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ABSTRACT 

The mitochondrial genome (mtDNA) is a valuable source of data for evolutionary 

studies because of its small size, lack of recombination and its higher rate of accepted 

mutations than nuclear coding sequences. All salmonid rnitochondrial genomes are 

-16.7 Kb in size and identical in their genome organization. PCR amplification with 

thirty-three conserved primer pairs and subsequent direct sequencing was used to obtain 

whole mitochondrial genome sequences from fourteen Atlantic salmon (Salmo snlar) 

samples. The nucleotide and amino acid sequences were aligned and compared with 

those of a sister species, brown trout (Salmo trutta) to study the mode and tempo of 

mtDNA evolution. Varying percent sequence divergence was observed in different parts 

of the genome suggesting that different constraints operate across the genome. Further, 

by measuring the amount of variation in the Atlantic salmon from different geographical 

locations, previous hypotheses regarding the structuring of Atlantic salmon populations 

were confirmed. 

Keywords 

Atlantic salmon, Brown trout, Complete mitochondrial genome, Salmonid mtDNA 
primers, Phylogeography. 
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CHAPTER 1 - INTRODUCTION 

1.1 Vertebrate mitochondrial genomes 

The mitochondrion is the energy production center of all respiring eukaryotic 

cells. Its main function is to produce energy in the form of ATP for cellular functions 

(Cann et al., 1984). Inside each mammalian cell, there are more than 1,000 mitochondria 

with a total weight of 0.017 pg, which is about 1% of the weight of the 1.7 pg nucleus. 

Each small mitochondrion contains many copies of circular, double-stranded DNA 

known as the mitochondrial genome. Mitochondrial DNA (mtDNA) is replicated, 

transcribed and its rnRNAs are translated independently from the nuclear genome. In 

addition, there is no exchange of information between the mitochondrial genome and the 

nuclear genome. Unlike the nuclear genome, the rnitochondrial genome is uniparentally 

descended through the maternal lineage (MacIntyre, 1985). The characteristic single 

parent inheritance allows geneticists to use data from mtDNA sequences to draw 

conclusions about evolution. 

Mitochondrial genomes are much simpler than their corresponding nuclear 

genomes. Thus, the mitochondrial genome serves as an excellent model for studying 

evolution. It has several characteristics that the nuclear genome does not possess. First, 

the size of the vertebrate mitochondrial genome (less than 17,000 bp) is much smaller 

compared to the nuclear genome. Animal mitochondrial genomes are -25,000 times 

smaller than the smallest nuclear genome (MacIntyre, 1985). The small genome shortens 



the time required to collect data. Secondly, mtDNA has been shown to evolve 2-1 0 times 

faster than nuclear DNA (Brown el al., 1979). Several reasons for the faster evolutionary 

rate include: (1) the absence of proof-reading ability of the mitochondrial DNA 

polymerase for mtDNA replication; (2) the more frequent self-multiplication of mtDNA 

increases the number of errors than occur during replication process; (3) the lack of 

recombination within the mitochondrial genome results in a lower tendency for genome 

rearrangements to occur (Stepien and Kocher, 1997). These advantageous features of the 

mitochondrial genome attracted many researchers to use this simpler genome as a model 

to study molecular evolution in animals. The recent availability of sequence data makes 

it possible to learn about the properties of the mitochondrial genome by comparing 

various mtDNAs. The study of mitochondrial genome evolution has impacted the field 

of anthropology, human pathology, population genetics and human evolution, and will 

continue to provide information about the evolution of various species. 

The complete mitochondrial genome contains thirteen coding genes, twenty-two 

transfer RNAs (tRNAs), two ribosomal RNAs (rRNAs), and one non-coding region 

commonly known as the displacement loop (D-loop) in vertebrates. The mitochondrial 

genome is extremely compact in gene organization; >90% of mtDNA is made up of 

coding genes with no intergenic regions. The organization of the mitochondrial genome 

is believed to have been established very early in the vertebrate lineage (Lee and Kocher, 

1995), and the vertebrate consensus order has been maintained throughout most of the 

vertebrate lineages. Molecular data such as gene sequences and gene order can be used 

to infer phylogenetic relationships within and between species, even between distantly 



diverged lineages. However, most studies have used mtDNA to investigate the 

relationships of individuals and populations or closely related species groups. 

1.2 History of techniques used to study mtDNA 

A major technological breakthrough occurred when Type I1 restriction 

endonucleases were applied to mtDNA isolated from three mammalian cell lines (Brown 

and Vinograd, 1974). This process resulted in the first restriction maps of mtDNA, and 

paved the way for assessing relationships between species and populations that diverged 

relatively recently. The use of mtDNA for evolutionary studies really took off in the late 

1970s (Brown et al., 1979), mainly because of the characteristics mentioned above. 

In early studies, restriction digestion mapping was the technique used to estimate 

the percentage of genome sequence differences between pairs of organisms (Brown et al., 

1979). The first step required the preparation of mtDNA and made use of differential 

centrifugation to isolate a sub-cellular fraction enriched for mitochondria and relatively 

free from nuclei, followed by the purification of the covalently-closed, circular form of 

mtDNA free of contaminating nuclear DNA by equilibrium sedimentation in caesium 

chloride density gradients in the presence of an intercalating dye such as propidium 

iodide or ethidium bromide. The second part involved the development of procedures 

that enhanced the separation and detection of fragments of DNA. These consisted of 

electrophoresis through agarose or polyacrylamide gels which resolved fragments, 

generated by restriction endonuclease digestions, over the range of 10,000 bp to LOO bp. 

The DNA fragments were visualized directly by staining with ethidium bromide when 

agarose gels were used. For polyacrylamide gels it was necessary to radioactively end- 

label the restriction fragments using the Klenow fragment of DNA polymerase and the 



incorporation of a 3 2 ~  dNTPs. Based on the fragment sizes, cleavage maps were created 

giving the positions of the endonuclease restriction sites relative to one another. Pairwise 

comparisons of cleavage maps of different samples (from different species) yielcled a 

score denoting the fraction of sites shared by each pair. The percentage of unshared sites 

could be interpreted as the minimum number of base substitutions per site compared, 

which could then be converted to the estimated percentage sequence difference between 

the two samples. These techniques provided the tools and the impetus for many 

population biologists and systematists to switch from the traditional allozyme analysis to 

a DNA-based system for their studies, or at least to incorporate both where possible. 

The procedures outlined above emphasized the use of purified mtDNA, which 

usually required a large amount of tissue. However, large tissue samples are not always 

available from samples of natural populations commonly targeted for population biology 

and evolutionary studies. Therefore, novel techniques were developed by Lansman et al. 

(1981), which combined the use of restriction endonuclease digestion and DNA-DNA 

hybridization to increase the sensitivity of visualizing digestion patterns on agarose gels, 

and by so doing it overcame the need for a large amount of pure mtDNA. The DNA- 

DNA hybridization technique was beneficial in its ability to detect a minimal amount of 

DNA from crude tissue samples. In addition, a less pure mtDNA sample could be 

substituted as the starting material as long as the restriction enzyme was able to cleave 

the DNA. Cytoplasmic nucleic acids (CNA), an enriched mtDNA-containing tissue 

fraction substituted the need for pure mtDNA. CNA was isolated quickly, subsequently 

digested, and the resulting fragments were electrophoresed on an agarose gel, befbre 

being subjected to Southern blot analysis. The filters were incubated with radioactively- 



labelled pure mtDNA probe sequences and following autoradiography, revealed the 

mtDNA digestion profile with the pattern of hybridized restriction fragments. The 

intensity of the bands no longer depended on the amount of fragmented DNA, but rather 

on the specific binding of the hybridized probe, thereby alleviating the requirement of 

large amount of tissue sample for extraction and restriction analysis. The mtDN,4 

digestion profile is the gel phenotype produced by one restriction endonuclease. Each 

complete digestion of one CNA sample would yield a pattern of bands that has a sum of 

-17 Kb. The proportion of fragments shared in their mtDNA digestion profiles was rated 

as an index of relative genetic similarity between pairs of organisms, and further used to 

estimate the number of base substitutions per nucleotide. Several digestion profiles can 

be combined to create a composite profile created from multiple digestion profiles. The 

organisms that share most similarity in composite profile are most likely to have arisen 

from a common ancestor. The geographical distribution and movement of these 

organisms can be deduced according to their shared patterns. A most parsimonious 

phylogenetic network created by interconnecting composite phenotypes provides a 

representation of the estimated matriarchal phylogeny (Lansman et al., 198 1). 

The time and expense required to conduct restriction analysis on mtDNA meant 

that the number of samples examined was often orders of magnitude lower than had been 

routinely possible using allozymes. Moreover, the indirect assessment of DNA sequence 

variation obtained by restriction analysis had drawbacks. The preparation and alignment 

of restriction maps are tedious and results from different labs were often difficult to 

compare because of variation in the gel separation techniques and the suite of restriction 

enzymes used. It was certainly possible to overcome these problems by cloning specific 



fragments of mtDNA and determining their nucleotide sequences so that intra- and inter- 

specific variation could be measured, but this was prohibitively expensive for large-scale 

surveys. The end of the 1980s set the scene for the next major technological advance. 

The procedure involved the direct sequencing of segments of the mitochondrial 1, yenome 

amplified using the polymerase chain reaction (PCR) and sets of conserved primer pairs 

(Kocher et al., 1989). 

The first mitochondrial genome to be sequenced was that of human (Anderson et 

al., 1981), and this was quickly followed by those of cow (Anderson et al., 1982:), mouse 

(Bibb et al., 1981) and a frog (Roe et al., 1985). Comparisons of these sequences 

revealed some highly conserved regions. This enabled the design of three pairs of 

oligonucleotide primers that could be used in conjunction with PCR (Saiki et al., 1988) to 

amplifjl specific segments of mtDNA from a rather crude preparation of total DNA 

extracted from vertebrates (Kocher et a]., 1989). Furthermore, the same protocol was 

able to amplifjl mtDNA from preserved archival specimens. In both cases, the amplified 

products were in a state that sequencing could be performed directly without the need of 

cloning. 

Although it was initially quite expensive to contemplate establishing a facility to 

cany out high-throughput sequence analysis for population studies, the development of 

DNA sequencing technology as a result of the human genome project now makes this 

quite realistic. In the interim period, researchers developed a compromise; they used sets 

of primer pairs to amplifjl defined regions of the mitochondrial genome, and then 

analyzed the amplified fragments with a series of restriction endonucleases that usually 

had four base pair recognition sites. This latter technique has proved particularly useful 



for large-scale population surveys. Today, sequencing a rnitochondrial genome is usually 

done by PCR amplification of overlapping segments of the entire genome and subsequent 

assembly of the sequences of these segments using standard bioinformatic tools. 

1.3 Fish mtDNA 

MtDNA has been used extensively to study fish at various levels of organization. 

These include analysis of variation at the population level, which provides useful 

information for the conservation of endangered species and the identification of stocks 

for making management decisions, and comparisons between different species to 

determine phylogenetic relationships (Wilson et al., 1985). For example, measuring the 

amount and distribution of variation in the mtDNA of the highly endangered cyprinid, 

Anaecypris hispanica, allowed the geographical structuring of this species to be deduced. 

The results suggested to conservationists ways to manage these populations while 

maintaining the genetic diversity of the species (Alves et al., 2001). Concerns with 

aquaculture hatcheries regarding the hybridization and introgression of wild and 

cultivated populations motivated mtDNA studies on several fish species such as ihe 

Southern Steelhead (Nielsen el al., 1994), ayu (Iguchi et al., 1999) and other migratory 

freshwater fishes (Sivasundar el al., 2001). Furthermore, the amount of genetic variation 

within and among populations assisted in selecting broodstock for L. elongates, an 

endangered fishery resource, to preserve the genetic diversity within this aquaculture 

species (Martins el al.,, 2003). Single nucleotide polymorphisms in the mitochondrial 

genome are now being used to monitor gene flow among populations of species such as 

cod (Cam el al., 1995). MtDNA variation has provided markers for stock identification 

and the management of walleye stocks (Billington and Hebert, 1988; Billington et al., 



1988). The amount of genetic differentiation among populations of freshwater fish tends 

to be lower than what is observed in anadromous fish, which in turn is less than ihat 

observed in marine species. This is thought to be because there are fewer isolating 

barriers to gene flow, in the continuous realm of the oceans. It may also reflect 

differences in population sizes. The amount of mtDNA sequence divergence was greater 

between Arctic and coastal cod, Gadus morhua, (1.8-5.6%), than was observed between 

populations in coastal localities in the North East Atlantic Ocean (<I%) (Dahle, 1991). 

Aside from stock identification and population genetic studies, mtDNA is a useful 

tool for inferring phylogenetic relationships. With the availability of procedures for 

analysing mtDNA, phylogenetic relationships that were previously based on 

morphological characteristics could be re-examined from the point of view of genetic 

differences. A combination of molecular and morphological data appears to give the best 

approach for systematics and the taxonomy assignment in fishes. The molecular 

systematics of gadoid fishes demonstrated the success of mtDNA sequence in 

determining phylogenetic and biogeographic relationships (Cam et al., 1999). The 

investigation of two partial mtDNA genes (896 bp in total length) from fourteen cod fish 

species clarified relationships between these species. As well, the taxonomy of the 

Gadidae based on mtDNA is consistent with time of speciation events. The study 

suggested that morphological data are not as conclusive as molecular evidence for 

determining the phylogenetic relationships of gadoids. 

The phylogeny of divergent lineages has been found difficult to resolve with only 

morphological data and limited mtDNA sequences. Because the understanding of deep 

level relationships is important for investigating the evolutionary history of vertebrates, 



researchers turned to sequencing complete mtDNA genomes to elucidate more 

information. Comparisons of full mitochondrial genomes have proven successful in 

resolving controversial groupings. For instance, in the determination of the closest sister 

group to tetrapods, based on paleontological and morphological data, the ray-finned 

fishes is accepted as the outgroup to the lobe-finned fishes and tetrapods. However, the 

distance between the two groups of lobe-finned fish (lungfish and coelancanth) to 

tetrapod was uncertain. Using the complete mtDNA sequence of lungfish (Zardoya and 

Meyer, 1996), it was possible to produce a statistically confident tree that groups 

coelacanth as a sister clade to tetrapods. This result demonstrated the benefit of whole 

mitochondrial genome sequencing to resolve discrepancies in deeper level phylogenies. 

A separate study of the phylogeny of basal euteleostei (protacanthopterygian), a 

diversified subgroup of teleost fishes, examined the controversial relationships within the 

euteleostean lineage (Ishiguro el al., 2003). 8,130 bp of homologous mtDNA sequence 

from thirty-four species was used to infer the phylogeny. A well resolved tree found that 

the basal euteleostie is not one monophyletic group; rather there are five monophyletic 

groups. The topology showed the following relationships: {(Esociformes, 

Salmoniformes), (Osmerioids, Argentinoids), Alepocephaloidea). The ability of 

mitogenomic (whole mitochondrial genome) data to resolve persistent controversies in 

teleost phylogeny again revealed the benefit of whole mitochondrial genome sequences 

for phylogenetic analysis. 

1.4 The salmonids 

Salmonids are members of the Salmonidae family, and include the whitefishes 

and ciscos (subfamily Coregoninae), graylings (subfamily Thymallinae) and trout, 



salmon and charr (subfamily Salmoninae) (Figure 1). These fish have been further 

classified into nine genera and roughly sixty-eight species (Nelson, 1994). The genus 

Salmo lies in the Salmoninae, and comprises two main species: Salmo salar (Atlantic 

salmon) and Salmo trutta (brown trout). All salmonid species breed in freshwater; 

however, many of them are migratory and spend a period of their adult life in the sea. 

There are some "landlocked" salmonid species, which forego the ocean stage and 

complete their entire lifecycle in freshwater. 

Figure 1 Salmonid taxonomy showing the relationships of the three subfamilies in the 
Salmonidae. 

Family Subfamily Genus 

Thyrnallinae 

I Thymallus (grayling) 

Coregonus (lake whitefish) 1 Salmonidae 

Salvelinus (charr) 

Salmoninae 
Salmo (Atlantic salmon) 

Oncarhynchus (Pacific salmon, rainbow trout) 

The salmonids comprise several species of substantial importance for aquaculture, 

wild stock fisheries and recreational sport fisheries. Besides their great economic and 

societal importance, the salmonids are also of considerable scientific importance in such 

fields as physiology, genetics, immunology, toxicology, nutritional and environmental 

science. There is no other species group that receives such a comprehensive combined 



commercial and scientific human attention. More is known about the biology, life 

history, population dynamics, biogeography and evolution of salmonids than any other 

fish family (Brown and Thorgaard, 2002). The salmonids are especially useful as model 

systems for ecological and evolutionary studies addressing questions regarding the effects 

of population structure, genetic and morphological divergence, gene flow and Pleistocene 

glaciations (Brunner et al., 2001). 

1.4.1 MtDNA studies on salmonids 

The complete sequence of a mitochondrial genome has the greatest utility for 

molecular phylogenetic studies, because it can provide insights in all levels of 

phylogenetic problems (Boore and Brown, 1998). Salmonids whose mtDNAs have been 

completely sequenced include: whitefish, Coregonus lavaretus (Miya and Nishida, 

2000); rainbow trout, Oncorhynchus mykiss (Zardoya et al., 1995); chinook salmon, 

Oncorhynchus tshawytscha (Wilhelm et al., 2003); cutthroat trout, Oncorhynchus clarki 

(Hickey et al., Unpublished), Arctic char, Salvelinus alpinus (Doiron et al., 2002); brook 

trout, Salvelinus fontinalis (Doiron et al., 2002) and Atlantic salmon, Salmo salar (Hurst 

et al., 1999). The organization of all salmonid mitochondrial genomes is the same, and 

they are all approximately the same size. MtDNA has been used to characterize salmonid 

phylogenies, both at the inter-specific and the intra-specific level. 

1.4.1.1 Inter-specific relationships 

Inter-specific relationships among salmonids have been studied using many 

different procedures. In the early days, experimental hybridization between species pairs 

was used to evaluate the relationship between Oncorhynchus and Parasalmo (Chevassus, 



1979). Viable offspring were used as the indicator of a close relationship between the 

two genera, which later collapsed into a single genus. Advances in fish biology allowed 

morphological and life-history data to replace hybridization crosses, and these results 

suggested that rainbow trout should belong in a genus similar to Salmo (Neave, 1958). 

Thomas et al. (1 986) used cleavage sites for thirteen restriction enzymes in the 

mitochondrial genome to examine inter-specific relationships among the five Pacific 

salmon (coho, chinook, sockeye, pink and chum) and rainbow trout. By examining 48 

restriction sites, -1.7% of the mitochondrial genome from each individual was sampled. 

The results showed that rainbow trout and coho and chinook salmon displayed low levels 

of nucleotide sequence divergence compared to the 10% observed between rainbow trout 

and other Salmo species (Gyllensten and Wilson, 1987). Subsequent confirmation of this 

result contributed to rainbow trout being placed in the genus Oncorhynchus along with 

the five Pacific salmon. 

In the genus Oncorhynchus, restriction analysis of mtDNA using 13 restnction 

enzymes confirmed that the Pacific salmon are monophyletic. Inter-specific variation in 

mitochondrial DNA sequences revealed the relationships between pink, chum and 

sockeye salmon as well as their relationship to masu salmon. Within the Pacific salmon, 

three distinct groups were formed; one group contains pink and chum salmon, another 

group includes coho and chinook and the third group contains sockeye salmon alone. 

Their mtDNA sequence divergence ranges from 2.5 - 6.9% between species (Thomas et 

al., 1986). Examination of a 2,214 bp H i n m  fragment of mtDNA sequence containing 

four protein genes and two tRNAs from five Pacific salmon and one rainbow trout 

revealed 4.74-8.76% in sequence difference (Thomas and Beckenbach, 1989). This level 



is higher than that reported from restriction analysis which shows that restriction site data 

often underestimate the level of variation. A lower inter-species difference was observed 

in the genus Salmo, with only 5.4 % between Atlantic salmon and brown trout based on a 

295 bp segment of the cytochrome b gene (Mcveigh and Davidson, 1991) and 6.2-6.5% 

calculated using RFLP analysis of total mtDNA (Gyllensten and Wilson, 1987). 

Salmonidae systematics has been inferred using a variety of techniques including 

morphological (Neave, 1958), ecological (Vladykov, 1963), cytological (Philips et al., 

1989), DNA restriction analysis (Thomas et al., 1986) and sequencing data (Thomas and 

Beckenbach, 1989). Based on 295 bp of the cytochrome b gene, a closer relationship 

between Salmo and Salvelznus than of Salmo and Oncorhynchus was observed (Mcveigh 

and Davidson, 1991). However mtDNA RFLP data (Gyllensten and Wilson, 1987) and 

allozyme data found a different grouping whereby Salmo and Oncorhynchus group 

together with Salvelznus being more distant. The controversies could be due to the 

difference in the level of resolution from different techniques. Direct sequence 

comparisons should be clear, consistent and comparable between different laboratories. 

Crespi and Fulton (2004) examined the phylogeny within Salmonidae using all sequence 

data from GenBank. It provided a thorough picture of inter-genus divergence, and found 

that Salmo and Oncorhynchus are not sister taxa. Instead there was stronger evidence for 

a sister-taxon relationship between Oncorhynchus and Salvelinus. The same relationship 

was well-supported in a previous study on the ND3 region of the rnitochondrial genome 

(Oakley and Phillips, 1999). The success of molecular data in resolving phylogenetic 

relationship shows that mtDNA sequences are valuable resources. 



1.4.1.2 Intra-specific relationships 

Intra-specific variation in mtDNA is, as expected, much lower than that observed 

in inter-specific comparisons. A 640 bp region of the D-loop was sequenced from 

individuals representing 24 populations of brown trout (S. trutta) from different locations 

in Europe, and 12 mtDNA genotypes were identified (Bematchez et al., 1992). 'These 

genotypes clustered into five phylogeographic groups with a mean sequence difference of 

0.96-1.44%. Similarly, a 552 bp fragment of the mtDNA control region was sequenced 

from 159 Arctic charr from 83 different populations (Brunner et al., 2001). The sequence 

differences split the Arctic charr into five main complexes: Siberia, Atlantic, Acadia, 

Arctic and Bering. The mean sequence divergence between the groups was O.80/0. 

1.4.1.3 MtDNA studies on Atlantic salmon populations 

Studies on Atlantic salmon using mtDNA markers changed tremendously over the 

past 20 years. As technology developed, they advanced from restriction mapping of 

mtDNA (Birt et al., 1986) to PCR-based direct sequencing of a small region of the 

mitochondria1 genome (McVeigh et al., 1991) and more recently, to a combination of 

PCR amplification of specific genes followed by restriction endonuclease analysis 

(Verspoor et al., 1999). As will be described in this thesis, the rapid sequencing of 

complete mitochondrial genomes enables the identification of new mtDNA markers to 

study salmonid population dynamics and to resolve deeper phylogenies. 

Birt et al. (1 986) used restriction endonuclease analysis to conduct the first 

investigation of mtDNA variation in Atlantic salmon when they examined allopairic 

anadromous and non-anadromous populations in Newfoundland. Similar experiments 

were carried out in Atlantic salmon from Sweden (Gyllensten and Wilson, 1987) and 



Finland (Palva et al., 1989). These experiments found some variable restriction 

endonuclease cutsites in the mtDNA, and in some instances they could be used to 

differentiate the Atlantic salmon populations. Berrningham et al. (1991) discovered that 

the restriction enzyme B g m  produced a different cleavage pattem when sampling 

"European-origin" and "North American-origin" Atlantic salmon. The presence or 

absence of this B g m  site was used to predict the continent of origin of Atlantic salmon in 

the mixed-stock fishery off the coast of Greenland. The main research interest in the late 

1980s and 1990s involved looking for molecular markers that could be used to survey the 

mitochondrial genome, with a goal to determining population substructures and the 

evolutionary relationships among populations of Atlantic salmon (Birt et al., 1991; 

Hovey et al., 1989; Knox and Verspoor, 1991; Nielsen et al., 1996; Oconnell et al., 1996; 

Verspoor et al., 1999). A limitation of restriction enzyme analysis is that it can only 

sample a limited region of the mitochondrial genome. It is also difficult to interpret 

restriction enzyme data of mtDNA fully without some knowledge of the location of the 

mutations and their possible consequences. These drawbacks made some researchers 

turn to direct sequencing analysis when the technology became available (McVeigh et al., 

1991; Palsson and Amason, 1994), but it never became popular because of concerns over 

the high cost of DNA sequencing and the lack of high-throughput methods in the 1990s. 

As will be seen from this thesis, DNA sequencing is no longer an issue for analyzing 

many samples at a reasonable cost. 

1.5 Analyses of fish mitochondrial sequences 

A 307 bp fragment of the cytochrome b gene was sequenced from 100 organisms 

using conserved primers and PCR amplification (Kocher et al., 1989). The number of 



amino acid replacement in three lineages was investigated based on branch lengths of a 

phylogenetic tree. There were five times more amino acid changes in the mammalian 

and bird lineages compared to fish lineages within the same evolutionary length of time. 

Therefore, this suggested that there was a five-fold higher rate of amino acid substitution 

in the bird and mammalian lineages. The fish species used in this study included sharks, 

cichlids, salmonids and coryphenids. The same observation was made in a separate 

analysis of full cytochrome b sequences in some Perciforms (Cantatore et al., 1994). 

They found that fish mitochondrial DNA had a nucleotide substitution rate three to five 

times lower than that of mammals. Furthermore, in another study that examined 

cytochrome b protein evolution in sharks, the rate of shark cytochrome b protein was 

found to evolve six times slower than in mammals (Martin and Palumbi, 1993). This 

confirmed that not all taxa operate under the same molecular consistent clock, and that 

there are different molecular evolutionary rates between the mammalian lineage and the 

fish lineage, with fish mtDNA appearing to evolve more slowly than in other vertebrates. 

The consistency of results showing a slower rate of amino acid substitution among cold- 

blooded vertebrates compared to mammals was tested in Pacific salmon (Thomas and 

Beckenbach, 1989). The mtDNA sequences from six Pacific salmonids showed a high 

occurrence of silent substitutions compared to replacement substitutions. 

The non-coding region of the mitochondrial genome is thought to possess 

different characteristics from the rest of the mitochondrial genome. In many vertebrate 

studies, this segment was found to be the most rapidly evolving region of the 

mitochondrial genome (Upholt and Dawid, 1977). This region contains the D-loop, 

which forms a displacement loop during replication of the heavy strand of the circular 



mitochondrial genome in mammals. The size of this region varies among different 

animals, ranging from 200 - 1,400 bp (Brown et al., 1982). In the human D-loop, the 

substitution rate is about 2.8 to 5 times faster than that of the rest of the mitochondrial 

genome (Aquadro and Greenberg, 1983; Cam et al., 1984; Meyer, 1993). Despite the 

high tendency to accept mutations, there are several sequence blocks that are conserved 

in all mammalian and vertebrate mtDNA (Chang and Clayton, 1985). A number of 

reports suggested that fish D-loops do not behave the same way as those of mammals. 

Bernatchez and Danzmann (1993) and Shedlock et al. (1992) found that the D-loop 

region evolves more slowly in salmonid fishes. Moreover, in freshwater rainbow fishes 

(genus Melanotaenia), the overall rate of divergence between the cytochrome b gene and 

the D-loop was similar (Zhu et al., 1994). 

1.6 Purpose of thesis 

The first goal of my thesis was to establish methods that could rapidly determine 

the sequence of the entire mitochondrial genomes of Atlantic salmon from different 

populations throughout their range. The second goal was to compare the complete 

mitochondrial genome sequences from individual Atlantic salmon with one another and 

with the corresponding sequence from a brown trout to reveal the mode and tempo of 

nucleotide and amino acid substitutions in various regions of the mitochondrial genomes 

in the genus Salmo. Finally, the third goal was to test hypotheses, developed from 

previous studies using restriction endonuclease analysis of Atlantic salmon mtDNA, 

concerning the population structure of Atlantic salmon. 



CHAPTER 2 - MATERIALS AND METHODS 

2.1 DNA extraction 

Samples of fin tissue from Atlantic salmon specimens were used to isolate total 

DNA. The geographical origins of the samples are listed in Table 1. The extractions 

were performed using the Puregene DNA Isolation Kit by Genetra System. DNA was 

isolated according to the "mouse tail tissue protocol" with 300 pg of fin tissue. 

2.2 Primer development 

Thirty-three pairs of mitochondrial specific primers were designed using a 

template generated from the consensus sequence of four different complete salmonid 

mitochondrial sequences downloaded from the NCBI database (GenBank Accession Nos. 

NC - 00 1 960, Salmo salar; NC-0086 1, Salvelinus alpinus; NC-00860, Salvelinus 

fonlelinus; NC-00 171 7, Oncorhynchus mykiss). Conserved regions were selected to 

place overlapping forward and reverse primers (Figure 2). Primer design was carried out 

using Primer3, a web based primer design program (Rozen and Skaletsky, 2000; 

Whitehead Institute for Biomedical Research; http://frodo.wi.mit.edulcgi- 

bin/primer3/primer3-~v~.cgi). The primers were mostly 20 to 25 nucleotides in length, 

with some sites being degenerate to enable them to amplify mtDNA from a range of 

salmonids (Table 2). PCR products varying from -500 bp to -1000 bp were acquired 

which suits the subsequent direct sequencing of these PCR products. The combination of 

thirty-three overlapping PCR products yields the full mitochondrial genome sequence. 



Table 1 Origin and size of Atlantic salmon and brown trout mitochondria1 genomes 
used in current analysis 

I I I I 

Salmo tmtta 1 BT89 I Newfoundland I Yes 1 16,679 

Whole mtDNA 
genome size (bp) 
N/A 

Species 

Salmo salar 
Salmo salar 
Salmo salar 
Salmo salar 
Salmo salar 
Salmo salar 
Salmo salar 
Salmo salar 
Salmo salar 
Salmo salar 
Salmo salar 
Salmo salar 
Salmo salar 
Salmo salar 

Sample 
Name 
Alm 
Nfld 
ConRiv 
K1 
K28 
K3 1 
K36 
K42 
LoirV 
Morkl 
NB 
Swed 
UngBay 
WGreen 1 

Geographical 
origin of sample 
Scotland 
Newfoundland 
Newfoundland 
Baltic Sea 
Baltic Sea 
Baltic Sea 
Baltic Sea 
Baltic Sea 
France 
Baltic Sea 
New Brunswick 
Sweden 
Labrador 
West Greenland 

Full MtDNA 
available 
No 
Yes 
Yes 
Yes 
Yes 
No 
Yes 
Yes 
Yes 
Yes 
Yes 
Yes 
Yes 
Yes 

16,674 
16,674 
16,671 
16,671 
N/ A 
16,671 
16,671 
1 6,671 
16,67 1 
16,674 
1 6,67 1 
16,674 
16,672 





Table 2 Thirty-three pairs of mitochondria1 specific PCR and sequencing primers for 
species in the genus Salmo. 

Note: Y = C/T; R = AIG; M = AIC; W = AIT; S = CIG; K = G/T; H = A/C/T 

Primer Sequence I Size I Annealing 

TGGTTTAGGGGTTRACAGGAA 

(5'-> 9) 
CTCCGTCTITACCCACCAAC 

TGAATTCCAGAGAACCCATGT 

AGTCAAGCTTTCGCTTATGG 

AAGTCTCCGCAYTCCTGTGA 

(bp) 
541 

Tern p("C) 
60.9 

GTAGCCCATTTCTTCCCACC 

CCCGCCTATATACCACCGTC 

- 
ACACAAGCCTCGCCTGTITA 1 649 1 56.2 

TAGCCGCCTGTWAAGGTTGT 

GCTGGTTGCTTAGGAAATGAA 

CGTGATGCCATTCATACAGG 

93 6 

- 
GCCCTTGCACTTAAACTTGG 1 5 0 9  1 51.4 

- 
56.2 

699 

CCTGGATTACTCCGGTCTGA 

CCTAGGGATAACAGCGCAAT 

GGATGTGGGATGCKCCTA 

CTGTGAGGATGCCCTTAATC 

CAGAGCCAGTTTCAAGAGAAC 

ACTMGTACCAGCCTGACCCC 

TGAATTATAAGTGCGAAAGGTG 

GTTCTTGYAAAATAAGTCATITWGG 

60.9 

- 

TC'ITCAATYGCCCACYTAGG 

GAGGCCTTCCCACCTAGAAA 

CAAAGCTCTAARCGGGRGTG 

CCGGGTCAAAGAAAGTGGT 

CCCRC???TTGT'ITGAGCTGT 

CAAGGACAATGCCYGTRAGT 

YACCATRATCATCGCCATCC 

GTTATGCGGTTGGCTTGAAA 

GAGGAATTGAACCCCCATGT 

ACGGCTCAGGAGTGAAGGAC 

1056 

755 

1081 

- 
60.9 

- 
51.4 

- 
56.2 

AGTTGGGGCATGTCACTAGG I I 
ATGGGCCAYCAATGATAYTG 479 60.9 



( Pair I Site 1 Primer Sequence I Size I Annealing 
# (5'-> 3') 

17 873 1F GTYCCAGGACGATTAAACCA 
9132R GGTCAGTITCAGGGTTCAGG 

18 8966F CCTAGTGACATGCCCCAACT 
9586R TAAAAAGGCTAATTGTYTCGAT 

I I 

19 ( 91 27F ( CTGACCATGACACTAAGCTTCT 

GACCGGGTGATTGGAAGTC 

CATAAGGCGGTCATGGACTT 
I 

22 1 10861F I CCTRCGCTTCTITCTAATCG 
l3 57R GTGWGTTCGKGCAGTTGCTA 

23 1 1 043F CCTTGATITCGGCTCAAAAG 
171 8R GGCCCCGAATGCTAAKAY 

24 1 1352F ACCGCCTCCAAAGCYTAAA 
123 59R AGTGCTGAGGAGGCRAGRC 

I I 

27 1 12973F 1 ATGCACCCGACYACACTCATC 

1 13722R 1 ACCGGCGTAGGACCYTCTAT 

28 13642F CTAGCCGCCACYGGYAAAT 
4303R GTAAAGCGGGGGTGTCCYAT 

29 14 194F TCTCACCTTAACGCCTGAGC 
15128R GCTTATTCAGCGGCTITGG 

30 15062F ACCCTAAAACCGAACGATCC 
15928R TTAGGGTGGCGTTGTCTACAG 

3 1 1584 1 F ACAAACCTCCTCTCHGCTGT 
428R0 TAGGAACCAAATGCCAGGAA 

I 1 

32 1 15684F 1 CGCTAACGGAGCATCTITCT 
16413R TATGTCYGCTACYAGGGTTC 

33 1643 1F GAACCCTRGTAGCRGACATA 
428R0 TAGGAACCAAATGCCAGGAA 

Tem "C %q+ 

""I- 



2.3 PCR conditions 

PCR amplification were performed with 50 ng of total genomic DNA in a 25 pL 

reaction including 0.05U Taq DNA polymerase, 12.5 pmoles of each specific primer, 2.5 

pL of 10X PCR Buffer, 12.5 pmole of dNTF's (deoxy-nucleotide-tri-phosphate) and 

autoclaved water to bring the final volume to 25 pL. The PCR amplification cycle began 

with an initial denaturation step of 4 minutes at 95"C, followed by 35 cycles consisting of 

a denaturation step at 95•‹C for 45 seconds, annealing at the optimal annealing 

temperature specific to each pair of primers for 45 seconds, extension at 72•‹C for 1 

minute, and ending with a final extension step at 72•‹C for 10 minutes. Following 

mtDNA amplification, 5 pL of PCR products were electrophoresed on a 1% agarose gel 

made with 1X TBE. The size of each product was verified using a 1 Kb standard ladder. 

The remaining 20 pL of PCR products were purified using the QIAGEN QIAquick PCR 

product purification kit, and quantified with a spectrophotometer. These purified 

products were directly applied to sequence analysis using the florescent dideoxy 

terminator technique. 

2.4 Sequencing 

Sequencing reactions were done using the Amersharn DYEnamic ET Terminator 

sequencing kit (dye labelled dideoxy-nucleotides, ddNTPs). 10 ng of purified PCR 

product was added for every 100 bp of the PCR product, 0.5 pL primer (10 pM stock), 

8 pL sequencing premix, and autoclaved water) to bring the volume to 20 pL. 

Sequencing reactions were camed out with the following conditions: 94•‹C 30 seconds, 

Tm (55•‹C) 20 seconds, 60•‹C 1 minute for 30 cycles using a thermocycler (Biometra) for 



amplification. Unincorporated ddNTPs were removed from each sequencing mixture by 

ethanol precipitation, and the reactions were resuspended in 2 pL of formarnide loading 

dye. Sequence analysis was carried out on an ABI 377 DNA Sequencer (Applied 

Biosystems). 

2.5 Assembling the genome 

The sequences were analyzed using Sequencher 4.1 (Gene Codes Corporation), 

and manually edited. Overlapping sequence reads were assembled into a contig using a 

previously sequenced Atlantic salmon mtDNA genome from GenBank (GenBank 

Accession No. NC-001960) as a template. 

2.6 Bioinformatics programs for analysis 

A multiple sequence alignment of the fourteen Atlantic salmon mtDNA sequences 

was generated with ClustalW (v. 1.83; Thompson et al., 1994) using default parameters 

for gap opening, penalty of 10.0, and gap extension, penalty of 5.0. RevSeq (Emboss) 

was used to find the reverse complement sequence of ND6 that is located on the non- 

coding strand opposite from the sequenced template strand. To assess the characteristics 

of the Salmo mtDNAs, the base composition profiles, the number of nucleotide 

differences and amino acid differences were examined using MEGA version 3.1 (Kumar 

et al., 2004). The degree of pairwise sequence divergence and the number of transitions 

and transversions were also investigated. The location of sites that are variable amongst 

the fourteen Atlantic salmon sequences were recorded to study the relative rate of 

evolution at different regions of the mtDNA genome of Salmo. Furthermore, the 

differentiation among individuals was studied using UPGMA analysis to infer phylogeny 



based on painvise genetic distances between individuals. A neighbour-joining tree, a 

maximum parsimony (MP) tree and a UPGMA-based tree were constructed using MEGA 

version 3.1 (Kumar et al., 2004). These trees showed the same topology suggesting the 

validity of the relationship among these sequences. 



CHAPTER 3 - RESULTS 

3.1 Atlantic salmon mitochondrial genomes 

Twelve complete and two near-complete A.tlantic salmon (Salmo salar) 

mitochondrial genomes were sequenced. Individuals were sampled from eight 

geographic regions as shown in Figure 3 and described further in Table 1. In addition, 

the complete mtDNA sequence was determined for a brown trout (Salmo trutta) from 

Rennies River, St. John's, Newfoundland. 

Figure 3 Geographical origins of the fourteen Atlantic salmon whose mtDNAs were 
sequenced. The origin of the brown trout sampled is marked by A .  



3.2 Characteristics of Salmo mitochondrial genomes 

3.2.1 Genome content 

The mitochondrial genomes from both members of the Salmo genus are identical 

in their genome organization. The complete circular genome is 16671 - 16679 bp in size. 

Protein coding genes and ribosomal RNA genes were identified by their similarity to the 

published Salmo salar mitochondrial DNA sequence (Hurst et al., 1999). The Salmo 

mitochondrial genome contains one non-coding control region (D-loop), two genes for 

ribosomal RNA, 22 genes encoding tRNAs and thirteen protein-coding genes (Figure 2). 

The proteins it encodes include seven subunits of the NADH ubiquinone oxidoreductase 

complex (ND), and one subunit of the ubiquinol cytochrome c oxidoreductase complex 

(cytochrome b), three subunits of the cytochrome c oxidase complex (COX), anti two 

subunits of ATP synthase (ATPase). Twelve of the thirteen protein genes are located on 

the "+" strand, with NADH ubiquinone oxidoreductase subunit 6 (ND6) being the only 

protein gene positioned on the "-" strand. The relative positions and orientation of the 

genes in the Atlantic salmon and brown trout mitochondrial genomes are consistent with 

those observed in other salmonids such as rainbow trout, chinook salmon and Arctic 

charr. 

3.2.2 Mitochondria1 genome organization 

The Atlantic salmon mitochondrial genome is organized in an economical way, 

with genes either abutting or overlapping. The twenty-two genes for tRNAs are 

interspersed throughout the circular genome, connecting the thirteen protein genes. Few 

short spacer regions are present between some genes, but they are mostly one to two bp 



in size. The longest spacer is 14 bp located between NDI and tRNA-isoleucine. The 

overlapping arrangements in three sets of genes AP8IATP6, ND4UND4 and ND5/ND6 

were 10,7, and 4 bp, respectively. The overlaps are identical to that found in other 

Salmonidae species. The similarity in the organization of mitochondrial genomes across 

other fish species (such as cod, carp, pike and zebrafish) verified the conserved nature of 

mtDNA organization in teleosts. 

The size of the fourteen Atlantic salmon mitochondrial genomes ranges from 

16671 -1 6674 bp. The differences are contributed by a two bp insertion in the D-loop 

region and the gene for tRNA-tyrosine. The brown trout mitochondrial genome sequence 

is 16679 bp in length. Small single or double base pair insertions in the D-loop and 1 bp 

in the 16s ribosomal RNA gene demonstrated that the control region is the most flexible 

region to accept indel mutations. 

3.2.3 Base composition 

The base composition of the coding strand in the Atlantic salmon mitochondrial 

genome illustrated a bias against the use of guanine nucleotides with only 15.3% of the 

nucleotides being guanine. The average distribution of the other bases was; T, 26.3%; C, 

30.1%; A, 28.3% (Table 3), which was similar to that observed in the rainbow trout 

mitochondrial genome, which also had a sight preference for cytosine. An examination 

of the nucleotide composition profile in each coding gene showed a similar pattern in all 

coding genes where guanine is not preferred in the third position of codons. However, 

this trend was not observed in ND6. Instead, the higher occurrence of guanine was 

observed at the first position of codons in this gene. The ND6 gene is distinct from other 

coding genes in that it is located on the "-" strand of the mitochondrial genome. Cytosine 



and adenine were observed at a lower percentage on the minus strand, in particular at the 

first and third codon position: T = 37.9%, C = l2.3%, A = 15.5% and G = 34.4%. These 

results indicate that the coding strand (+) and non-coding strand (-) have different 

preferences for nucleotide usage. 



Table 3 The nucleotide composition profile for the Salmo salar mitochondria1 genome 

1 14 Salmo salar (Atlantic salmon) 
1 Position 

Nucleotide 
2 1 3 I Total I 



3.3 Sequence variation within Atlantic salmon 

3.3.1 Amount of sequence variation 

The fourteen Atlantic salmon mitochondrial genomes were compared wth one 

another to study the amount of variation between Atlantic salmon from different 

populations. A multiple sequence alignment of these sequences revealed 21 5 variable 

sites among the fourteen individuals (Table 4), and gave a consensus sequence of 16,674 

bp (Figure 4). The CLUSTALW alignment requires 3 bp of indels, with 2 bp located in 

the D-loop and 1 bp in the tRNA-tyrosine gene. The total number of substitutions 

observed ranges from 7 to 144 bp indicating that about 0.04-0.86% of the mtDNA 

genome is variable within Salmo salar in the individuals studied (Table 5). 

Indels were observed in the D-loop (two base pairs within Salmo salar samples), 

and the gene for tRNA-tyrosine. It was not unexpected that there were no indels seen in 

the protein genes as any would cause a frame-shift and this would prove lethal. 'The lack 

of indels indicates that the structures of these molecules are tightly regulated, and 

suggests that an insertion or deletion would be detrimental to the organism. 
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3.3.2 Mode of evolution 

There are two main types of nucleotide substitutions: transitions and 

transversions. Transition substitutions are purine to purine or pyrimidine to pyrimidine 

mutations (A <->G or C <-> T). This type of substitution is generally less detrimental 

because it rarely causes a change at the amino acid level at third positions of cotions. 

Transversion substitutions are purine to pyrimidine or pyrimidine to purine nucleotide 

changes that more often alter the amino acid sequence. Between the Atlantic salmon 

sequences, the transition substitutions were more prominent than transversions (Table 5, 

upper diagonal). The average ratio of transitions to transversions is 7.3. 

An in-depth examination of the 21 5 nucleotide variable sites in the genome 

showed that 14 sites were located in tRNA genes, 178 in protein coding genes, and 23 

were found in the D-loop. In the thirteen protein genes, the majority of the substitutions 

were located at the third positions of a codon, and therefore did not translate into amino 

acid changes. Surveying the whole genome, only fourteen non-synonymous nucleotide 

substitutions were observed in all pairwise comparisons, whereas 149 synonymclus 

nucleotide substitutions were found (Table 6). 



Table 6 The comparison of how susceptible different regions of the Atlantic salmon 
mitochondria1 genomes are in accepting nucleotide substitutions. 

Also examined are the positions of codons and the number of amino acid 
changes. The genome is divided into 16 segments, thirteen protein genes, two 
rRNA genes and the D-loop. 



It was expected from the wobble hypothesis of the rnitochondrial genetic code 

that most third position codon substitutions will not affect the protein sequence since the 

tRNA anticodons are able to recognize all four nucleotides at the third position of most 

codons. Therefore, the vast majority of mutations at this position will not translate into a 

change at the amino acid level. Fourteen substitutions occurred at the first codon 

position, four of which did not result in a change of amino acid (all giving leucine). The 

remaining substitutions resulted in four conservative replacements and six non- 

conservative replacements. Five mutations occurred at the second codon position, 

resulting in three conservative non-synonymous amino acid changes, and one non- 

conservative amino acid replacement, one mutation did not cause a change in amino acid 

(Table 7). 

Table 7 Location and details of the amino acid changes observed in Atlantic st~lmon 
mtDNA. 

Replacement types abbreviations are UP = uncharged polar amino acid, PCP = 
positively charged polar amino acid, NCP = Negatively charged polar amino 
acid, NP = non-polar amino acid. 

Gene I Position I Replacement ( Conservative ( Amino Acid I Amino Acid 

ND1 
ND1 

in codon 
1 
1 

ND2 
ND2 
COXI 
COX2 
ND4 
ND4 
ND5 
ND6 

ND2 
COX1 

NCP->UP 
NP->UP 
NP -> NP 
NP -> NP 
NP->UP 
NCP->UP 
NCP->PCP 
NP -> NP 

1 
1 
1 
1 
1 
1 
1 
1 

ATP6 
ND5 

Type 
NP->UP 
NP->NP 

2 
2 

Yes 
No 
No 
Yes 
Yes 
No 
No 
No 
Yes 

2 
2 

NP->UP 
UP -> UP 

Aspartic acid 
Al mine 
Valine 
Valine 
Glycine 
Aspartic acid 
Glutamic acid 
Tryptophan 

NP->NP 
UP-> UP 

Threonine 
Threonine 
Isoleucine 
Isoleucine 
Serine 
Asparagine 
Lysme 
Methionine 

No 
Yes 
Yes 
Yes 

Leucine 
Serine 

Serine 
Tyrosine 

Valine 
Serine 

--- 

Leucine 
Tyrosine 



3.3.3 Tempo of evolution 

Previous work on the mtDNA genome in fish had shown that not all regions of 

the mtDNA genome accumulate substitutions at the same rate (Shedlock et al., 1992). 

Regions that accumulate more substitutions, especially substitutions that cause amino 

acid changes, are said to evolve relatively faster than the rest of the genome. A painvise 

comparison was made between one sample from Sweden and one from Newfoundland 

(Table 8). Various genomic regions were examined for the amount and the type of 

substitution. The regions include the thirteen protein coding genes, two ribosomal RNA 

genes, and the D-loop. Interestingly, the D-loop possesses the highest amount of 

sequence variation, and evolves three times faster than the cytochrome b region. The 

gene coding for ATPase 8 showed no variation between the two individuals, indicative of 

its important function in ATP production. 

Four of the sixteen genornic regions evolve relatively slower than the cytochrome 

b gene; they are ATP6, ND6, 16s rRNA and AT1'8. There was no correlation found 

between sequence divergence rate and the fragment size. 





3.4 Sequence variation in the genus Salmo 

3.4.1 Amount of sequence variation 

Salmo trutta (brown trout) is a sister species of the Atlantic salmon (Salmo salar). 

The sequence of the mitochondrial genome of a Newfoundland brown trout was 

compared against that of an Atlantic salmon from Newfoundland. By selecting both fish 

from the same geographical location, environmental factors were minimized. The 

mitochondria1 genome size of the brown trout is 5 bp longer than that of Atlantic salmon. 

There are 8 bp of insertion in the brown trout (7 bp in the D-loop, 1 bp in the 16s rRNA) 

and 3 bp in the Atlantic salmon (1 bp in the D-Loop and 2 bp in thel6S rRNA). Overall, 

there are 887 variable sites between the two genomes. The percent sequence dif'ference 

increased five fold (5.3%) when the mtDNAs of Salmo salar and Salmo trutta were 

compared relative to within Salmo salar (0.04% - 0.90%). The number and the locations 

of the variable sites are listed in Table 9. 





3.4.2 Mode of evolution 

Of the 887 substitutions, 756 were transition-type substitutions and 13 1 were 

transversion substitutions. A ratio of one transversion per 5.6 transitions was observed, 

which is lower than that in the intra-specific comparison. In the inter-specific 

comparisons, more mutations at the second position of codons were observed (Table 9), 

and they translated into an increased occurrence of non-synonymous amino acid 

substitutions than was seen between Atlantic salmon individuals. There are a total of 55 

non-synonymous substitutions; an almost three-fold increase from the 19 observed in the 

intra-specific comparison. 

3.4.3 Tempo: relative rates of evolution 

The protein-coding genes, the two ribosomal RNA genes and the non-coding 

control regions from Salmo salar (Newfoundland strain) and Salmo trutta were compared 

in order to detect differences in substitution patterns between different regions of  the 

mitochondrial genome that are under different functional constraints (Table 9). ,4s might 

be expected, the percent differences were highly variable among genes in the Salmo 

mitochondrial genomes, ranging from 1.5% - 9.2%. The rates were subsequently 

standardized to one gene, cytochrome b, to give relative rates of sequence divergence. 

The cytochrome b gene was chosen as the standard as it has been studied extensively in 

mitochondrial genomes from a wide variety of organisms. 

Nine of the sixteen genornic regions in Salmo mtDNA evolved faster than 

cytochrome b, with the gene encoding NADH complex 3 (ND3) being the fastest and the 

ATPase 8 gene the slowest (Table 9). There is no apparent relationship between the rate 



of evolution and the length of coding region. The two ribosomal RNA genes accept 

mutations at about one third the rate of the cytochrome b gene. It was somewhat 

surprising to observe that the D-loop was not the fastest evolving region of the 

rnitochondrial genome, as this has been noted for mammalian mtDNAs. Rather, this 

region evolves at approximately the same rate as the cytochrome b gene between two 

Salmo species. A comparison of the genes that are evolving relatively faster than 

cytochrome b in the intra-specific and inter-specific comparisons gave almost the same 

list of genes suggesting that the pattern of evolution that affects the rate of evolution is 

affecting the whole genus of Salmo (Table 10). 



Table 10 The list of genes that evolve relatively faster and slower than cytochome b in the 
intra-specific and inter-specific comparisons. 

Genes are listed in decreasing order of rates, those underlined were found to 
differ. 

Genes evolving 
faster than 
cytochrome b 

Genes evolving 
slower than 
cytochrome b 

Intra-specific comparison 

D-loop, 

ND4, 
ND4L, 

ND5, 
COX2, 

ND3, 

NDI, 

COXI, 
COX3, 

ND2, 
12s 

Inter-specific comparison 



3.5 Phylogeography of Atlantic salmon populations 

Phylogeography correlates sequence similarity with geographic distribution. A 

multiple sequence alignment was performed on the fifteen mtDNA sequences to examine 

the relationships between the Atlantic salmon from various regions of the world. Based 

on the number of nucleotide differences, a neighbour joining phylogenetic tree was 

constructed using brown trout as the outgroup. The topology of the tree showed a clear 

separation of the fourteen samples into two main clusters corresponding to Atlantic 

salmon originating from Europe and North America. These are the two main haplotypes 

of Atlantic salmon in the world today. 



Figure 4 Ncighbour-joining tree based on fourteen mitochondria1 genomes of Atlantic 
salmon n-ith hrown trout as thc out-group. 

(Red bracket are samples from Europe, Blue brackets are samples from North 
America). 
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CHAPTER 4 - DISCUSSION 

Fourteen Atlantic salmon and one brown trout mitochondrial genomes were 

sequenced and compared against each other to study the variation among these 

sequences. The goal of sequencing whole mitochondrial genomes of Atlantic salmon 

from various populations was to gain a better understanding of how mtDNA evolves over 

a relatively short period of time. The comparison of the amount and distribution of 

mtDNA variation could also shed light on the evolution of Atlantic salmon populations. 

Furthermore, it was anticipated that specific markers would be discovered which could be 

useful for stock identification and help in making management decisions. 

4.1 Conserved primers for sequencing whole mtDNA genome 

A PCR-based approach for sequencing whole mitochondrial genomes is a more 

rapid and economical way to obtain mtDNA sequences than the traditional method of 

cloning mtDNA and using a combination of sequencing the hybrid recombinant clones 

and primer walking. The ability to establish "universal primers" by Kocher et al. in 1989 

allow the rapid amplification of specific sequences from a large number of samples, 

which is beneficial for large scale population studies (Stepien and Kocher, 1997). This 

technique can be used to accurately determine complete mitochondrial genome .; e q uences 

that have wide phylogenetic utility such as in population genetics and examining deep 

phylogenetic relationships (Curole and Kocher, 1999). 



PCR-based sequencing has been used to sequence whole mitochondrial genomes 

from various species such as finches and cuckoos (Sorenson eta]., 1999), cockroach and 

dragonfly (Yarnauchi et a]., 2004), moth (Coates el a]., 2005) and the deep-sea fish, 

Gonostoma gracile (Miya and Nishida, 1999). The current study provided primer 

sequences that were successful in amplifying mtDNAs from a range of salmonid species: 

Salmo salar, Salmo trutta, Salvelinus alpinus and Salvelinus namaycush (unpublished 

data). The set of thirty-three primer pairs yields overlapping fragments of mtDNA 

sequences that, when combined, produce a whole genome sequence. Some of these 

primers were degenerate primers, which have a number of nucleotides at several 

positions in the sequence that enable them to anneal to and amplify a variety of related 

sequences (Avise, 2004). This set of primers will be beneficial for future sequencing of 

mitochondrial genomes from broader taxonomic categories in Salmoniformes. 'The 

similarity in the primer sequences used for amplifying avian mitochondrial genomes and 

vertebrate mtDNA sequences indicates these primers could have a broad taxonomic 

utility (Sorenson et a]., 1999). The high level of conservation observed in vertebrate 

mitochondrial genome organization (Lee and Kocher, 1995) also suggests the same trend 

should be true about the mtDNA sequence. The access to primer sequences for salmonid 

mitochondnal genomes will facilitate future whole mitochondrial sequencing of other 

teleost species. 

4.2 Advantages of whole mtDNA sequence 

The comparison of complete animal mitochondrial sequences was shown to be 

more informative than shorter sequences of individual genes for discerning evolutionary 

relationships (Boore et a/., 2005). This is because the whole genome sequence can act as 



a model for genome evolution, which yields genome-level characters such as the mode 

and tempo of nucleotide evolution. Previously, short regions of Atlantic salmon mtDNA 

were examined, of which, cytochrome b has been heavily characterized in many 

salmonids (Mcveigh and Davidson, 1991; Nielsen et al., 1996). A complete 

mitochondrial genome for Atlantic salmon was published by Hurst et al. in 199!J 

(GenBank Accession No. NC-001960). A combination of restriction enzyme digests, 

sub-cloning of fragments, sequencing of cloned DNA and PCR amplification was used to 

obtain the sequence. The comparison of the whole mtDNA sequence from a 

Newfoundland Atlantic salmon to the published sequence revealed small indels at 

conserved locations such as in the 16s rRNA gene. This suggested that the published 

sequence contains sequencing errors. Hence, that sample was not included in the 

analysis. Furthermore, the examination of sites that were variable amongst the two main 

genotypes (European and North American), showed that the published sequence was 

inconsistently identified as either European or North American in origin. These 

observations indicated that the published sequence might be a hybrid of two genotypes. 

This would have occurred if mtDNA from different fish samples was used. 

The advances in molecular technology made it possible to sequence whole 

mitochondrial genomes, meaning that more accurate data could be obtained and more 

sensitive analysis canied out. The range of sequence differences between two whole 

mitochondrial sequences from Atlantic salmon (0.04% - 0.9%) is similar to that predicted 

from restriction analysis (0.12%, Gyllensten and Wilson, 1987; 0.2%, Birt et al., 1991). 

The upper range of whole genome sequence differences between any two indivitluals is 

0.9%, which is also comparable to the 1.0% predicted by (Birt et al., 1991) using 



restriction endonucleases. Both experiments sampled a wide range of Atlantic salmon 

samples from both sides of the Atlantic Ocean. The sample area ranged from Sweden to 

France in Europe, and throughout Atlantic Canada and West Greenland located on the 

west side of the Atlantic Ocean. The parallel results demonstrated that a suitable set of 

restriction enzymes can yield estimates of variation that are comparable to molecular 

sequence data. 

4.3 Characteristics of Salmo mtDNA 

MtDNA sequence data have inherent advantages over other kinds of systematic 

data such as morphological data, restriction maps, nuclear data, etc. Each gene, as well 

as individual sites within a gene, might evolve at a unique rate because of different levels 

of functional constraint. Slowly evolving genes may be useful for deducing relationships 

among highly divergent groups while more rapidly evolving areas, such as the vertebrate 

mtDNA control regions, may be useful for infemng lower-level systematic relationships 

such as among populations (Faber and Stepien, 1997). The availability of these data has 

allowed the examination intra-generic phylogenetics at a higher resolution than had been 

previously possible. At the lowest taxonomic levels such as among populations, 

molecular studies have been markedly successful (Avise et al., 1987). 

MtDNA regions have been well studied in fishes in the past ten years (Martin and 

Palumbi, 1993; Miya and Nishida, 1999). Base substitutions events were found to occur 

relatively rapidly compared to changes in gene order. Most studies were done on the 

cytochrome b gene in fishes (e.g., Carr and Marshall, 1991; Carr et al., 1995; Kocher et 

al., 1989; Meyer and Wilson, 1990; Zhu et al., 1994). 



4.3.1 Base composition bias 

Base composition bias against guanine was observed in the mtDNA from Atlantic 

salmon and brown trout. This bias has been previously observed when analyzing whole 

mitochondria1 genomes of a few other salmonid species (rainbow trout, Arctic char, and 

Pacific salmon). The bias against the use of guanine is particularly noticeable at the third 

codon positions in most vertebrates: mammals (Irwin et al., 1991), cod (Can et al., 

1995), Atlantic Alcidae (Friesen et al., 1993), coelacanth (Zardoya and Meyer, 1996) and 

zebrafish (Broughton et al., 2001). There is no explanation yet for the variation in base 

composition in vertebrate mitochondrial genome except evidence that showed a 

connection between the strand asymmetric replication mechanism (Clayton, 1982; Shade1 

and Clayton, 1997) and base composition (Gibson et al., 2005). Mitochondrial genomes 

have an asymmetric replication mechanism. During replication, the H-strand (heavy with 

protein coding genes) is replicated first, displacing the parental H-Strand and leaving it 

single-stranded until replication of the L-strand begins approximately two-thirds of the 

way around the genome. Several studies have correlated the base composition of a gene 

on the H-strand with the relative amount of time that the gene is single-stranded and have 

found a relationship between the two (Bielawski and Gold, 2002; Faith and Pollock, 

2003; Reyes et al., 1998; Tanaka and Ozawa, 1994). Others have attributed the base 

composition bias to the energetics of codon-anticodon interactions (Friesen et al., 1993). 

4.3.2 Transition bias 

The two types of nucleotide substitutions were not distributed uniformly; a bias 

for transition substitutions was observed in both intra-specific and inter-specific 



comparisons. This tendency was also observed in the comparison of other salmonid 

mtDNA (Thomas and Beckenbach, 1989). 

A transition bias in nucleotide substitution is common in all animal mtDNA 

studied to date. This phenomenon has been reported in both vertebrate species 

(Beckenbach et al., 1990; Brown et al., 1982; Irwin et al., 1991) and invertebrate species 

(Thomas and Wilson, 1991). Two factors have been suggested to contribute to this: (1) 

most spontaneous mutations are transitional type substitutions (Li et al., 1984); (2) 

purifying selection in protein-coding genes can tolerate transition substitutions which 

tend to yield synonymous mutations rather than transversional mutations, that more 

frequently lead to amino acid changes. Strong purifying selection against transversions 

have been observed at two-fold degenerate sites in the cytochrome b sequences of pocket 

gophers (Xia et al., 1996). 

The ratio of transitions to transversions (tsltv) also illustrated the bias for 

transitions. When comparing the nucleotide substitutions in intra-specific and inter- 

specific comparisons, a higher percent sequence divergence is related to a lower 

transition to transversion ratio. This occurrence matches with previous observations that 

closer related species tend to have more transitions than transversions (Blouin et al., 

1998). This was observed in the mtDNA evolution study of Caenorhabditis where a 

noticeable drop in tsltv ratio was observed between intra- to inter-specific compa.risons 

(Thomas and Wilson, 1991). 

Caution must be taken when using tsltv ratio data for phylogenetic inference; a 

saturation effect of transitions is common for pairs with greater divergence time. It can 

be observed that the proportion of transitions declines because multiple substitutions 



might have occurred at the same site when the divergence time is long (Wilson el al., 

1985). This effect would obscure the record of transitions. A linear relationship between 

the number of transitions versus total number of substitutions would show that multiple 

substitutions are not present. Since the species within the genus Salmo have diverged 

only recently, the increase in substitutions was not high enough to reach saturation of 

transition substitutions. Further, a linear relationship showed that multiple hits did not 

occur (data not shown). In the case of nematodes, Blouin el al. (1998) recommended the 

use of more slowly evolving mtDNA genes to avoid the saturation effect. It ha:  been 

suggested that mtDNA for phylogenetics should only be used for closely related species. 

Because taxa often differ in composition bias, few number of sites can be applied to infer 

relationships at deeper parts of the phylogenetic tree (Hasegawa and Hashimoto, 1993). 

4.3.3 Accepted mutations occur more frequently in the third position of 
codons 

The position of nucleotide mutation also differs in intra-specific and inter-specific 

comparisons. There were only fourteen first position and five second position 

substitutions when pairwise comparisons of the 14 complete Atlantic salmon sequences 

were made. However, there was an increase to 76 and 12, first and second positions 

substitutions, respectively, when comparing Atlantic salmon to brown trout from 

Newfoundland. The effect is an increase in non-synonymous amino acid changes. A 

four-fold increase in the number of replacement substitutions was observed between 

intra- and inter-specific comparisons. In both cases third position transitions have not yet 

reached saturation. It has been known that third position transitions usually saturate at 

the level of congeneric species, and at higher taxonomic levels, sometimes even 



replacement substitutions begin to encounter saturation (Blouin et al., 1998). These 

findings echoed the limit of using mtDNA data for inferring deeper phylogenetic 

relationships. 

4.3.4 Relative rate of change in the mitochondrial genome is conserved in 
the genus Salmo 

A close examination of the relative rates of evolution in each genomic region of 

the mitochondrial genome found a consistency in the tempo of evolution at certain 

regions of the genome. The ATPase 8 and 16s ribosomal RNA genes are consistently 

evolving the slowest among all the regions. This could reflect the importance of'ATP8 in 

ATP energy production and 16s rRNA in translating the genes in the mitochondrial 

genome, which prevents them from accepting mutations as quickly. The D-loop and 

ND3 gene were the fastest evolving regions in intra-specific and inter-specific 

comparisons, respectively. 

In previous Salmonid inter-specific comparisons, the ND3 gene was used for 

phylogenetic studies in pink, sockeye, and chum salmon (Domanico and Phillips, 1995; 

Thomas and Beckenbach, 1989) and confirmed its relatively higher rate of evolution. 

Another region that has been known to evolve relatively faster is ATP6. It has been 

found that ATP6 evolves faster than the D-loop, at a rate 1.57 times faster in Salvelinus, 

1.93 times faster in Oncorhynchus and 2.46 times faster in i%ymallus (Froufe et al., 

2005). This pattern can also be observed in the current data, but at a lesser extent as 

A V 6  is only evolving slightly faster than the D-loop (1.11 times). A reason for the 

differences could be that the range of relatedness of the species within the different 

genera is not the same. Among human mitochondrial genes, ATP6 has been found to 



contain the highest number of variable restriction sites (Cann et al., 1984). AW6 can be 

observed as one of the genes that evolve relatively faster than cytochrome b, showing that 

some salmonid mtDNA features can also be found in humans. 

Between Atlantic salmon, the genomic region with the overall highest percent 

sequence difference is D-loop. However, upon a closer examination of the type of 

substitutions, it was found to possess a series of five transversion substitutions and a 2 bp 

insertion within a short 15 bp "hot spot" region close to the end of the D-loop which 

contributes to its faster rate. The rest of the 993 bp D-loop only accumulated nine 

transitions and two transversions. Also, the three conserved sequence blocks (CSB-1, 

CSB-2 and CSB-3) are well-conserved among all Atlantic salmon and brown trout. The 

relative faster rate of evolution was not observed in the D-loop region of brown trout; 

instead, the D-loop was found to accept mutations at about the same rate as cytochrome 

b. Previous experiments on mtDNA sequence variation in Greek brown trout saw that 

the D-loop evolves at a lower rate than other regions of the mitochondrial genome 

(Apostolidis et al., 1997). Other evidence also showed that the D-loop evolves slower in 

Salmonids than in mammals (Bematchez and Danzmann, 1993; Shedlock et al., 1992). 

Since the distribution of mutations is not uniform, it is more likely that the fast rate of D- 

loop evolution is an independent case. Further examination of the D-loop regions must 

be performed to identify the cause of the higher accumulation of transversions a1 the "hot 

spot". 



4.4 Atlantic salmon population genetics 

Intra-specific phylogeography uses molecular data to reconstruct population 

histories in relation to geography. Avise et al. (2004) suggest that patterns of 

concordance between genealogy and geography should reflect historical events that give 

rise to the current distribution of individuals. Analysis of mtDNA sequence variation has 

become a well-established tool for studying fish evolution, especially the use of the 

cytochrome b gene (Can et al., 1995; Krajewski and King, 1996; Mcveigh and Davidson, 

1991; Zhu et al., 1994). The relationships between Atlantic salmon populations have 

been of interest for a long time, mostly because of the economic importance of the 

species. Further, due to the interesting life cycle of Atlantic salmon, ecological studies 

on the relatedness of anadromous and non-anadromous populations have also been 

carried out (Birt et al., 1991). The conservation of Atlantic salmon in various areas with 

over-fishing is also of interest to environmentalists and fisheries managers who hope to 

preserve the genetic diversity and increase the survivability of the species as wild 

populations. Advances in technology greatly transformed the type and amount of 

information that can be obtained from the mitochondria1 genome of this species, and this 

has contributed to studying the population genetics of Atlantic salmon. 

4.4.1 Allozyme data displayed population splits 

In the early 1980s, researchers began to apply biochemical genetics to pelform 

population genetics studies (Utter, 1987). Early experiments focused on blood proteins 

such as hemoglobin and transfemn (Payne et al., 1971), then later transferred to 

enzymatic proteins, allozymes (Stahl, 1987). Both methods aim to measure protein 

polymorphisms at different genetic loci between individuals from various populations. 



Using a combination of starch gel electrophoresis, and the application of histochemical 

stains, the enzyme or other protein products can be visualized (Avise, 2004). This 

method made use of proteins migrating differently under a charged environment when a 

mutation had altered the protein's overall charge. The frequencies of the alleles at 

several loci are then used to calculate the genetic distance (Nei, 1978) between groups of 

individuals. A protein that has been studied heavily is serum transfemn (Payne et al., 

1971). Allozyme studies found a consistent differentiation of Atlantic salmon into two 

groups, one group corresponds to fishes originating from North America, while the 

second includes fishes of European origin (Verspoor et al., 2005). 

The investigation of refugial areas for salmon from Europe and North America 

led to the hypothesis about the pattern of post-glacial colonization. In parts of Europe, 

North American-specific variants were detected in Northern Russia (Verspoor et al., 

1999) suggesting that there had to be differentiation of Northern Russian populations 

from those from elsewhere of Europe. These results can be converted into a hypothesis 

concerning the possible route taken by the fish during post-glacial colonization. These 

variants also showed the presence of a subdivision of groups within European 

populations. The Baltic drainage region in particular showed a distinct genotype from the 

rest of the European genotypes (Koljonen et al., 1999). This was later confirmecl by 

results found by performing restriction enzyme analysis on mtDNA (Bermingham et al., 

1991). 

4.4.2 Restriction enzyme analysis saw the same split 

The first application of restriction endonuclease analysis of mtDNA from Atlantic 

salmon is a study of allopatric anadromous and non-anadromous populations frorn 



Newfoundland (Birt et al., 1986) Eleven restriction enzymes were used to digest mtDNA 

from 15 individuals from the two populations. One enzyme, XbaI, revealed a 

polymorphism in one individual. This was the first evidence that variation existed in the 

mitochondrial genome of Atlantic salmon. Subsequently, the use of a few six base pair 

recognition enzymes found that BglII and BstEL[ were able to produce digestion patterns 

that were different between Atlantic salmon from Newfoundland and Scandinavia. These 

results suggested that these enzymes would be useful for determining the continent of 

origin of an Atlantic salmon (Davidson et al., 1989~;  Bermingham et al., 1991) employed 

these enzymes to distinguish Atlantic salmon of North America and European/Icelandic 

origin. The survey included 328 Atlantic salmon in the West Greenland fishery, and 

showed consistent results with salmon tagged in their rivers of birth. 

Based on the observed number of nucleotide differences, the relationships 

between the fourteen Atlantic salmon from different populations were constructed. This 

revealed the separation of the samples into two main genotypes, corresponding to the 

origin of the fishes, European or North American. By creating a restriction map using 

enzymes that previously proved successful in discriminating Atlantic salmon populations, 

it was possible to confirm these previously characterized cut-sites (Figure 6) .  When 

comparing the restriction maps of European and North American Atlantic salmo.n, it can 

be seen that the mtDNA from North American Atlantic salmon failed to cut at three 

locations with three enzymes as compared to those of European Atlantic salmon. They 

failed to digest (1) by Bgm in the 12s rRNA gene at bp #1436, (2) BstEII in the COX2 

gene at bp #8495 and (3) XbaI in the ND5 gene at bp #13274. The rest of the predicted 

restriction fragment sizes were comparable to those published (Bermingham et al., 1991). 



Furthermore, when examining the multiple sequence alignment, several sites were 

observed to have substitutions only in either North American or European samples. One 

of these sites (base pair #1441) coincides with the Bgm recognition site, which mutated 

the cut site; therefore, the samples were no longer cleaved by Bgm. By having the 

sequence data, the locations of the markers that were previously used to discriminate 

population structures could be deduced from the sequence data. 
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Restriction digests can be used to further divide the classification into subgroups 

corresponding to rivers and broader geographical areas. In silico restriction analysis of 

Atlantic salmon mtDNA with a five bases cutter (AvaII) was performed. This enzyme 

has been shown to produce digestion patterns with a 950 bp fragment in Atlantic salmon 

from the River Atran, which was not observed in any of the salmon from River Lule 

(Palva et al., 1989). These studies suggested that a discrete mtDNA marker could 

distinguish between Baltic and other European Atlantic salmon. However, when creating 

restriction maps of sequences in the current study with AvaII, the distribution of'AvaII cut 

sites does not conform to the geographical designations in this case (Figure 7). .4vaII has 

been previously shown to differentiate two mtDNA genotypes from European fish by 

only a single AvaII restriction site (Birt el al., 1991) where samples from the Baltic 

region should be cut 18 times, one more than that of the Southern European genotype. 

However, this enzyme is not successful in this differentiation because not all Baltic 

samples had 18 restriction sites, suggesting that the sample sizes from the previous study 

might not be large enough. Two enzymes with four base pair recognition sites (Haem 

and Hinf I) each produced two restriction digest patterns that unambiguously 

distinguished the 23 non-anadromous Atlantic salmon from the nine anadromous salmon 

derived from the Neva River (Davidson el al., 1989a). These data proved that restriction 

digests could be very useful for Atlantic salmon population genetic studies, but if was 

difficult to obtain informative data with the limited technology at the time. 
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4.4.3 Partial sequencing of cytochrome b revealed two main genotypes 

The most accurate method for measuring genetic variation in the mitochondrial 

genome within a species is to compare actual sequences (Kocher et al., 1989) The ability 

to obtain sequence data was previously limited by the ability to isolate highly purified 

mtDNA, clone specific restriction fragments and sequence them. This was too time- 

consuming and expensive a procedure to be used for routine large-scale population 

genetic surveys. Kocher et al. (1989) described the amplification and sequencing of 

mtDNA with conserved primers, and opened the door for a new tool for populalion 

biology. This technology was quickly employed to estimate the extent of intra-specific 

variation and population sub-structuring in several fish species such as Atlantic cod (Carr 

and Marshall, 1991 ), tuna species (Bartlett and Davidson, 199 1 ), capelin (Birt el al., 

1995), turbot (Vis et al., 1997) and salmonid species (Bematchez et al., 1992; Davidson 

et al., 1989b; Domanico and Phillips, 1995; Mcveigh and Davidson, 1991; Palsson and 

Amason, 1994). 

Cytochrome b sequences were used to study the population dynamics of Atlantic 

salmon from North American and European river systems (McVeigh et al., 1991 ). From 

sampling 295 bp of the cytochrome b gene of 60 individuals, only three cytochrome b 

genotypes (I, II, and III) could be identified. The distribution of the genotypes was not 

uniform. All European samples gave genotype I. Samples from North American had a 

mixture of genotype I, 11, and III. The sample size used in the experiment was too small 

for statistical significance. Palsson and Amason (1 994) used the same region of the gene 

to investigate the genotypes of fifteen salmon from Iceland. More than half of the 

samples were classified as genotype I, but none of the fish had genotype 11 or III 



Instead, three additional genotypes ( N ,  V and VI) were identified. These genotypes 

differed from genotype I by only a single nucleotide. There is a connection between the 

cytochrome b genotypes defined by partial cytochrome b sequencing and the European 

and North American haplotypes defined by restriction enzyme analysis (Birt el al., 1991; 

Mcveigh and Davidson, 1991). In both studies, the European genotype defined by 

restriction digests with Bgm and BslEII corresponded to cytochrome b genotype I, 

whereas fishes classified with the North American restriction site genotype possessed 

genotype II or III. The same correlation was observed in the fourteen samples fiom a 

wide range of populations in the current study, and seven more genotypes were 

identified. 

The six genotypes identified previously, genotypes I-Ill from McVeigh el al. 

(199 1) and genotypes N-VI from Palsson and Arnason (1994) were based on only two to 

five mutational sites in cytochrome b. Furthermore, the results from Palsson and 

Amason (1 994) were based on only 15 samples from Iceland. Using samples from a 

wide range of populations on both sides of the Atlantic Ocean, and all 1140 nucleotides 

from the cytochrome b gene, a total of ten genotypes was identified (Table 11). The 295 

bp segment from previous studies corresponds to positions 96-390 of the whole 1140 bp 

cytochrome b gene. Genotypes I-Ill were identified. The locations of the two variable 

sites that were previously used for genotyping, are numbers 108 and 165. Genotypes IV- 

VI were not identified in the samples that were subject to study. One explanation could 

be that the current study did not sample Atlantic salmon from Iceland, which has been 

predicted as being a refugium during the last the Ice Age (Palsson and Arnason, 1994). 

The analysis of the full gene identified seven other genotypes, all with mutations outside 



of the 295 bp fragment. Genotype IV is closely related to genotype I1 of North American 

origin and Genotype V-X differ from genotype I (European genotype) by one or two 

mutations. These results illustrate the benefit of using longer sequences (1 140 bp vs. 295 

bp) to detect differences between individuals and potentially populations. 
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4.4.4 PCR-RFLP of NADH dehydrogenase genes 

Another method that commonly utilizes mtDNA for large-scale population studies 

is the combination of PCR and restriction fragment length polymorphism (PCR-RFLP). 

The advantage of this method is the ability to amplify a fragment, and perform a quick 

survey to find any mutation sites that might coincide with restriction sites (Avise, 2004). 

This method enables screening of large population sizes with less time and less quantity 

of sample. 

Several studies used universal primers for the amplification step. However, if 

these primers were designed from a variety of species (Cronin et al., 1993), the success of 

amplification could be reduced. Nielsen et al. (I 998) modified the three sets of 

conserved primers from Cronin et al. (I 993) to be more specific for salmonid fishes by 

using the complete nucleotide sequence of the mtDNA from rainbow trout (Zardoya et 

al., 1995) as a template. The three pairs of primers were used to amplify a larger part of 

the mitochondrial genome compared to partial cytochrome b sequencing. Thirty Atlantic 

salmon samples from four different European salmon populations covering a wide range 

of the continent were amplified. A total of eleven genotypes were found in the 30 

samples; however, there was no evidence of any phylogeographical grouping of the 

genotypes. 

The three pairs of primers (Nielsen et al., 1998) were also able to success€ully 

amplify the fragments in three other salmonid species (brown trout, whitefish and 

grayling). However, it should be noted that two of the three pairs of primer sequences 

were found to differ from the sequence of Atlantic salmon mtDNA by single nucleotide 

substitutions. The correct primer sequences for Atlantic salmon should be: 



ND1-F (5'-GCCTCGCCTGTITACCAAAAACAT-3') and ND1 -R ( 5 ' -  

GGTATGGGCCCGAAAGCTTA-3') for NADH dehydrogenase-1 ; 

ND314-F (5'-TTAASACGTATAAGTGACTTCCAA-3') and ND314-R (5'- 

TTTTGGTTCCTAAGACCAATGGAT-3') for NADH dehydrogenase-314 fragment; and 

ND516-F (5'-AASAGCTCATCCATTGGTCTI'AGG-3') and ND516-R (5'- 

TAACAACGGC-GGTTTITCAAGTCA-3') for NADH dehydrogenase-516 fragment. 

(Note: the underline marks sites which differ from Nielsen's primers by a single 

transition substitution) 

The three mtDNA fragments were subsequently digested with restriction 

endonucleases. The 2.0 Kb NDI fragments gave polymorphic banding patterns when cut 

with four enzymes; the 2.3 Kb ND3/4 and 2.4 Kb NDY6 fragments gave polymorphic 

banding patterns with three enzymes (Nielsen et al., 1998). A total of eleven haplotypes 

could be identified in the 30 individuals. Only two variants were observed per restriction 

enzyme used. These primers were applied to the newly obtained whole mitochondrial 

genome sequences. An in silico method was used to examine the sequences amplified 

from primers. With AluI (5'-AGCT-3'), nine recognition sites could be observed in the 

NDY6 fragment creating ten restriction fragments, but only 3 or 4 of the ten fragments 

(depends on the polymorphism) resembled the size of the 4 or 5 fragments found by 

Nielsen et al. (1998). The other seven fragments were all less than 120 bp in size. 

Because of the low resolution of agarose gels, these fragments were probably not seen. 

The shortcoming of this method lies in the difficulty of extracting data from 

electrophoretic gels, and sharing these data between laboratories. PCR and direct 

sequencing analysis can overcome the problem by yielding molecular sequence data. 



Nonetheless, PCR-RFLP is still very useful in large-scale studies for detecting 

known sequence variations. This simple DNA-based analytical method is now being 

used for authentication of ingredients in seafood products (Bossier, 1999). For example: 

PCR-RFLP analysis of a 558 bp of the cytochrome b gene was able to successfully 

identify three closely related gadoid species originating from Alaska and Iceland 

(Aranishi et al., 2005). This method is reliable and inexpensive, and suitable to be 

routinely applied for diagnostic studies of commercial seafood products. 

4.4.5 Advantages of mtDNA compared to microsatellites for population 
studies 

The advantage of using actual sequences as population data is widely accepted 

today (Ferguson et al., 1995). The number of repeating units of a DNA segment can be 

used as a genetic marker as well. Microsatellites are one to six base pairs of DNA in a 

unit that could repeat up to 100 times at some loci. The difference in the number of 

repeats at a variety of loci can be used as a population marker. King et al. (2001 ) used 

the variation at twelve microsatellite loci to investigate the genetic variation of Atlantic 

salmon from 29 locations covering North America and in Europe. The group identified 

266 alleles, with some hypervariable loci having up to 37 alleles. The level of genetic 

variation is summarized by gene diversity and the average frequency of unique alleles. 

Genetic distance also measures the differences between each pair of populations. Similar 

to previous results, a genetic discontinuity between North American and European 

populations was observed using the microsatellite data (King et al., 2001). These results 
\ 

support the two distinct genotypes previously observed by allozyme and restriction 

enzyme analysis (Bermingham et al., 199 1 ; Gyllensten and Wilson, 1987; Stahl, I 987). 



Using microsatellite data, problems can be seen in the misclassification of fish to 

population, at a rate of 25% with 10 microsatellite loci (Cornuet et al., 1999). This could 

be owing to the fact that microsatellite profiles are unique from individual to individual. 

Therefore, it would be hard to classify each member of a particular population. 

Furthermore, not all microsatellites are highly variable (Ferguson et al., 1995). 

Therefore, microsatellite loci must be chosen with care. Since Atlantic salmon have gone 

through whole genome tetraploidization and undergoing re-diploidization, duplicated 

copies of potentially all genes and microsatellites will add to the complexity in the 

analysis. 

On the other hand, mitochondria1 genomes are haploid and maternally inherited. 

This allows the differentiation between male and female-mediated gene flow (Li, 1997), 

and its sequence carries the history of the lineage without having undergone 

recombination (Wilson et al., 1985). Also, mtDNA is more subject to drift, so 

bottlenecks can be detected easier (Birky et al., 1983). These characteristics make 

mtDNA sequence an excellent type of molecule for population studies. The ease of 

obtaining mtDNA sequence data with the assistance of the established fish mtDNA 

primers for PCR, strengthens the usefulness of this molecule in large-scale population 

studies. In the current experiment, the genotyping using the whole cytochrome b 

sequence (1 140 bp) was able to reveal seven more genotypes than that identified with 295 

bp partial gene in the previous studies. 



4.4.6 Future studies 

The use of mtDNA markers assists researchers to evaluate population genetics on 

a large scale. Oligonucleotide DNA microarray hybridization is a method developed for 

the rapid detection of genotypes (Lander, 1999), and has since been tested on tht: D-loop 

of chum salmon populations (Moriya er al., 2004). This technique involves the 

immobilization of 17 to 20-mer oligonucleotides, representing all variation previously 

identified at polymorphic sites, on a glass slide. To detect mitochondria1 genome 

variation, variable regions of the mtDNA are amplified via PCR and hybridized on to the 

glass slide. Since all allelic variations are represented on the DNA microarray, the 

genotype based on the mitochondrial DNA is indicated by the strength of hybridization to 

a specific allelic sequence. An intense signal denotes a perfect match, representing the 

presence of that particular nucleotide sequence variant. This method enables the 

screening of known nucleotide variable sites in under four hours. Examining the fourteen 

Atlantic salmon whole mitochondnal genome sequences from various populations, 198 

variable sites could be identified. Of which, 87 sites are able to differentiate between 

European and North American samples; and 1 1 1 sites are population specific. The 

combination of these sites and other previously identified, could be used to make a 

microarray for this species. The technological advance enables the generation of a high- 

throughput set of data that surveys a large sample of world-wide populations in a short 

amount of time. 



4.5 Conclusions 

The sampling of a wide range of whole Atlantic salmon mitochondrial genomes 

gave insight into the mode and evolution of the mitochondrial genome. In the genus 

Salrno, the mtDNA has a bias against guanine in the base composition on the H-strand. 

Closely related individual Atlantic salmon samples show more transition substitutions 

than transversions. These translate into a lower occurrence of non-synonymous amino 

acid changes. By examining the region with the highest number of substitutions, the 

fastest evolving gene is ND3, consistent with that found in other salmonids. More 

detailed information about using mtDNA as a genetic marker allowed the confirmation of 

previously described genotypes, and will facilitate the identification of new genotypes. 

Furthermore, a list of possible markers for population studies was developed, and this 

may prove useful for the production of a mtDNA microarray. 
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