1996 broodstock), suggests that hybridizing the two pure 

strains offers a good mechanism for combining the two attributes without compromising 

the growth rates. Growth data at 11 months did not indicate any reduction in growth due 

to hybridization. Producing a backcross hybrid by mating F1 hybrids with the TR Arctic 

charr offers another option of producing faster growing fish; however, the introgression 

of genes responsible for the body coloration in these backcross hybrids remain to be 

observed. 

4.1.2 Growth patterns in the ten Tree River backcross families 
(YGfxTRm)fxTRm) and selecting the best resource family for QTL 
analysis 

One of the two TR backcrosses ((YGfxTR,,JfxTR,), sampled in February 2003, 

carried the largest growth variances (TL; 2.1 SD and WT; 10.6SD). The detected levels of 

phenotypic variances were considered large enough to detect QTL effects for growth in 

these strains of Arctic charr and hence, families derived from this backcross were 

considered to have the greatest potential to provide substantial information on the genetic 

basis of growth in Arctic charr. 

With the exception of family 10-1 0, in each family females and males were 

sampled nearly in equal proportion. The significantly higher female to male ratio (9 vs. 3) 

in family 10- 10 might be due to sampling error or could be due to reduced fitness of male 



hybrids in this family. However, in the absence of mortality data or without performing 

any genetic analysis in this family, it is difficult to draw a conclusion on female 

dominance. There were no signs of a sex-associated affect on the early growth of the 

juvenile fish (Appendix XI) and therefore the entire family was treated uniformly to test 

for QTL analysis without discriminating between the two sexes (Liu 1998). However, it 

has been observed that adult females grow faster than males in the 1996 broodstock of 

the two pure Arctic charr strains and their reciprocal hybrids (Eric Johnson pers. comm.). 

The observed differences in growth among the ten full-sib families from cross 10 

could be attributed to family effects. The source of these phenotypic differences could be 

biological; differences in fecundities or egg sizes. Without the fecundity data on the 

individual brooder or egg size measurements, it is difficult to infer a possible cause of 

inter-family differences. Regardless of the cause, however, it is important to realize that 

without establishing proper relationships among backcross hybrids and their parents, the 

estimations of QTL effects might be inflated and thus could be misleading (Weller 2001; 

Slate et al. 2002). Furthermore, crosses between two divergent lines capture allele 

combinations that have segregated into progeny that display varying phenotypic 

performances. 

In fish, the larger phenotypic variation of quantitative traits is due to genetic 

differences between individuals, rather than associated heritabilities. In fact, higher levels 

of phenotypic variations are found to be coupled with lower heritabilities, suggesting 

greater susceptibility to environmental factors (Gjederm 1983). In other words, in fish the 

contribution of environment-driven variance may be larger than the genetics-driven 



inherited variance to the over all variance of a progeny. In an experiment designed to 

assess the impact of environmental tank effects versus genetic family effect during early 

growth performance of Atlantic salmon, Herbinger et al. (1999) observed significant 

differences in growth due to environmental differences among tanks rather than genetic 

differences among families grown in a single tank. Therefore, to eliminate environment 

related variations, it was crucial to raise all the families under identical culture 

conditions, i.e. in a single tank for the duration of the trials. Since all families were raised 

under identical culture conditions, no environment-associated phenotypic variation was 

considered. Furthermore, raising a large number of full-sib families in separate tanks 

would have been impractical due to considerations of space and expense. 

For the purpose of genome-wide scans to test for association between genetic 

markers and quantitative traits, it was important to select a highly variable full-sib family. 

Among six sizable families, family 6-1 0 (N=36) possessed the greatest phenotypic 

variance for the three growth parameters, which was very important for analyzing the 

mechanisms underlying the phenotypic variation caused by genetic factors (Table 3.6). 

Therefore, family 6-10 was selected for the analysis of growth QTL in these Arctic charr. 

4.1.3 Correlation among three growth parameters 

Recently QTL analysis is being used as a complementary mechanism to test the 

relationship between physiological processes or traits (Thumma et al. 2001 and references 

therein). Correlations between the related traits is due either to a tight linkage between 

QTL or to a single QTL that affects multiple traits (Yin et al. 2003). Thus, to test whether 

or not QTL for LT, WT and K T ~  are on the same chromosomes and share QTL-effects, it 



was important to determine the phenotypic correlation between the parameters. Although, 

TL and WT were highly correlated across six families from cross 10 (r>0.85-0.99) and 

QTL analysis for either TL or WT alone would have been sufficient, a precaution was 

taken by performing QTL analysis for both TL and WT separately. Furthermore, results 

from the QTL analyses on the TL and WT showed that if QTL analysis had been 

performed on either TL or WT alone, some marginal effects would have been missed 

(Table 3.8). After 13 months of hatchery rearing, significantly high phenotypic 

correlations were also observed in five fulyhalf-sib Arctic charr families produced by 

hybridization of domesticated strains of Arctic cham originated from the Fraser River and 

NL (Somorjai 200 1). 

Weak correlations (r<0.68; p>0.017) between TL/WT and KTL in family 6-10 were 

consistent with other families from cross 10. Furthermore, the number of associations 

between KTL and marker alleles on six linkage groups and with two unassigned markers 

(Table 3.8) indicate that KTL and TL or WT might be two unrelated phenotypes. These 

results are consistent with the observations made by Somorjai (2001) among hybrid 

families produced from the Fraser River and NL after 13 months of hatchery rearing. 

Very similar results obtained on the phenotypic correlation from the parametric and 

nonparametric tests suggest little or no advantage of comparing allele or genotypic 

groups by using two types of statistical methods; i.e. parametric and nonparametric tests. 

Hence, it was decided that using only a nonparametric Mann-Whitney U rank test would 

be sufficient to perform TDT in the selected family. However, to perform linear 



regression analysis it was important to transform the data as the ANOVA is a parametric 

test and assumes a uniform variance between the groups (Weller 2001; Cann 2003). 

4.2 Parentage assignment in the Tree River backcross: 
(Y Gf~TRm)f~TRm 

The use of molecular markers for parentage assignment in the TR backcross 

eliminated the need for costly multi-tank rearing of the ten full-sib families. This also 

helped to avoid confounding environmental effects common to full-sibs. Using eight 

polymorphic microsatellites, only 64% of the fish (n=321/500) from the cross 10 could be 

assigned to a unique full-sib family (Table 3.5). The remaining 36% were excluded from 

further analysis. The proportion of assignment was relatively low compared to an 82% 

assignment of the 80 offspring from fourteen parental combinations for an Atlantic 

salmon study conducted for another hatchery population from Canada using the same 

analytical tools (Dr. McGowan pers. cornrn.). In a parentage analysis applied on Kurma 

prawn (Penaeus japonicus), Jerry et al. (2003) reported that using eight microsatellite 

markers (average allele per locus; A=13.2), only 80% of the 288 adult shrimps could be 

assigned to a unique family. The allocation success was lower (47%) while testing nauplii 

for six loci (A=10.2) in the same breeding experiment. A much higher (95%) correct 

parentage assignment was reported by Letcher and King (2001) in a study conducted on 

hatchery released wild Atlantic salmon populations from the Connecticut River, using 

fourteen microsatellite markers (A=12.0). Using computer simulations, Letcher and King 

(2001) also demonstrated that in a large population where the mating structure of parents 

is known, a correct parentage assignment up to 99% could be obtained using eight loci 



with eleven alleles per locus. A study published by O'Reilly et al. (1998) supported these 

results. 

In this study, the lower assignment rate could have arisen due to possible 

genotyping errors or the mixing of individuals from other crosses. Here, the best results 

were obtained when using Ssa85DU7 SfoSLAV, OnelSASC, SalSUG, and SalD39SFU. 

Although the number of alleles for SalE38SFU (A=l I), Sfo23LAV (A=12), and 

SalP61 SFU (A=10) was greater, the discriminatory power was lower than for the other 

five loci used for parentage assignment in this study. This was probably due to 

difficulties in genotyping at these dinucleotide (repeats of two) loci. For future work, 

these loci should be replaced by other easier to score loci, such as loci with no stutter 

bands or tri-Itetranucleotide (repeats of three or four) loci. The issue of errors in 

genotyping has been addressed by O'Reilly et al. (1 998). Besides typing error, the 

assignment accuracy is also affected by the number of loci and the average number of 

alleles. In general, assignment accuracy is greatest when using a modest number of loci 

(8-1 0) with a modest number of alleles per locus (A=6-8) (Bernatchez and Duchesne 

2000; Banks et al. 2003). 

The size of a family under investigation is also critical in determining reliable QTL 

estimates and thus the efficiency of future MAS (Moreau et al. 1998,2000). A variable 

number of fish per family observed in this study requires some attention. Only six out of 

ten families were sufficiently large (N>35; 10% of 321) to carry out QTL mapping 

analysis. In a simulation study, Gjerde (2003) reported that only half of the pooled 

families had ten percent or more fish, while the number of fish per family can be 



increased by pooling more fish per mating combination. However, increasing the sample 

size will result in an increase in the cost of genotyping (Weller 2001), which is 

undesirable. 

4.3 Genetic analysis of 1996 Broodstock 

The genetic analysis of the 1996 Arctic charr broodstock at Icy Waters Ltd. is 

crucial for two main reasons: a) individual tagging for broodstock management and b) to 

identify genetic factors underlying the fixed phenotypic differences between the two 

domesticated strains. 

4.3.1 Molecular tagging and broodstock management 

The molecular tagging of the entire broodstock allows identification of individual 

fish (Estoup et  al. 1998), tracking genetic relatedness (Sonesson and Meuwissen 2000), 

identification of broodstock parents of juveniles (Norris et al. 2000), identification of sibs 

and half-sibs in a mixed-parentage spawning (Letcher and King 2001), establishment of 

pedigree lines centered around desired expression of certain traits (Kumar and Garrick 

2001), identification of genotypic sex of an individual (Schutz and Harrell 1998), 

identification of QTL and its use in MAS of economically important traits (Ferguson and 

Danzmann 1998), identification of source population of hatchery stock, (Davidson et al. 

1989), and the determination of vertical and horizontal lineage should true bio-secure 

measures ever be implemented at a breeding center (Ferguson 1994; Dunham 2004). 

In the present study, molecular and physical tagging of all 1996 broodstock was 

carried out. A wide genetic variation in the two strains was observed. Allelic diversity, 



which may be a more sensitive measure to test genetic variation in short founder 

populations (Norris et al. 1999), was calculated for the four groups. It has been 

demonstrated that allelic loss may occur faster than the loss of genetic heterozygosity 

because low frequency alleles contribute little to overall heterozygosity (Allendorf and 

Ryman 1987; Tessier et al. 1997; Norris et al. 1999). Therefore, allelic diversity provides 

a good measure of genetic variability in these Arctic charr. 

The NL strains of Arctic cham were produced from fewer wild founders than the 

TR strain and they had the fewest average number of alleles over six of the eight loci 

used for molecular tagging (Table 3.1, Figure 3.1, refer to section 1.1.3 for strain history). 

Furthermore, the fewer alleles observed in the NL strain compared to the TR strain (1 78 

vs. 210) at 75 polymorphic microsatellite (Table 3.2) support the hypothesis of reduced 

levels of genetic variability available in the NI, stocks. It is also possible, however, that 

fish from NL naturally have less genetic variation than fish from TR. 

The high number of loci with non-overlapping alleles (n=35; Table 3.2), the 

number of population-specific alleles, and the presence of different male specific alleles 

at Sfo8LAV (308 for TR and 27 1 for NL) suggest that the TR and NL are genetically 

different strains, and geographic isolation has limited gene flow between them. These 

results are consistent with population structure studies conducted on Arctic charr from 

Canadian waters (Lundrigan 2001), and from North America and Europe (Bernatchez et 

al. 1998, 2002; Brunner et al. 1998, 2001). Although this study does not compare the loss 

of genetic diversity due to domestication, comparable genetic data presented by 

Lundrigan (2001) clearly demonstrated a reduced amount of genetic variation in 



aquaculture stocks compared to their wild counterparts of the TR or NL Arctic charr 

populations in terms of allelic diversity at three markers: SfoSLAV, Sfo23LAV, and 

MST85. 

The two Arctic charr strains at Icy Waters Ltd. were founded by only a few 

individuals. Strong founder effects and artificial selection under domestication are known 

to reduce the genetic variation of hatchery-reared fish stocks (Dickson and MacCrimmon 

1982; Cross and King 1983; Crozier 1994; Doyle et al. 1995; Dowling et al. 1996). The 

loss of genetic variation results in a loss of potential genetic gain (Allendorf et al. 1987). 

In a genetic improvement program, knowing the amount of available genetic variability is 

imperative and forms the basis of MAS in Arctic charr. In addition, measurement of 

genetic divergence between the hybridizing strains is also important because intraspecific 

genetic variation varies as a function of time as strains develop adaptations to local 

environments and selection pressures (Na-Nakorn et al. 1999). Thus, the aim of 

genotyping the entire 1996 broodstock of Arctic charr at Icy Waters Ltd. was twofold: a) 

to determine the amount of genetic variability available for selection and b) to measure 

the genetic divergence between the two reproductively isolated populations. 

Another advantage of genotyping the entire 1996 broodstock is to generate baseline 

data, which are crucial in identifying sibs and avoiding inbreeding while establishing 

pedigrees for future breeding (Taniguchi et al. 1999; Norris et al. 2000; Bentsen and 

Olesen 2002). Therefore, it is important to maintain the genetic variability in the 

broodstock, This should be assessed at regular intervals and individuals carrying rare 

alleles could provide a good measure of the amount of the amount of genetic variation 



present in broodstock at any given time (Crozier 1994; Woods et al. 1996). Without 

proper management, the genetic diversity of domesticated stocks can be lost in only a few 

generations (Cross and King 1983; Waples 1991; Cross et al. 1998; Evans et al. 2004). 

Reduction in genetic variation has been shown to be detrimental to commercially 

important characteristics such as growth rates (Koehn et al. 1998), fitness (Danzmann et 

al. 1989), and disease resistance (Palti et al. 1999) in fish. 

4.3.2 Male-specific microsatellite marker-allele 

In the present study, two male-specific marker-alleles at a microsatellite 

(Sfo8LAV) were observed in the two Arctic charr strains. At this locus NL males (NL,) 

carried Sfo8LAV-271, whereas, TR males (TR,) had the Sfo8LAV-308 allele. All the 

brood males examined were heterozygous at this locus. Furthermore, the localization of 

Sfo8LAV on the linkage group AC-4 (Worarn et al. 2004) is evidence of the sex 

specificity of this marker (Appendix X). This is the first observation of a fixed 

association between a microsatellite marker-allele and male sex in a salmonid species 

(Dr. Davidson pers. comm.; Devlin and Nagahama 2002). These findings have both 

aquacultural and evolutionary implications for Arctic charr. 

In fishes, genetic sex can be permanently reversed by exposure to androgens or 

estrogens during early juvenile development. Depending upon goals, monosex 

populations can be produced by crossing experimentally produced all male or all female 

populations with normal male or females. However, one common problem of such 

manipulations is lack of consistency i.e. a 100% male or female population is difficult to 

obtain (Mair et al. 1997b; Bongers et al. 1999). In addition, growing individuals of the 



undesirable sex unnecessary inflates the cost of operation at a breeding facility (Hunter et 

al. 1983). 

Sexual dimorphism, where one sex grows faster than the other, is one of the 

primary objectives for the production of monosex populations in aquaculture (Shelton 

1986; Mair et al. 1997a). The manipulation of' sex to produce genetically male tilapia 

(GMT) has been extremely success~l(96.5% male) (Mair et al. 1997b). Among 

salmonids, sexual manipulation to produce all female populations started in rainbow trout 

(Mair et al. 1997a). It has been observed that in Arctic cham adult females grow faster 

than males (Eric Johnson pers. comm.). Identifying the genetic sex of a sex-reversed 

individual early during juvenile development will not only be economical but will also 

increase the success rates in sex reversal processes. Removing genetic males from an 

androgen treated population of juvenile Arctic cham would leave only sex-reversed 

females (males with XX genotype) behind (Schutz and Harrell 1999). Hybridizing sex- 

reversed female with normal Arctic cham female will give rise to a 100% female progeny 

(Bonger et al. 1999; Schutz and Harrell 1999). Additionally, by producing an all female 

population, sexual maturity can be delayed in protandrous Arctic charr (Moshenko et al. 

1984). This also means that harvest size can be reached before the onset of sexual 

maturity (O'Malley et al. 2003). In salmonids, during the course of gonadal development, 

the pigment starts relocalizing from muscles (filet) to ova in females (Youngson et al. 

1997) and to the dermis in males. Therefore, harvesting fish prior to the onset of sexual 

maturity is critical in terms of retaining pigment in the tissue. Trials of hormonally 



induced sex reversal in Arctic charr have been achieved at the Icy Waters Ltd. (Dr. 

McGowan pers. comm.). 

Besides identification of sex, the marker-alleles Sfo8LAV-271 and Sfo8LAV-308 

were also useful in the identification of the lineage of an anonymous hybrid fish at Icy 

Waters Ltd. For example, the fish with PIT tag # 497249), which was believed to be 

Hybrid1 male (YGfxTRm) was in fact a hybrid 2 male (TRfxYG,) based on its genotype 

at the Sfo8LAV locus. 

For evolutionary purposes, these findings provide a useful tool for examining sex 

linkage in Arctic charr and salmonids in general. Following the inheritance of sex 

specific microsatellite markers in heterogametic males and the examination of genomic 

regions flanking these microsatellites can provide important insights into the evolutionary 

processes that are acting on the sex-chromosome structure of Arctic charr, and ultimately, 

can yield information on the conservation of the sex-determination process among 

salmonids and fish in general (Phillips and Rab 2001; Devlin and Nagahama 2002; 

Harvey et al. 2002). 

4.3.3 Introgressive hybridization between two divergent populations 

Knowing whether two populations are in karyotypic complement has significant 

bearing on long-term hybrid introgression programs (Goel 2000). Karyotypic information 

addresses the issue of reproductive competence and thus the hybrid fertilitylsterility. 

Despite the fact that Atlantic salmon and brown trout having significantly different 

karyotypes (Phillips and Rab 2001), the F1 hybrids between the two species are viable 



and may be fertile (Refstie and Gjerdrem 1975; McGowan and Davidson 1992); 

however, their backcross hybrids were viable but completely sterile (Johnson and Wright 

1986; Galbreath and Thorgaard 1995). It was hypothesized that the disparate parental 

karyotypes of the F1 hybrids (brown trout 2n=80, Atlantic salmon 21144-60) most likely 

caused disruption of meiosis (Johnson and Wright 1986). Similar results have also been 

noticed in other fish species (Johnson and Wright 1986 and references therein). 

Therefore, knowledge of the reproductive competence of backcross hybrid Arctic charr is 

critical for the future of hybrid introgression. The F1 hybrids produced by the mating of 

TR and NL Arctic charr are fertile. 

Stock-specific karyotypic differences in the size, number and chromosome 

positions of the nucleolar organizer regions (NOR) exist in Arctic charr (Phillips er al. 

1988). In addition to Arctic charr, stock-specific variations in NOR size have also been 

observed in other species of the genus Salvelinus. In a study of six populations of lake 

trout (Salvelinus namaycush) from the Great Lakes, even though chromosome arm 

number (NF) was the same for all six populations, significant NOR polymorphism was 

detected (Phillips et al. 1989). Similar chromosomal variations also exist in other 

salmonids (Phillips and Rab 2001). Variations in the size of NOR at homologous 

chromosomes, which probably occurs as a result of unequal crossing-over affects the 

frequency of recombination in this region (Reed and Phillips 1997), may account for 

inter-individual differences in genome size (Lockwood and Derr 1992) and hence, may 

affect the reproductive success of fish. Therefore, it is important to know whether or not 

the backcross hybrids produced in this study are fertile. Fertile backcross hybrids will be 



an asset for performing a series of introgression experiments in these Arctic charr. On the 

other hand, infertile backcross hybrids will leave us with an opportunity to grow TR 

backcross hybrids without worrying about the dangers of interbreeding between farmed 

fish and wild stocks (Waples 1 99 1 ; Fleming and Gross 1992). 

4.4 QTL analysis in Icy Waters Arctic charr 

To search for growth-QTL in Arctic charr, a genome wide scan involving markers 

on 27 linkage groups was performed. To increase the coverage, 17 unassigned markers 

were also tested for their association with growth parameters. Thirteen of the of the 62 

microsatellite tested, which were found to be informative in two pure populations, were 

uninformative in family 6- 10. Five microsatellite loci (MST85, Omy3 8DU, SapI26SFU, 

Ssa208, and Ssa20.19NUIG), which were found to be duplicated in Icy Waters Arctic 

charr, further increased coverage of the Arctic charr genome. However, the linkage 

groups of unassigned and duplicated loci remain to be determined. Overall, a significant 

proportion of the Arctic charr genome was covered, meeting a basic criterion for the 

application of genome-wide scans for QTL analysis (Liu 1998; Ashwell et al. 2001; 

Hirooka et  al. 2002). Eighteen significant allele-trait associations (p<0.05) at eight 

linkage groups (AC-1, AC-6, AC-8, AC-13, AC-15, AC-20, AC-25, and AC-36) were 

detected under the single-QTL single-marker model of QTL analysis (Table 3 3 ) .  

Additional QTL may be linked to three unassigned markers: OMMl037, Ssal71, and 

Ssa208b. 

In this study, no significant association was detected on AC-4, which was reported 

to be carrying several growth-QTL in Arctic charr (Woram pers. comm., as cited by 



Somorjai 2001). Similarly, this study did not detect an association between growth and 

AS1.22 (unassigned), Omy77DU (AC-12), Sfo23LAV (unassigned), SSOSL456 (AC- 

29), or p5.27NUIG (unassigned), which were reported to be associated with growth in 

previous analyses (Johansen et al. 1998; Johansen 1999). Somorjai (2001) also did not 

detect any association at SSOSL456. The broodstock used to produce families in the 

previous two studies was, however, derived from the Fraser River population (Johansen 

1999; Somorjai 2001). These findings suggest that there is no major QTL at these 

locations affecting growth in Arctic chm.  Further analyses of other variable families, 

however, are required to confirm these results and to determine the usefulness of these 

loci in hture QTL analyses for growth related traits. 

4.4.1 QTL for TLIWT and KTL 

Marginally significant associations between LT/WT and marker alleles on three 

linkage groups (AC-6/43, AC-20, and AC-25) were detected in Arctic charr from Icy 

Waters Ltd. In addition, a maternal allele-effect is also evident at OMMl037. QTL for 

WT/TL have also been reported by Somorjai (2001) at these locations. These findings 

support the existence of growth-QTL on their respective linkage groups, rendering them 

as candidate locations to look for major QTL affecting growth in Arctic charr (Liu 1989; 

Long and Langley 1999; Robinson et al. 2001; O'Malley et al. 2003). 

A marginal effect at BHMS206 is consistent with the findings of Somorjai (2001). 

On the Arctic charr linkage map, BHMS206 was reported as a duplicated locus and was 

mapped onto two linkage groups: BHMS206(ii) on AC-6 and BHMS206(i) on AC-8 

(Worarn et al. 2003). From the results obtained here, however, it is not clear which 



linkage group the effect is associated with. Unfortunately, another marker BHMS330 

from the linkage group AC-8 was uninformative in family 6-10, whereas, One8ASC 

(AC-6) did not show any TL-IWT-QTL effect in this study. Another association 

(p<0.052) at OmyRGT4TUF (AC-20) appears to be critical, as this locus contributes 12- 

13% to the total phenotypic variance for the growth, which is comparable with other 

markers showing significant associations with LTIWT. A highly significant QTL effect at 

OmyRGT4TUF ( ~ ~ > 2 0 % )  has also been reported in Fraser River Arctic charr by 

Somorjai (2001). However, results at SalD100SFU (AC-20) did not corroborate the 

findings of Somorjai (200 1). At SalDlOOSFU, the two parents in family 6- 10 were 

heterozygous for the same alleles, and the genotypic ratio of the progeny did not follow a 

typical Mendelian inheritance. On the linkage group AC-25, of the five markers tested, 

three associations between TLIWT and marker-alleles (BHMS 12 1 - 13 1, BHMS490- 109, 

and OmyRGT38TUF-118) were observed (Table 3.9; Figure 4.3). Furthermore, these 

markers contributed up to 26.3%, a maximum for any locus studied, of the total 

phenotypic variance of LTIWT (Table 3.9; Figure 4.4). The significant associations at 

these locations have also been reported in Fraser River Arctic charr (Somorjai 2001). In 

contrast, a significant association at SalD39SFU remained undetected in family 6-10 

from this study. Recent reviews on QTL estimation revealed that different mapping 

populations generally share only small sets of common alleles (Kearsey and Farquhar 

1998; Lynch and Walsh 1998) and thus very few QTL-marker associations are expected 

to be valid in a whole gene pool of a species or in an extensive breeding program 

comprising genetically diverge populations. Hence, these observations strongly advocate 



for a species-specific major growth QTL in these regions (AC-6/-8, AC-20, and AC-25) 

of the Arctic charr genome (Malek et al. 2001). 

Thirteen rnarker-K~L associations (p<0.05) were detected in this study (Table 3.8). 

Furthermore, a marginal allelic variation (p<0.053) was detected at Sal5UG. These KTL- 

QTL effects span seven linkage groups on the current Arctic charr linkage map. A 

significant association was also observed with an unassigned marker Ssa208b (paternal 

allele) (Table 3.8). In addition, at Ssa208b the effect-size is maximum (24.4%). Maternal 

allele-effects are larger than paternal allele-effects (15% vs. 12%) for BHMS490 and 

OmyRGT39TUF (AC-25). Unlike TL/WT, however, the contribution of the locus 

BHMS 121 from the same linkage group is negligible to the variation of KTL. QTL effects 

at these locations have not been reported previously. The existence of a KT,-QTL effect 

(maternal allele) at Ssa77NUIG and Ssa85DU are consistent with the findings of 

Somorjai (2001). Although the association at One8ASC (AC-6; genotypic) is marginal, 

the amount of variance (15.7%) explained at this location is second only to Ssa208b. 

These findings suggest the existence of major QTL in the vicinity of One8ASC and 

Ssa208b. A marginal association at OmyRGT4'TUF (AC-20) appears to be a statistical 

artefact, as the R~ at this location is very low. Furthermore, no KTL-QTL has been 

reported previously at the linkage group AC-20 (Somorjai 200 1). Overall, the variance 

for loci exhibiting marginal associations with KTL was -1 0- 15% for maternal allele 

contribution and -1 0-24% for paternal allele contribution. 

A higher number of linkage groups associated with QTL effects for KTL (eight) 

than for TL/WT (six) and weak correlations between KTL and TL (r<0.53), and KTL and 



WT (r<0.68) support the presence of QTL for KTL and TLIWT in different chromosomal 

regions. In addition, genes responsible for the KTL of fish might be more widespread than 

for the TL or WT of fish. Furthermore, genes responsible for the TL and WT in fish 

might be co-localized and could have evolved under similar selection pressures in the TR 

Arctic charr. Similarly, genes governing KTL would have been selected independently in 

the NL Arctic charr at Icy Waters Ltd. In other words, according to the oligogenic model 

reviewed by Tanksley (1993), LTIWT appear to be a continuous variation as a result of 

few loci with very large effects (Risch 2002), whereas, the KTL might follow Fisher's 

infinitesimal model, where quantitative traits are controlled by a very large number of 

loci, each with a small phenotypic effect (Lander and Bottstein 1989; Risch 2002). 

Regardless, testing the number of QTL effects and the magnitude of these effects on 

quantitative traits facilitates an understanding of the underlying genetics of these traits 

(Falconer and Mackay 1996) and provides an opportunity to exploit the knowledge for 

the MAS of economically important quantitative traits (Knapp 1998; Andersson 2001 ; 

Liu et al. 2003). 



Figure 4.3. In family 6-1 0, probability estimates (TDT) showing significant QTL-effects 

for total length (TL), body weight (WT), and Fulton's condition factor (KT=) for three 

microsatellite markers (in bold) mapped on the Arctic charr linkage group AC-25 

(modified from W o r m  et al. 2004). Map distances calculated for family 6-10 are given 

in Appendix XIII. A putative growth-QTL is shown in red. Chromosome-wide null 

rejected at p<0.0125 (Bonferonni 0.0514). 





Figure 4.4. In family 6-10, the amount of phenotypic variation explained by the LRM for 

total length (TLR~), body weight (wTR~), and Fulton7s condition factor ( K ~ ~ R ~ )  as 

contributed by the linkage group AC-25, (modified from Woram et al. 2004). Map 

distances calculated for family 6-10 are given in Appendix XIII. A putative growth-QTL 

is shown in red. 





4.4.2 Chromosome-wide QTL-effects for growth on AC-25 

Examination of the coefficient of variance ( R ~ )  for each locus on AC-25 indicates 

decreasing QTL effects on either side of BHMS490. This observation is supported by the 

probability estimates obtained by TDT (p<0.0125). SalD39SFU, which is furthest away 

from BHMS490, did not show any significant effect between the two allele groups. Also, 

the effect-size at SalD39SFU was nearly half that seen at BHMS121 (Figure 4.3 & 

4.4)Despite being 29.2cM away from BHMS490, BHMS 12 1 contributed -1 1- 15% to the 

total variance for LT/WT at this linkage group. OmyRGT39TUF, which is only 4.lcM 

away from BHMS490 explained 20% of the variance. Thus, logically a putative growth- 

QTL is expected to be located between BHMS 12 1 and BHMS490, but closer to 

BHMS490. Evidently as the map distance increases, the covariance of the trait values 

becomes less dependent on the value of the coefficient of variance at the map location 

and so the value of QTL variance component will decrease with distance away from the 

actual QTL (Anderson e t  al. 1994; Knott et al. 1998; Piepho 2000). Several studies in 

plants and animals have proved that QTL resolution is most accurate within 10cM from 

the actual QTL (Lande and Thompson 1990; Piepho 2000). In addition, to identify the 

actual gene underlying the QTL-effects, mapping to within 1 to 3cM is required (Asins 

2002; Pagnacco and Carta 2003). Therefore, to get precise estimates of growth-QTL on 

this linkage group, fine mapping of the region spanning BHMS 12 1 and OmyRGT39TUF 

is required, which will be possible after increasing the marker density on this linkage 

group in Arctic charr. 

In an extensive analysis at 201 microsatellites on two year old rainbow trout, 

O'Malley e t  al. (2003) reported a marginal growth-QTL (male inheritance) associated 
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with SalD39SFU. Two of the three markers (SalD39SFU and Str71INRA) mapped on the 

linkage group S-male in rainbow trout have also been mapped onto AC-25 in Arctic charr 

(Worm et al, 2004). This provides marginal evidence that linkage groups S-male in 

rainbow trout and AC-25 in Arctic charr are ancestral homologues containing detectable 

QTL for the same trait (growth). These findings, provide the first evidence for the 

detection of a QTL affecting growth in salmonids. Evidence of the existence of 

homologous linkage groups containing two upper temperature tolerance QTL (UTT- 

QTL) in rainbow trout and Arctic charr have been provided (Somorjai et al. 2003). These 

results also signify the importance of conservation of microsatellite loci among fish 

species over the past 470 million years (Rico et al. 1996). 

4.4.3 Comparative mapping approach for QTL detection 

Comparative mapping has proven to be a very effective approach to identify QTL 

in both experimental and commercial populations. However, high-density genome maps 

with comparable polymorphic markers are essential for such projects (Kutzer et al. 2003; 

Liu et al. 2003). Kappes (1999) described the process of identifying QTL for 

reproductive traits in sheep, pigs, and cattle. In an excellent example of the utility of 

comparative genomics, Johansson-Moller et al. (1 996) demonstrated how loci controlling 

color and patterning in the mouse have similar effects in livestock. 

In fish, Sakamoto et al. (1 999) hypothesized that provided a QTL is functionally 

conserved, the heterologous primers, which amplify a locus associated with a QTL, may 

also identify similar QTL-effects in species of common origin. Sakamoto et al. (1999) 

identified Onel4ASC and Ssa85DU associated with UTT in rainbow trout. Both 



Onel4ASC and Ssa85DU are heterologous to rainbow trout. In this study, twelve out of 

thirteen marker-QTL associations were detected using heterologous primer sets, being 

cloned from Atlantic salmon, rainbow trout, and sockeye salmon. The findings of 

Sakamoto et al. (1 999) and results obtained in this study, advocate for the hypothesis of 

functional conservation of major QTL regions in the genomes of salmonids. Taking 

advantage of this phenomenon, a comparative mapping project for UTT-QTL in Atlantic 

salmon is in progress (Dr. Davidson pers. comm.). Therefore, salmonids, which are 

believed to be derived from a common tetraploid ancestor -25-100 million years ago 

(Allendorf and Thorgaard 1984), offer a good model for comparative genomic studies 

following a duplication event. Comparing linkage maps of salmonids has elucidated both 

molecular marker-based homology and significant divergence between species (Somorjai 

2001; Worarn et al. 2001; O'Malley et al. 2003; Somorjai et al. 2003; Woram et al. 

2003). Broad homologies among chromosomes of different species can be determined by 

fluorescent in-situ hybridization (FISH) (Phillips and Ihssen 1985). Thus, through in-situ 

hybridization of mapped markers, syntenic regions can be assigned to specific 

chromosome pairs (Phillips and Rab 2001). In this case, probes specific to the conserved 

flanking regions of SalD39SFU and Str7lINRA can be labeled with a fluorescent tag and 

hybridized to metaphase chromosome spreads of various salmonids species (Dr. Noakes 

pers. comm.), thus establishing the comparative relationship between the genes located 

on the respective chromosomes. 

4.5 MAS in Icy Waters Arctic charr 

There are two possible approaches for the application of molecular markers in Icy 

Waters Arctic charr. Genotyping of 1996 Arctic charr broodstock at eight DNA markers 



provided a unique fingerprint of 848 broodfish at Icy Waters Ltd. By combining 

genotypic information with the unique PIT tag numbers, genetic relationships between 

individual fish were established by Dr. Colin McGowan, and this can assist in avoiding 

mating of closely related individuals. More importantly, this molecular information offers 

a great potential for an accelerated improvement of commercially important traits in 

Arctic charr via MAS. Once the linkage phase of marker and QTL-alleles are determined, 

spawners carrying the maximum numbers of high-performance QTL-associated alleles 

can be selected for future breeding (Hallerman and Beckmann 1988). Breeding 

efficiencies can be improved by combining the QTL building and phenotypic selection. 

QTL building aims to establish lines that combine favorable alleles (linked to genes) 

from different lines. To be effective and superior over phenotypic selection, selection 

based on QTL information must be combined with selection on phenotype (Hospital et al. 

1997; Dekkers and Hospital 2002). Otherwise, epistatic effects, gene-environment 

interactions, genetic recombination between marker-allele and the QTL, and incomplete 

information on the role of genes involved with a trait-QTL may seriously affect the 

results of MAS (Martyniuk 2001; Dekkers and Hospital 2002). Additionally, due to 

repulsive epistatic interactions with other genes, the performance of QTL-alleles may be 

altered in different genomic backgrounds (Danzmann et al. 1999). Therefore, marker- 

QTL associations should also be re-evaluated every few generations in species that 

demonstrate high rates of recombination (Lande and Thompson 1990). 

The primary goal of the hatchery operations at Icy Waters Ltd., Whitehorse, is to 

produce fast growing Arctic charr with a pleasing body color. Based on the information 



obtained from this study, a schema for an efficient application of MAS in two moderately 

inbred selection lines of Arctic charr is proposed (Figure 4.5). 



Figure 4.5. A proposed MAS scheme for hybrid introgression of QTL (marker-alleles) 

responsible for growth and coloration in the Arctic charr at Icy Waters Ltd. Marker- 

genotypes in bold are preferentially selected for. BHMS490-109; favorable allele 109 at 

locus BHMS490, and OmyRGT3 8TUF- 1 1 8; favorable allele 1 1 8 at locus 

OmyRGT3 9TUF. 



TR, or TRf 
(QTL fixed for growth) 

BHMS490-109/109 
OmyRGT39TUF-1 l8I l l8  

Marker 1-4- 
Marker2--1- 

PIT# 500001 

TR, or TRf 
BHMS490-4- 

OmyRGT3 9TUF--1- 

Marker l --I- 
Marker2--/- 

PIT # 500005 

Backcros 

YG, or YGf 
(QTL fixed for body coloration) 

BHMS490-1- 
OmyRGT39TUF- -1- 

Marker 1-A/A 
Marker2-BIB 

PIT # 500002 

F1 hybrid 
(Carrier for favorable QTL-alleles) 

BHMS490-1091- 
OmyRGT3 9TUF-1181- 

Marker I-A/- 
Marker2-B/- 
PIT#500003 

F2 hybrid 
(select for favorable homozygous QTL-alleles) 

BHMS490-109/109, log/-, -1- 
OmyRGT39TUF-1 l8 / l l8 ,  1 IS/-, -1- 

Marker1 -A/A, A/-, -1- 
Marker2- BIB, B/-, -1- 

PIT # 500004 

Backcross hybrid 
(High-end Arctic charr for farming) 

BHMS490- log/- 
OmyRGT39TUF-1181- 

Marker 1 -A/- 
Marked-B/- 



4.6 Summary 

Significant measurable differences for growth and DNA polymorphism exist 

between the two Arctic charr strains reared at Icy Waters Ltd. Hybrid juveniles with 50% 

or more Tree River genome contribution grow significantly faster than their counterparts 

from Nauyuk Lake. Considering the significant founder effects in these Arctic charr, 

adequate but moderate levels of genetic variation exist in the two domesticated strains of 

Arctic charr at Icy Waters Ltd., and private and non-overlapping alleles can be observed 

at several loci in the two strains. Two male specific marker-alleles at Sfo8LAV will be 

invaluable to monitor sex-reversal experiments when producing mono-sex populations of 

Arctic charr at Icy Waters Ltd. 

The genome-wide scan is a powerful approach for identifying QTL of economic 

importance and for investigating the genetic basis of complex traits in fish populations 

exhibiting noticeable phenotypic and genetic differences. In Arctic charr, genetic factors 

for length and weight appear to be clustered together. However, genes regulating body 

girth appear to be distributed across several chromosomes. The discovery of a reliable 

growth-QTL on AC-25 across isolated populations of Arctic charr (Fraser River and Tree 

River), and the possible existence of a homologous QTL in rainbow trout, highlights the 

need for a comparative functional genetic analysis at conserved QTL loci in salmonids. 

Furthermore, amplification of QTL-associated microsatellite using heterologous primer 

sets provides further evidence for the common ancestry of salmonid species, which has 

evolutionary implications. 

Given the breadth of phenotypic and genetic variation present in the two 

domesticated strains of Arctic charr at Icy Waters Ltd., for the first time the usefulness of 
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MAS for an accelerated improvement of growth and coloration in Arctic charr can be 

determined within a reasonable timeframe. Hence, the future of MAS for growth and 

other desirable traits appears to be promising for the advancement of Arctic charr 

aquaculture in Canada. 
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Appendices 



Appendix I 

Map of Canada, showing geographical locations of the Fraser River 
strain. Fraser River (Newfoundland and Labrador) at 56062'N & 62025W, 
Yukon Gold strain, Nauyuk Lake (Nunavut) at 68022'N & 107035W and 
the Tree River strain, Tree River (Nunavut) at 67038'N & 11 1053W. 
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Appendix I11 

Description of eight microsatellite markers used for parentage 
assignment in this study. The number of alleles and allele size range are 
based on the results obtained from semi-automated fluorescent 
genotyping technique. 

charr 
linkage 
group 

I Marker 1 Arctic Primer sequences (5'-37, Reference or 
forward and reverse. M- '" 

0 @- a . g h .j p - 
(d & Bb: o o  

g e  $ 3  3~ 4 -  2c 

Sf023 Unassig 

One18 Unassig tz-j-L- 

AC- 14 

1 

AGG TGG GTC CTC CAA GCT AC 55 8 130-223 

ACC CGC TCC TCA CTT AAT C 

CGC CTT GTC ATA CAT TAC ACC 55 11 114-213 

AGC CTA CAG AAA CAG GAG AAA G 

CAA CGA GCA CAG AAC AGG 55 12 250-308 

CTT CCC CTG GAG AGG AAA 

GTG TTC m TCT CAG ccc 55 12 176-300 

AAT GAG CGT TAC GAG AGG 

ATG GCT GCA TCT AAT GGA GAG 55 6 180-220 
TAA 

AAACCACACACACTGTACGCCAA 

m GCA TG AGC CTC TGT 50 11 196-272 

TGT TTC AGC TGC TAT TAG GAA AT 

CAC T A  TTA ACG CCC ACT CCC 55 10 139-193 

TTC ACA ACC ACA GGA AAG AAC TC 

GGG GAG TCT GTG TTA AGT 

TGA ATG GAC GTT CCT CTG AC 

I Total 1 81 1 

genbank accession 
number 

Angers et al. 1995 I 
Scribner e t  al. 1996 1 
Unpublished; 
Danzmann R., 



Appendix IV 

Allele frequencies for the eight microsatellites tested on the four Arctic 
charr groups a t  Icy Waters Ltd. TR; Tree River, GY; Nauyuk Lake (Yukon 
GoldTM), H 1 ; Hybrid TRfxYGm, H2; Hybrid YGfxTRm. 

Frequency 

LOCUS 
Allele 

TR YG H1 H2 total 
(bp) (n=250) (n=210) (n=l85) ( ~ 2 0 3 )  (n=848) 

Ssa85 
DU 

SalE38 
SFU 

Sf08 
L AV 

Sf023 
M V  

Frequency 

LOCUS 
Allele 

TR YG H1 H2 total 
(bp) 

(n=250) (n=210) (n=185) (n=203) (n=848) 

One18 180 
ASC 185 

189 
191 
195 
204 
220 

Sa15 196 
UG 203 

205 
214 
218 
225 
230 
24 5 
258 
268 
272 

SalP61 139 
SFU 152 

157 
I64  
170 
174 
178 
180 
184 
193 

SalD39 194 
SFU 196 

238 
243 
245 
255 
259 
268 
272 
280 
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Appendix VIII 
Results of linear regression analysis for total length (R2 log LT), body weight 
(R2 log WT), and Fulton's condition factor (R2 I0gKTL) in family 6-1 0. 

locus parental sex R2 log LT R* log WT R2 log KT, 
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locus parental sex R2 log LT R2 log WT R2 log KTL 

One1 OASC 

One1 1 ASC 

One 1 8ASC 

One1 ASC 

Sal7UG 

Sal9UG 

SalDl OOSFU 

SalD39SFU 

SalJ81SFU 

SalP61 SFU 

genotypic 
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locus parental sex R~ log LT R2 log WT R2 log K-rL 

rn 0.056 0.050 0.001 

Sfo8LAV f 0.001 0.000 0.007 

rn 0.043 0.039 0.001 

SLIi(INRA) f 0.024 0.015 0.031 

Ssal4DU f 0.017 0.01 1 0.022 

rn 0.01 5 0.008 0.037 

Ssal71 f 0.125 0.140 0.121 

Ssa20.19aNUIG f 0.002 0.000 0.055 

Ssa20.19bNUIG f 0.000 0.003 0.062 

Ssa208a f 0.001 0.000 0.046 

rn 0.006 0.009 0.035 

Ssa208b f 0.081 0.084 0.035 

rn 0.005 0.017 0.244 

Ssa289 f 0.004 0.008 0.041 

Ssa77NUIG f 0.002 0.009 0.152 

Ssa85DU rn 0.000 0.001 0.100 

SSOSL32i f 0.070 0.072 0.028 

rn 0.001 0.001 0.000 

SSOSL456 f 0.025 0.020 0.004 

rn 0.037 0.035 0.003 

U5.27NUIG f 0.000 0.000 0.001 

*BHMS markers have been renamed, for details see Table 2.2. 



Appendix IX 

The computer code for the regression analysis for the total length (logTL) 
on 78 possible permutations in the family 6-10 of Icy Waters Arctic 
charr. The code was modified for the analysis of body weight (logWT) and 
Fulton's condition factor (10gKn) in the same family. The analysis was 
performed using SAS (version 8.0) software from the SAS Institute, Cary, 
North Carolina, USA. 

/ *  following is the code for "loglen" */ 
proc iml; 
use teml var -all-; 
read all var -all- into z; 
N=36*78; 
varnum=j (N, 1,O); 
ylt=j(N, 1,O); 
x=j(N, 1,O); 
do i= l  to 78; 
do j= 1 to 36; 

k=j+36*(i- 1); 
varnum[k]=i; 
x[k]=zIj,i+6]; 
ylt[k]=zlj,4]; 
end; 

end; 
create loglen varivarnum ylt x}; 
append; 
close loglen; 
run; 
quit; 
ods output FitStatistics=outlen; 
ods listing close; 
proc glm-data=loglen; 
by varnum; 
class x; 
model ylt=x/ ss 1; 

run; 
ods listing; 
proc print data=outlen; 
run; 



Appendix X 

Recombination frequencies (male), chi-square test values and individual 
genotypes at  two male-specific loci in the three Tree River backcross 
families (3-10, 4-10, and 6-10) for the Sfo8LAV marker (allele 308) and 
Omy6DIAS locus (allele 229). 

Family 3- 10 

2131278 15 

2131308 0 

2291278 0 

2291308 16 

N= 31 

Family 4 - 1 0 

2131278 15 

2131308 0 

2291278 0 

2291308 15 

N= 30 

Family 6- 1 0 

Chi Sq. 

6.78 

7.75 

7.75 

8.78 

RF(r)= 0.00 

Chi Sq. 

7.5 

7.5 

7.5 

7.5 

RF(r)= 0.00 

Chi Sq. 

11.11 

9.00 

9.00 

7.11 

RF(r)= 0.00 



Individual genotypes for Sfo8LAV and OmyGDIAS in the three Tree River backcross 
families. 

Family 3-10 
0my6 

Sfo8LAV OIAS 

Parents Female 2561286 21 31275 

Male 
Progeny 14 

18 

29 

72 

73 

lo6 

144 

148 

343 

349 

387 

392 

42 1 

457 

492 

13 

16 

86 

96 

120 

252 

291 

298 

320 

33 1 

340 

355 

406 

416 

424 

482 

Family 4-10 
0my6 

Sfo8LAV DIAS 

Parents Female 2561286 21 31307 

Male 

Progeny 22 
6 1 

62 

7 1 

I80 

247 

265 

323 

338 

357 

373 

425 

436 

485 

496 

3 

24 

66 

101 

105 

115 

I36 

255 

278 

287 

301 

330 

405 

41 2 

487 

Family 6-10 
Sfo8LAV i:f 

Parents Female 2561286 
Male 

Progeny 85 

91 

95 

98 

1 1 1  

1 I4 

143 

150 

152 

229 

274 

325 

334 

337 

389 

404 

408 

434 

458 

26 

80 

92 

94 

I63 

277 

308 

364 

385 

388 

395 

437 

474 

476 

481 

489 

490 
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Appendix XI1 

Average weight and length (Fall 2001), and between groups differences in weight (above 
diagonal) and length (below diagonal) for the four groups of 1996 Arctic charr 
broodstock Icy Waters Ltd. 

Weight (Kg) Length (cm) 

Avg. Std.Dev Var. Avg. Std. Dev Var. 

Hybrid 1: 
TRfxYGm 

2.78 0.65 0.42 

Hybrid 2: 
Y GfxTRm 

3.20 0.51 0.26 

YG TR Hybrid 1 Hybrid 2 

YG 

TR 

Hybrid 1 : 
TRfxYGm 

Hybrid 2: 
YGfxTRm 

Length I 
x; P<.05 but >.01, xx; Pc.01 but >.001 and xxx; Pc.001 



Appendix XI11 

Recombination frequencies (male) and chi-square test values a t  four 
polymorphic loci (AC-25) in the Tree River backcross family 6- 10. 

SalD39SFU & BHMS 12 1 

Chi Sq. 
2721131 23 2 1.78 
2721135 1 7.11 
2901131 0 9.00 
2901135 12 1 .OO 

N= 36 
RF(r)= 0.028 

Chi Sq. 
1311109 15 4 .OO 
1311111 8 0.11 
1351109 4 2.78 
1351111 9 0.00 

N= 36 
RF(r)= 0.333 

Chi Sq. 
2721109 15 4.00 
2721111 9 0.00 
2901109 4 2.78 
2901111 8 0.11 

N= 36 
RF(r)= 0.361 

Chi Sq. 
1311116 9 0.00 
1311118 14 2.78 
1351116 9 0.00 
1351118 4 2.78 

N= 36 
RE(r)= 0.361 

chi Sq. 
2721116 10 0.1 1 
2721118 14 2.78 
29011 16 8 0.11 
29011 18 4 2.78 

N= 36 
RE(r)= 0.389 

Chi Sq. 
1091116 1 7.11 
1091118 18 9.00 
1111116 17 7.1 1 
1111118 0 9.00 

N= 36 
RE(r)= 0.028 



Marker order and estimated map distances (cM) between two closely 
linked markers in family 6- 10. Values in parentheses are distances 
estimated by Woram e t  al. 2004. Marker order determined here is 
consistent with estimated provided by Woram et al. 2004 (Figure 4.3 &, 



Appendix XIV 

Weekly batch-weight data over 32 week period collected for twelve lines 
of juvenile Arctic char produced in the Fall 200 1. 

Cross1 Cross2 Cross3 Cross4 

Date 2 (YG,sTRJ,xYGm TR,xTR. YGw(TRrYGd. (TRlrYGMYG 

28-FebO2 3 0.14 0.16 0.13 0.13 

Cross9 Cross10 Cross1 1 Cross1 2 

YL~+(YWTRJ~ (YGLTRJcTR, YG:XTR, (TRlxYG,)cTR, 

0.11 0.16 0.15 0.13 

22-Oct-02 35 5 68 6.19 5.88 4.93 5.95 5.19 8.88 4.92 

'Values in grey boxes are hghter than the previous week. 


