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Introduction

Interpretation of DNA sequence 
variation in evolutionary genetics
Evolutionary genetics is the fi eld that 
resulted from the integration of genetics 
and the Darwinian evolution theme and 
broadly incorporates traditional population 
genetics and studies of the origins of genetic 
variation by mutation and recombination, 
and the molecular evolution of genomes. 
Population genetics itself endeavours to 
enlighten the basic questions in evolution 
biology, such as what determines genetic 
differences within and among individuals 
and populations, including those that lead 
to adaptation and speciation. The primary 
evolutionary forces that affect the genetic 
variation within and among populations 
are genetic drift, gene fl ow, mutations 
and natural selection. Given very long 
periods of time, these forces among 
populations will eventually give rise to the 
evolutionary patterns that characterize the 
higher taxonomic groups. Thus the central 
challenge in understanding the genetic 
basis of evolutionary changes is not only 
to describe the adaptive forces that drive 
the selection that causes existent DNA 
sequence variants but also to identify the 
nucleotide differences responsible for the 
observed heritable phenotypic variation.

Molecular evolution describes and 
analyses variation and evolution in the 
structure and nucleotide sequences of 
the genes, and also provides molecular 

tools for exploring many questions about 
the evolution of organisms. The neutral 
theory of molecular evolution posits that 
the majority of DNA variation within and 
between species is neutral with regard to 
individual fi tness (Kimura, 1983). Natural 
selection is assumed to rapidly eliminate 
the deleterious mutations that presumably 
contribute little to variation within or 
between species. Furthermore, benefi cial 
mutations are expected to be extremely 
rare and thus have a minor role in observed 
patterns of DNA sequence variation. 
However, the force of mutation is the 
ultimate source of new heritable genetic 
variation within populations and is thus 
the raw material for natural selection and 
the other evolutionary processes. Different 
types of mutations range from single base-
pair substitutions to the duplication of entire 
chromosome sets and vary in their impact 
from no effect to single amino acid change 
or even genome duplication. In addition, 
the mutations in the coding regions of 
the genes can be divided into silent-site 
(synonymous, silent) and replacement 
(non-synonymous, amino acid replacing) 
substitutions. To understand the effects of 
various mutations, interpretation of genetic 
differentiation has been the principal basis 
of various genetic studies.

Among the evolutionary forces, 
natural selection has long been privileged 
in evolutionary studies because of its 
crucial role in adaptation. In evolutionary 
genetics, patterns of polymorphism in the 
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genome, together with several neutrality 
tests (reviewed by Kreitman, 2000; Ford, 
2002), have provided the fi rst means of 
detecting the types of genes that have 
been subjected to natural selection based 
on their level of diversity being greater 
than expected under neutrality. A more 
stringent and robust method for detection 
of adaptive molecular evolution in protein-
coding genes is a higher rate of non-
synonymous (dN) relative to synonymous 
(dS) substitutions with the ratio being higher 
than one. Based on this theory, several 
statistical methods have been developed 
to reveal the evidence of Darwinian 
selection at individual gene sites and 
lineages in various organisms (see Yang & 
Bielawski, 2000 for a review). Numerous 
other research strategies are available to 
identify functional genetic variation in 
a wide range of organisms (reviewed by 
Vasemägi & Primmer, 2005). The growing 
list of genes with observed signals for 
positive selection (see Endo et al., 1996; 
Ford, 2002) suggests that the adaptive 
Darwinian selection may be more common 
than previously estimated. Among teleost 
fi sh species, however, positive selection at 
the gene level has only been reported in a 
few genes, such as the pantophysin gene 
in Atlantic cod (Pogson, 2001; Pogson & 
Mesa, 2004), the immunoglobulin gene in 
Antarctic icefi sh (Ota et al., 2003) and the 
transferrin and MHC genes in Salmonids 
(Ford et al., 1999; Ford, 2000, 2001; 
Landry & Bernatchez, 2001; Langefors et 
al., 2001; Lohm et al., 2002).

The continuous growth of nucleotide 
sequence information in public databases, 
such as GenBank (Benson et al., 
2004), from a vast range of organisms, 
including various teleost species (over 4 
million sequence entities in GenBank in 
September 2006), makes possible different 
levels of investigations of gene sequence 

polymorphisms in fi shes. Extensive 
comparative studies of molecular evolution 
can be made by harvesting the existing 
sequence data in the databases, or different 
applied investigations of the species of 
interest can be performed by utilizing the 
sequence data from the target organism or 
sister taxa. Furthermore, genetic variation 
within species has mainly been assessed 
with traditional neutral genetic markers, 
but this variation is not necessarily a 
good indication for the adaptive evolution 
potential or differentiation of populations 
(Reed & Frankham, 2001). Thus the 
development and evaluation of new gene-
targeted markers is without doubt an 
important issue in evolutionary genetics 
as these can been used more directly to 
investigate quantitative genetic variation 
(see van Tienderen et al., 2002; Andersen 
& Lubberstedt, 2003; Varshney et al., 2005 
for reviews).

Molecular tools
DNA sequencing provides the most detailed 
genetic information from the analyzed 
region. Sequence determination for a given 
genomic region from multiple individuals 
can be easily utilized to investigate 
variation either within or between 
species, and several analytical methods 
are well-established for DNA sequences 
(Kreitman, 2000). The disadvantages of 
sequencing are the relatively expensive 
technique and the fact that a large number 
of invariant sites are sequenced. Therefore 
to assess only polymorphisms, variation 
at a given site has often been determined 
with a genetic marker. Several different 
classes of molecular markers have been 
applied to investigate various biological 
questions, such as population genetics 
and genomics, phylogenetic relationships, 
gene mapping, and individual relatedness 
(see Luikart et al., 2003; Zhang & Hewitt, 
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2003; Schlötterer, 2004 for reviews). Until 
recently, the main tools for molecular 
studies of ecology and evolution have 
been microsatellites and mitochondrial 
DNA, which have, however, some 
limitations in their use for certain analyses 
(Morin et al., 2004). Single nucleotide 
polymorphisms (SNPs) express some 
benefi cial characteristics compared with 
other markers and are thus regarded as an 
alternative tool for evolutionary genetic 
studies (Vignal et al., 2002; Brumfi eld et 
al., 2003; Morin et al., 2004). Regarding 
this thesis, gene sequence polymorphisms 
between species, together with SNPs and 
indels (insertion or deletion), were the most 
investigated and utilized type of molecular 
variation - microsatellites principally being 
used in a comparative manner.

A single nucleotide polymorphism 
(SNP) can be regarded as just a single 
base change in the DNA sequences of the 
population. SNPs are the most common 
type of DNA variation, constituting 
approximately 90% of genetic variation in 
humans, and their average abundance in 
the genome is about 1 SNP per 1,000 base 
pairs (bp) in non-coding and 1 per 500 bp 
in coding a DNA stretch (see Brumfi eld 
et al., 2003 and references therein). It is 
typically assumed that each SNP is the 
result of a single mutation event and that 
different SNPs segregate independently 
of one another. In practice, SNPs are 
usually biallelic, with an alternative of two 
possible nucleotides at a given position. A 
base position in a DNA stretch that can 
be considered an SNP usually requires 
that the least frequent allele should 
have a frequency greater than 1% in the 
population (Vignal et al., 2002). One base 
pair of indels are sometimes considered 
SNPs, although they, together with longer 
DNA fragment indels, certainly arise with 
different mutation mechanisms, such as 

due to errors in DNA replication. One 
promising application of SNPs is their use 
as gene-targeted markers following the 
fact that they can occur either in or around 
a particular gene. These kinds of markers 
may have several utilizations, such as in 
the determination of genetic variation in a 
limited set of genes that might also have 
an ecologically relevant role for a species 
(van Tienderen et al., 2002). Thus far, 
however, the main restriction in the use of 
SNPs in large-scale evolutionary genetic 
studies of many wild species has been 
the paucity of identifi ed markers in the 
organism of interest.

Microsatellites are highly polymorp-
hic stretches of tandemly repeated 1-5 bp 
DNA elements (e.g. …TCTCTC…), 
which are often highly variable in their 
repeat number (e.g. Ellegren, 2004). They 
are mostly regarded as neutral genetic 
markers occurring in the non-coding 
DNA regions with no further effect on the 
phenotypic level (but see Li et al., 2002; 
Li et al., 2004), but their neutrality can be 
affected by natural selection in the fl anking 
region of the target loci, known as ‘genetic 
hitchhiking’ (Maynard Smith & Haigh, 
1974). Numerous reviews have introduced 
their utilization in various ecological 
studies (Jarne & Lagoda, 1996; Estoup & 
Anglers, 1998; Goldstein & Schlötterer, 
1998; Balloux & Lugon-Moulin, 2002), 
and several statistical analyses have been 
developed for microsatellites enabling 
inferences of different evolutionary and 
population parameters (see Luikart & 
England, 1999 for a review). 

Teleosts, salmonidae (salmonid fi shes) 
family, and Atlantic salmon (Salmo 
salar)
The ray-fi nned fi shes comprise ~23,700 
extant species (Nelson, 1994) and are 
the largest and most diverse group of 
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vertebrates. They can be further subdivided 
into the basal ‘non-teleosts’ and the higher 
teleosts, which consist of about 23,600 
species, thus constituting >99% of living 
fi shes (Venkatesh, 2003). The most ancient 
teleost fossil is ~235 million years old 
(Maisey, 1996), and after that the teleosts 
appear to have undergone a rapid radiation, 
which is an unparalleled event among 
vertebrates (Venkatesh, 2003). Several 
teleost fi sh species have been extensively 
studied at the genetic and genomic level, 
and some of these have also been subjected 
to whole-genome sequencing projects (see 
Volff, 2005 for a review).

The Salmonidae (including e.g. genera 
Salmo, Salvelinus and Thymallus) family 
is a commercially highly valuable and 
biologically interesting family of fi shes. 
The entire family has been attributed to 
an ancestral genome duplication event 
(Allendorf & Thorgaard, 1984; Venkatesh, 
2003), and the great diversity of species in 
the Salmonidae family has been proposed 
as an example of species radiation that 
followed genome duplications (Taylor et 
al., 2001). The duplication generates plenty 
of paralogous sequences, which may have 
various effects on a species (Venkatesh, 
2003), and this topic is stressed several 
times in this thesis with regard to the 
salmonid fi shes.

The Atlantic salmon (Salmo salar), 
together with rainbow trout, is one of 
the most extensively studied salmonid 
species due to its importance for fi sheries, 
aquaculture and recreational fi shing. The 
natural distribution range of Atlantic 
salmon spans the Atlantic Ocean from the 
east coast of North America to Europe, and 
the species owns both anadromous and 
non-anadromous (landlocked) migrating 
behaviours. Based on neutral molecular 
markers, a clear population division in 
Atlantic salmon has been reported between 

continents (e.g. Ståhl, 1987; Bermingham 
et al., 1991; McConnell et al., 1995; 
Verspoor & McCarthy, 1997; King et al., 
2001), within European populations (e.g. 
Ståhl, 1987; Bourke et al., 1997; Koljonen 
et al., 1999; Nilsson et al., 2001; Säisä et 
al., 2005; Tonteri et al., 2005), and even on 
a very small geographical scale (e.g. Elo et 
al., 1994; Garant et al., 2000; Primmer et 
al., 2006). Previous evolutionary genetic 
studies with Atlantic salmon have focused 
on investigating genetic variation related 
to adaptation (Landry & Bernatchez, 
2001) immune defence (Langefors et al., 
2001; Lohm et al., 2002), and different 
behavioural performances (Fontaine 
& Dodson, 1999; Landry et al., 2001; 
Tiira et al., 2003). In addition to several 
population and evolutionary genetic 
studies of this species, recent large-scale 
sequencing projects of Atlantic salmon 
(http://web.uvic.ca/cbr/grasp/; http://
www.salmongenome.no/cgi-bin/sgp.cgi) 
have provided a vast amount of sequence 
data for various other types of explorations 
of Atlantic salmon genome, such as 
identifying potential gene-associated 
polymorphisms (Vasemägi et al., 2005).

Outline of the thesis

This thesis utilizes gene sequence variation 
to investigate molecular evolution, 
population genetics and natural selection 
in different teleost species with a special 
focus on Atlantic salmon. The thesis 
begins with a broad study of the molecular 
evolution of the growth hormone (GH) 
gene in teleost (I), investigating the level 
of Darwinian adaptive evolution affected 
coding regions of this gene during the 
teleost evolution. Second, the thesis uses 
a target gene approach on a species level 
to identify within-population variation 
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in the growth hormone 1 (GH1) gene 
of Atlantic salmon in order to assess 
the major evolutionary forces affecting 
genetic variation at this locus (II, III). The 
thesis then extends the focus on the family 
level and characterizes single nucleotide 
polymorphism (SNP) variation in several 
genomic regions of salmonid fi shes, with a 
special emphasis on Atlantic salmon, and 
also introduces a new strategy for SNP 
detection in species owning potentially 
duplicated genetic fragments (IV). The 
last chapter of the thesis further evaluates 
the usefulness of a limited number of SNP 
markers as molecular tools in several 
applications of population genetics in 
Atlantic salmon by comparing the data 
obtained from SNP and microsatellite 
markers (V). 

Summary of the original papers

I – Molecular evolution of the growth 
hormone gene in teleost fi sh
The pituitary growth hormone (GH) is the 
key protein responsible for the regulation 
of somatic growth and many aspects of 
metabolism in all vertebrates (Davidson, 
1987; Harvey et al., 1995). Due to this 
importance, the molecular evolution of 
GH has been extensively studied in a large 
number of vertebrate species, including 
fi sh (Wallis, 1996; Lioupis et al., 1997; 
Wallis & Wallis, 2001; Wallis et al., 2001; 
Forsyth & Wallis, 2002). In teleost fi sh, a 
typically slow basal rate of GH evolution 
has been interrupted by more frequent 
bursts of rapid evolution, an observation 
that demonstrates an exception in teleosts 
compared with other vertebrate groups 
(Wallis, 1996). This, together with the 
observed high divergence in the amino 
acid sequences of the teleost GH gene 
(Bernardi et al., 1993; Rubin & Dores, 

1995; Wallis, 1996), led to a hypothesis 
to identify signs of Darwinian adaptive 
evolution in the coding region of the GH 
gene by utilizing recently introduced 
statistical methods (see Yang & Bielawski, 
2000) that had not previously been used 
for molecular evolution study of teleost 
GH. 

We investigated the Darwinian 
adaptive evolution during the molecular 
evolution of the GH gene within and 
between different teleost fi sh taxa by 
utilizing maximum-likelihood models 
of codon substitutions and two sliding-
window-based methods (I). Our analyses 
were based on complete coding GH 
sequences of 54 teleost species and 
the sequences were classifi ed into 
four taxonomic orders: cypriniformes, 
perciformes, salmoniformes and 
siluriformes (I). The rates of molecular 
evolution were estimated within and 
between each teleost order (I). The 
different selective constraints along the 
GH gene sequences were examined by 
determining the dN and dS rate variation 
and dN/dS (called ‘ω’ ratio) for different 
lineages and also for individual codons 
within lineages (I).

The average amino acid divergence 
in the mature GH protein was 29% for 
the entire teleost data and the variation 
in divergence times of different teleost 
orders was about twofold, salmoniformes 
showing the youngest age of divergence 
(Table 1, I). The overall evolution rate 
for GH protein was 1.15 ± 0.01 x 10-9 
substitutions/aa site/year and the variation 
within different orders was about fourfold 
(Table 1, I). 

No signals of positive selection were 
observed for the main branches of the 
teleost with lineage-specifi c ML analysis 
but the ω values varied between 0.11 - 
0.16, supporting the existence of purifying 
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selection in these lineages (Figure 1, I). 
However, the statistical sliding-window-
based method indicated some positively 
selected regions in the salmoniformes 
branch, suggesting the possible occurrence 
of adaptive evolution in this lineage (I). 

When the test for positive selection 
was performed at the codon level 
within different orders, one codon 
site in salmoniformes and two sites in 
siluriformes were indicated as putative 
positively selected sites (I). The same 
regions also exhibited elevated rates 

of non-synonymous substitutions in 
the sliding window analysis, weakly 
suggesting the existence of the Darwinian 
adaptive evolution in these codons (I). 
The majority of the amino acid sites 
were characterized by very low ω ratios, 
indicating the predominance of purifying 
selection as a major selection force in GH 
gene (I). 

The rate of molecular evolution of the 
GH gene varied between orders but was, 
however, within the range of previous 
estimates (Wallis, 1996). This study 

Figure 1. A phylogeny of the growth hormone gene for the three teleost orders used to analyse 
Darwinian adaptive evolution between lineages (I). Perciformes was excluded from the lineage-
specifi c analysis due to a high level of saturation observed in synonymous substitutions (see 
publication I for further information on the species analyzed). The topology is the 60% majority-
rule consensus tree based on the mRNA sequences and maximum parsimony method with 100 
bootstrap implemented in PAUP* (Swofford, 1998). The scale represents nucleotide substitutions. 
The numbers next to the branches refer to the values of ω for the particular lineage (I).
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could not show unambiguous evidence of 
positive selection acting on the teleost GH 
gene during teleost evolution. This supports 
earlier fi ndings that most genes typically 
evolve under stringent purifying selection 
(Endo et al., 1996), and the observed 
variation in ω values across different 
codons of the GH gene is probably due to 
variable levels of functional importance in 
the amino acid sites. The observed lack of 
clear Darwinian positive selection acting 
on the GH gene of teleost fi shes may be 
explained by the vital structure of this 
protein (I).

While the majority of the amino 
acid changes in the teleost GH may 
be a consequence of relaxed purifying 
selection, we also speculated on the 
existence of potential positive selection 
at some codon sites of the salmoniformes 
lineage. Two functional isozyme loci of 
growth hormone genes have been found 
in salmonid fi sh (McKay et al., 2004), 
indicating that the duplication event in 
this teleost order has enabled diverse 
selection pressures for these paralogs. 
Positive selection after gene duplication 
has been studied in several species (e.g. 
Zhang et al., 1998; Hughes et al., 2000; 
Conant & Wagner, 2003; Blanc & Wolfe, 
2004) but only rarely reported in teleosts 
(Merritt & Quattro, 2001). However, 
putative positively selected regions in the 
salmoniformes lineage weakly support 
some extent of Darwinian evolution at 
the GH gene after the divergence of this 
teleost order (I).

II, III – Investigation of genetic 
variation in the growth hormone 1 
(GH1) gene in Atlantic salmon 
The Atlantic salmon, Salmo salar, is a 
species for which local adaptation has been 
suggested as maintaining and promoting 
genetic variation (reviewed by Taylor, 

1991; Allendorf & Waples, 1996; Verspoor, 
1997). In addition, inter-population 
variation in numerous growth-related life 
history characteristics have been reported 
in salmon (Nicieza et al., 1994; Hutchings 
& Jones, 1998; Jonsson et al., 2001). 
Previously, associations between growth 
and sequence polymorphism in growth-
related genes have been observed in some 
hatchery stocks of salmonid fi shes (Gross 
& Nilsson, 1999; Tao & Boulding, 2003), 
and a human study has also demonstrated 
an association between the GH haplotype 
and GH expression level (Horan et al., 
2003). Given that Atlantic salmon exhibits 
local adaptation and some evidence 
of geographical variation in growth 
parameters has been demonstrated among 
populations, a growth-associated gene 
such as growth hormone 1 (GH1) was 
therefore hypothesized as a good candidate 
for investigating the intra-specifi c level 
of polymorphisms at the target gene 
potentially promoting local adaptation in 
Atlantic salmon.

The principal purposes of these two 
studies were to identify intra-specifi c DNA 
sequence variation in the Atlantic salmon 
growth hormone 1 gene (GH1), and to 
investigate the level and geographical 
distribution of this variation in Atlantic 
salmon populations from Europe and 
North America with a special focus on 
inferring the major evolutionary forces 
affecting genetic variation at this locus (II, 
III). We fi rst describe primers for sequence 
characterization and polymorphism 
detection in the Atlantic salmon GH1 
gene and also introduce secondary assays 
for ten of the polymorphic sites identifi ed 
in the GH1 gene (II). The entire GH1 
gene was sequenced from nine salmon 
populations, and about 30 individuals 
from each population were genotyped by 
using the polymorphisms detection assays 
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outlined above to investigate the variation 
between populations (III). Haplotypes of 
each individual were inferred from the 
genotype data and a haplotype network 
of GH1 haplotypes was constructed (III). 
Nucleotide diversities (π or θW) were 
conducted for the entire sequenced GH1 
gene, and also for each population (III). In 
addition, neutrality tests were used to test 
the null hypothesis that mutational patterns 
in the GH1 gene within populations were 
as expected under a model of neutral 
evolution (Kimura, 1983) (III).

Among the analyzed populations, 
seventeen polymorphic sites (1/277 
bp) were detected in the complete GH1 
sequences, all of them being located in 
non-coding regions (Figure 2, III). The 
estimated nucleotide diversity (π) for 
the entire GH1 gene was 14.8 x 10-4 and 
varied about twentyfold among coding 
and non-coding regions (III). At the 
population level, nucleotide diversities 
varied sevenfold between populations, 
and neutrality tests indicated that the null 
hypothesis of neutral evolution could 
be rejected in the three Atlantic salmon 
populations (Table 2, III). Based on 
the maximum parsimony network, GH 
haplotypes generally clustered into two 
main groups, one including the majority 

of haplotypes from European and another 
containing haplotypes mainly from North 
American populations (Figure 3, III). 
However, a small number of haplotypes 
occurring in the two European populations 
were more closely related to the North 
American than the European haplotypes 
(Figure 3, III).

We observed no polymorphisms in 
exonic regions of the GH1 gene among 
Atlantic salmon populations spanning the 
geographic range of the species, indicating 
that intra-specifi c GH1 coding sequence 
variation is very low. This suggests 
that purifying selection against non-
synonymous mutations is the predominant 
contemporary force controlling the 
molecular evolution of the GH1 gene 
(III). The lack of observed association 
between growth rate and GH1 sequence 
variation highlights the challenges and 
importance of the choice of candidate 
gene when studying complex traits such 
as growth in wild species. The observed 
signifi cant association between growth and 
polymorphis sites in the growth hormone 
receptor gene of another salmonid fi sh 
(Tao & Boulding, 2003) suggests that 
genes other than GH1 can either directly 
or indirectly be involved in regulating 
growth in salmonids and may thus also be 

Figure 2. Schematic diagram indicating the structure of the Atlantic salmon growth hormone 1 
gene (GH1) and positions of polymorphic sites detected in the analyzed nine populations (III). 
Black and grey boxes represent exons and introns respectively, and solid black lines indicate 
5’- and 3’- untranslated regions. Solid arrows indicate SNPs and dashed arrows represent indels, 
and those ten sites for which secondary assays were developed to investigate within-population 
variation are marked with asterisks (II, III).
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involved in adaptive divergence of Atlantic 
salmon at the population level (III).

The haplotype network indicated a 
certain level of differentiation between 
haplotypes observed in European and North 
American populations, but an unexpected 
low level of molecular variation existed 
between the continents. One potential 
reason for this decrease in inter-continental 
differences is explained by the fact that 
one haplotype commonly observed in the 
two European populations only differed 
by one mutation from the North American 
cluster (Figure 3, III). This fi nding adds 
further support to the growing evidence 
that inter-continental gene fl ow has either 
taken place at some time in the past or is 
currently taking place (Bermingham et 
al., 1991; King et al., 2000; Nilsson et 
al., 2001; Asplund et al., 2004). The gene 

fl ow is also supported by neutrality tests as 
the positive test statistics in the European 
populations could be due to invasion by 
one of the two allelic lineages from the 
North American populations (III). 

IV – Discovery of single nucleotide 
polymorphisms (SNPs) in the genome 
of Atlantic salmon and other salmonids
SNPs represent the most abundant type of 
DNA variation in all vertebrates’ genomes, 
and special interest is being taken in their 
application as genetic markers in numerous 
studies of the molecular ecology of natural 
populations (Brumfi eld et al., 2003; 
Morin et al., 2004). While numerous 
SNP identifi cation studies have been 
established in several model organisms, 
like humans (e.g. Wang et al., 1998), 
Drosophila (Hoskins et al., 2001) and 
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Figure 3. Statistical parsimony network of 43 different haplotypes inferred from Atlantic salmon 
GH1 sequences of nine populations. The size of each circle is proportional to the relative frequency 
of the haplotype in the total sample and solid lines connecting each haplotype represent a single 
mutational event. Black dots represent missing or theoretical haplotypes. Due to the potential 
occurrence of recombination (Table 2), this network cannot be assumed to represent a gene 
genealogy, but rather refl ects the approximate patterns of relatedness between haplotypes (III).
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Arabidopsis (Schmid et al., 2003), similar 
studies with wild species such as Atlantic 
salmon have been scarce. Usually, SNP 
discovery has been performed in a new 
species by a targeted gene approach, where 
several individuals have been sequenced 
by designing primers in conserved regions 
of orthologous gene sequences from sister 
taxa, generally termed the ‘exon-primed 
intron-crossing’ (‘EPIC’) method (Palumbi 
& Baker, 1994). However, the suggested 
duplicated nature of the salmonid genome 
(Allendorf & Thorgaard, 1984) may 
hamper SNP characterization if the primers 
designed in conserved gene regions amplify 
multiple loci (see e.g. Smith et al., 2005). 
Thus far, to our knowledge, no study has 
been utilized non-coding segments of the 
genes, such as introns, to design primers in 
more variable regions in attempts to avoid 
amplifying both of the duplicated loci.

The principal aim of this study was 
to identify potential SNPs in the Atlantic 
salmon genome using the gene sequence 
data for salmonids and other teleost 
species existing in GenBank (Benson 
et al., 2004). PCR primers for SNP 
identifi cation were fi rst designed by using 

this ‘EPIC’ approach but after observing 
that numerous duplicated genes had likely 
been amplifi ed, a new method - termed 
intron-primed exon-crossing (IPEC) - was 
developed (IV). SNPs were identifi ed by 
sequencing 69 genetic fragments with 
different priming strategies from 15 salmon 
populations, and a subset of primers was 
tested also in cross-species applications 
(IV). Locus-specifi c and overall nucleotide 
diversities (θ) were estimated based on the 
successfully sequenced loci (IV).

A total of 47 EPIC loci were designed 
for Atlantic salmon and of these only 
10 (21%) were successfully sequenced, 
whereas the success rate of the new IPEC 
approach, 77% (17 out of 22 loci), was 
signifi cantly higher (P = 0.005) (Table 
3, IV). In addition, the proportion of loci 
in which polymorphism was identifi ed 
was considerably higher in the IPEC-
derived sequences (Table 3, IV). A total 
of 12,911 bp of high-quality sequences 
were obtained from 27 loci, and a total 
of 19 polymorphic sites were observed, 
resulting in an average of one SNP per 680 
in the Atlantic salmon genome (IV). The 
overall nucleotide diversity for Atlantic 

Table 3. Summary of the success of candidate SNP loci identification with different priming 
approaches in Atlantic salmon (IV).

 PCR primer design strategy  

Process description EPIC I a EPIC II b IPEC c Total 

S. salar 
No. loci tested 22 25 22 69 
No. loci producing clear PCR product 13 1 d 21 36 
No. loci successfully sequenced 4 6 17 27 
No. polymorphic loci  0 3 8 11 

a – primers in exons of salmonid genes. 
b – primers in exons of other teleost genes. 
c – at least one primer in intron regions of salmonid genes. 
d – most of the primers produced several PCR bands and thus re-amplifications were needed (see IV).
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salmon was 3.99 x 10-4, but the distribution 
of polymorphisms among the sequenced 
loci was highly uneven with no variation 
observed in about 60% of loci (Figure 4, 
VI).

Exploitation of the continuously 
increasing amount of gene sequence 
data in public databases is a very useful 
approach to characterize new polymorphic 
loci from the genomes of non-model 
organisms. However, as observed in this 
study, polymorphisms can be biased 
towards a relatively small portion of loci 
(Figure 4) and this, together with the lack 
of information per locus (e.g. Glaubitz et 
al., 2003), requires increased screening 
effort in order to identify a suffi cient 
number of novel SNPs. The results of this 
study suggest an effective alternative for 
SNP discovery in species with duplicated 
genome fragments as the proportion of loci 
to screen in order to identify polymorphic 
loci was around six times higher with the 
new IPEC than the EPIC method (Table 
3, IV). The reduced success of the EPIC 

Figure 4. Frequency distribution of nucleotide diversities (θ) observed in the sequenced loci 
investigated in Atlantic salmon (see paper IV for further information on these loci).

approach compared with the IPEC method 
in SNP discovery is most likely due to the 
duplicated nature of the salmonid genome 
(Allendorf & Thorgaard, 1984) (IV).

The observed nucleotide diversity 
estimate over all loci in Atlantic salmon 
was in congruence with the study on 
European humans (Wang et al., 1998), 
but the estimations are about one-tenth 
of that reported in birds (Primmer et al., 
2002) or plants (Dvornyk et al., 2002) 
and about three times less than reported 
in the study of the GH1 gene of S. salar 
(Ryynänen & Primmer, 2004, III). Low 
nucleotide diversity in Atlantic salmon 
is further supported by the observation 
that about 60% of all analyzed loci 
showed no variation (Figure 4, IV). One 
potential explanation for the lower level 
of sequence variation in Atlantic salmon 
could be a consequence of the species’ 
relatively young population history in its 
present habitats in the northern hemisphere 
following the last period of glaciation 
(Ståhl, 1987) (IV).
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V – Comparison of SNP and 
microsatellite markers in population 
genetic analysis of Atlantic salmon 
Single nucleotide polymorphisms (SNPs) 
have potential as an alternative molecular 
tool in population genetics due to their 
high abundance and broad coverage in the 
genomes together with effective genotyping 
procedures (Morin et al., 2004). SNPs also 
make available a new type of gene-targeted 
markers that can subsequently contribute 
to various ecological studies of the 
diversity and conservation of wild species 
(van Tienderen et al., 2002). However, 
especially in non-model organisms, the 
effort required to develop a large number 
of SNPs is still substantial (see e.g. IV), 
and the paucity of information per SNP 
needs to be compensated by increasing 
the number of loci analyzed. A simulation 
study showed that at least a fi vefold 
number of SNPs are needed compared 
with microsatellites to reliably determine 

genetic relationships between human 
populations (Glaubitz et al., 2003), but no 
empirical studies have assessed the utility 
of SNPs in various population genetic 
aspects of wild species with a special focus 
on investigating the required number of 
SNP for obtaining useful estimates.

In order to investigate whether a 
limited number of SNPs can provide 
valuable information for population genetic 
analyses compared with microsatellites 
we performed a comparative study by 
genotyping the identical Atlantic salmon 
individuals from 21 populations around 
Northern Europe with seven previously 
identifi ed SNP loci (from papers II-IV) and 
14 microsatellites (V). Based on various 
population genetic parameters for both 
datasets, several analyses were performed, 
including phylogenetic, isolation-by-
distance and conservation value analyses, 
to compare the congruency between the 
signals obtained from these different 

Figure 5. Pair-wise FST estimates measured over seven SNPs and 14 microsatellites (Mantel’s rxy 
= 0.652, P = 0.001, r2 = 0.425) for 21 Atlantic salmon populations (V).
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markers. Furthermore, a statistical method 
was applied to test for potential signatures 
of selection acting on these SNP and 
microsatellite loci (V).

Overall, a signifi cant correlation 
between the genetic variability (He) 
estimates of different marker types was 
observed, and population pair-wise FST 
estimates calculated over seven SNP and 
14 microsatellite markers also showed a 
highly signifi cant correlation (Figure 5, 
V). Furthermore, an association between 
genetic divergence (FST) and geographical 
distances revealed a strikingly similar 
isolation-by-distance (IBD) signal from 
both SNP and microsatellite data (V). 
We also observed that the SNP data 

alone was not suffi cient for phylogenetic 
analysis and only some minor alterations 
occurred when combined together with 
microsatellite data (V). The estimated 
conservation priorities for seven different 
geographical groupings showed highly 
correlated estimates between the SNP and 
microsatellite datasets (Figure 6, V), and 
similar correlations were observed when 
population contributions to the total gene 
diversity were assessed separately (V). 
Furthermore, some putative candidate 
outlier loci were identifi ed with a multi-
locus simulation test for neutrality (see 
paper V for further information on these 
analyses).

Figure 6. Conservation priority values estimated for seven different geographical groupings 
using seven SNPs and 14 microsatellites (Pearson’s r = 0.964, P = 0.0005) (V). The error bars 
refer to 95% confi dence intervals. The conservation value is estimated as GD - the probability 
that the set of taxa preserves more than one allele per site (see Crozier & Kusmierski, 1994) – and 
the estimates from different population groupings are compared with the information obtained 
from all populations. See paper V for information on the different groupings of Atlantic salmon 
populations.
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In this study we observed that seven 
SNPs performed highly similar signals in 
most of the population genetic analyses 
when compared with the data obtained 
using 14 microsatellite markers (Tonteri et 
al., 2005). Thus far, the lack of identifi ed 
SNP markers has been the main restriction 
on their use in the ecology and population 
genetics of non-model species (Morin et 
al., 2004), but the results here shed new 
light on the discussion on the minimum 
number of SNP markers required for 
certain analyses. Even if the need has been 
shown to be at least fi vefold for genetic 
assignment analysis in humans (Glaubitz 
et al., 2003), the results here indicate that 
a lesser number seems to be adequate for 
many other analyses (V).

The correlation in pair-wise FST 
estimates between markers showed 
the usefulness of SNPs for estimating 
the genetic differentiation in salmon 
populations, and the potential bias in the 
level of estimates could be standardized 
over the loci owning different mutation 
rates (see Hedrick, 2005). Another 
application comes from the fi nding of high 
congruency in the isolation-by-distance 
analysis. Our data also showed that seven 
SNP loci alone were not suffi cient for 
phylogenetic analysis, presumably due 
to the low number of alleles per SNP 
loci together with a limited number of 
independent loci (Kalinowski, 2005) (V).

We also assessed the genetic diversity 
content of SNP and microsatellite loci 
from a conservation point of view and the 
congruence between the results obtained 
from different molecular markers was 
high (Figure 6, V). This may have useful 
applications when estimating genetic 
diversity in genes having a potential role 
in ecological and conservation issues 
(van Tienderen et al., 2002). A further 
advantage of SNPs over microsatellites, 

e.g. in forensic studies, is that they can 
be amplifi ed from highly degraded DNA 
(Budowle, 2004). Finally, we detected 
some putative outliers in the analyzed SNP 
and microsatellite loci among Atlantic 
salmon populations. Subsequent tests are, 
however, required to confi rm these results 
as the number of gene-targeted SNP loci 
here was inadequate for performing other 
large-scale SNP outlier tests (V).

Conclusions

To the best of our knowledge, this thesis 
provides the fi rst comprehensive study 
of the molecular evolution of the teleost 
growth hormone (GH) gene and reveals 
that even if the nucleotide variation is 
considerably high in the coding sequences 
of GH between and within different 
teleost orders, most of these variations 
are presumably due to a relaxation of 
purifying selection rather than direct 
evidence of positive Darwinian selection 
(I). A similar evolutionary study has been 
conducted with the growth hormone in 
primates, which presented some evidence 
of positive selection but speculated that 
the relaxation of purifying selection may 
have played a role in the rapid evolution 
of the GH gene in simians, probably as a 
result of multiple gene duplications (Liu 
et al., 2001). Interestingly, this thesis also 
suggests some potential positively selected 
sites in the teleost lineage salmonidae, 
which own two functional isozymes of 
growth hormone genes (McKay et al., 
2004 and references therein). Hence a 
subsequent adaptive radiation investigation 
of these GH paralogs would be interesting 
to clarify the role of positive Darwinian 
selection in the evolution of duplicated 
genes in salmonids (I).
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Papers II-III described the targeted-
gene approach in an evolutionary genetic 
study of Atlantic salmon, and mainly 
reported that polymorphism in the growth 
hormone 1 gene is not responsible for the 
local adaptation of different populations. 
Furthermore, the intra-specifi c variation in 
the coding regions of the GH1 gene was 
very low, most probably due to strong 
purifying selection against deleterious 
mutations as an alternative explanation 
of the generally low mutation level in 
the GH1 gene being eliminated by the 
observed higher nucleotide diversity in the 
non-coding regions. Overall, the results 
of these studies underline the importance 
of the choice of candidate gene when 
studying complex and potential multi-
gene traits in the target organisms (III). 
Haplotype clustering of the GH1 gene 
from European and North American 
populations revealed a certain level of 
differentiation between continents, with 
some discrepancies in the overall haplotype 
distribution pattern. These results, together 
with the positive neutrality test statistics 
in some populations caused by potentially 
invasive allelic lineages, were regarded as 
support for the growing suggestion that an 
historical or contemporary intercontinental 
gene fl ow exists in Atlantic salmon. The 
inclusion of Icelandic populations in 
future investigations would therefore be 
an interesting topic to clarify the rate and 
origin of this gene fl ow in the different 
continents (III).

The main fi nding of Paper IV should 
provide an applicable method for the 
identifi cation of novel SNP markers, 
especially in target species presumably 
owning a duplicated genome or gene 
fragments. The new IPEC (intron-primed 
exon-crossing) approach suffered 
signifi cantly less from the duplicated 
nature of the salmonid genome (Allendorf 

& Thorgaard, 1984), most likely due to the 
improved discriminative priming strategy 
between putative paralogs. The reason 
for this improvement is probably the fact 
that the divergence in introns is presumed 
to be higher as a consequence of less 
stringent selection in non-coding regions 
(IV). The new IPEC approach would 
also be a useful tool to shed new light on 
the number of duplicated genes retained 
within the salmon genome; the current 
estimates are that approximately 50% of 
protein loci exhibit duplication (Allendorf 
& Thorgaard, 1984; Smith et al., 2005). 
The SNP frequencies and the nucleotide 
diversities of Atlantic salmon were within 
range of the estimates from a number of 
organisms (see Brumfi eld et al., 2003 
and references therein), but the variation 
between loci was high. A more extensive 
survey of the nucleotide diversities 
among different genome regions would be 
benefi cial as this study revealed a highly 
uneven distribution of polymorphisms 
among gene fragments of Atlantic salmon 
(IV).

The last chapter, V, reported an 
interesting fi nding in that a limited 
number of SNPs can provide reliable 
information for some population genetic 
analyses in Atlantic salmon. While the 
present study indicated there are still 
noticeable limitations on the use of SNPs 
for phylogenetic analysis, seven SNPs 
performed surprisingly well in other 
analyses compared with 14 microsatellites 
in Atlantic salmon. A recent comparative 
study in salmon showed the usefulness of 
26 SNPs in parental testing and genetic 
assignment analysis (Rengmark et al., 
2006), but here more than three times fewer 
loci were adequate to give comparable 
signals to microsatellites when analyzing 
genetic divergence, isolation-by-distance 
and conservation values of different 
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populations. The results are especially 
worth noting when analyzing species with 
a limited number or no available genetic 
markers as a set of SNPs can be identifi ed 
using the gene sequence information from 
closely related species (e.g. IV). A further 
use of SNPs as a marker of choice might 
be in applications with diffi cult biological 
samples due to their more successful 
performance with highly degraded DNA 
(Budowle, 2004). Hopefully, these fi ndings 
will encourage the application of SNP 
markers in addressing diverse questions 
related to various aspects of population 
genetics of wild species (V).
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