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Abstract
Vasemägi, A. 2004. Evolutionary Genetics of Atlantic salmon (Salmo salar L.) - Molecular
Markers and Applications.
ISSN 1401-6230, ISBN 91-576-6708-X
This thesis deals with evolutionary genetics of Atlantic salmon populations, with the special
emphasis on the roles of migration, random genetic drift, mutation and natural selection
affecting the patterns of molecular variation across contemporary and historical time scales.
Studies of mitochondrial DNA variation supported the hypothesis of multiple post-glacial
colonization events of the Baltic Sea. The Eastern Atlantic populations differ from the
geographically close southern Baltic populations, indicating absence of inward and limited
outward gene flow through the Danish straits during the last 8000 years. Four common
European mitochondrial haplotypes derive from the ancestral ND1-BBBA haplotype by
one-step substitutions. Our results suggest that wild populations have an important role in
re-colonization processes of the former salmon rivers where populations have been driven
to extinction due to human activities. Spatio-temporal analysis over eighteen years provided
genetic evidence of immigration from compensatory hatchery releases into one of the
biggest wild Atlantic salmon population in the Gulf of Bothnia (R. Vindelälven) and
emphasize the genetic risks associated with current large-scale stocking practices in the
Baltic Sea. For restoration of former salmon rivers in the Gulf of Finland we recommend
that two closest native salmon populations should be preferred to help to fill in the currently
missing “building blocks” that are important for the persistence of genetic variation and
long-term survival of salmon populations in Estonia. We identified several expressed
sequence tag (EST) loci that are potentially affected by divergent selection demonstrating
that EST-scans may provide suitable strategy to discover functionally important genetic
variation both in model and non-model organisms.
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Papers I, II and IV are reproduced with permission of the journal concerned.
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Introduction
“For the evolutionist, differences are what evolution is all about and are expected,
whereas persistent similarities across organisms need to be explained.”
Lewontin (2002)

Interpretation of DNA variation
Evolution can be defined as a change in allele frequencies over time. A
fundamental goal of evolutionary biology is to better understand how natural
selection operates in interaction with other evolutionary processes such as
mutation, migration and random genetic drift. Determination of the relative roles
of single evolutionary forces that affect the genetic variation across genomes or
populations is a challenging task, particularly because researchers usually depend
on static data, observations of the patterns of genetic variation within and between
populations or species, to infer the dynamic processes that could not be directly
observed (Lewontin, 2002). However, very rapid growth of sequence information
in broad range of organisms, including salmonids (Bayne et al., 2001; Davey et
al., 2001; Thorgaard et al., 2002; Martin et al., 2002; Rise et al., 2004; Tsoi et al.,
2004) and advances in statistical methods (Rousset & Raymond 1997; Luikart &
England 1999; Yang & Bielawski 2000; Beaumont & Rannala 2004) offer an
exciting possibility to evaluate the relative roles of different evolutionary factors.
Furthermore, the possibility to study DNA from ‘historical’ or ‘ancient’ material,
such as bones and scales (Nielsen, Hansen & Loeschcke, 1997; Nielsen, Hansen &
Loeschcke, 1999; Hansen et al., 2002; Consuegra et al., 2002; Hutchinson et al.,
2003; Brzuzan et al., 2004; Wang, Cannon & Saunders 2004), enables addition of
a temporal dimension to population genetic research and thus, makes it possible to
study evolution as a dynamic process (Stockwell, Hendry & Kinnison 2003).

Molecular markers
The double-helical structure of deoxyribonucleic acid (DNA) molecule was
deduced fifty years ago by Watson and Crick (1953) who stated: “This structure
has novel features which are of considerable biological interest”. The main
breakthrough in molecular biology, however, was driven by the invention of
polymerase chain reaction (PCR) about 20 years ago (Saiki, Scharf & Faloona,
1985). Since then, the use of molecular markers for revealing polymorphism at
DNA level, has been playing an increasing role in ecological and evolutionary
research (Sunnucks, 2000). Among others, the mitochondrial DNA (mtDNA) and
microsatellite loci have been the most widely used markers promoting the ‘DNA
revolution’ (Cavalli-Sforza, 1998).
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Mitochondrial DNA
Mitochondrial DNA (mtDNA) is considered the classical and one of the most
suitable marker type for phylogeographical studies for several reasons (Avise,
1994). Particularly, mtDNA is haploid, maternally inherited, non-recombining and
usually considered as selectively neutral marker. The mtDNA molecule is
effectively a single locus, where each haplotype is equivalent to allele. Because
mtDNA is maternally inherited and haploid, it is affected more by random genetic
drift than nuclear loci. Hence, populations tend to be more different from each
other at mtDNA than nuclear loci, especially when the migration is male-biased
(i.e. males tend to migrate more; Frazer, Lippe & Bernatchez 2004; Bekkevold,
Hansen & Mensberg 2004).

Mini- and microsatellites
Micro- and minisatellites are simple tandemly repeated DNA sequence motifs 1-6
and 10-100 basepairs long, respectively and are common throughout the nuclear
genomes of eukaryotes (Jarne & Lagoda 1996). They consist of a short sequence
motif, such as ‘CA-CA-CA-CA’ or ‘GTTATTAAAT-GTTATTAAAT’ that are
often repeated a variable number of times. The advantage of these tandem repeat
markers stems for their very high variability which enables to efficiently apply
them both at individual and population level analysis (e.g. Waser & Strobeck
1998; Manel et al., 2003; but see Hedrick, 1999; Balloux et al., 2000; Moss,
Piertney & Palmer, 2003 for a cautionary perspective). Usually, tandem repeat
markers are considered as evolutionarily neutral DNA markers (but see Li et al.,
2002 for an alternative view). However, selection can affect the nearby flanking
neutral variation, known as genetic hitchhiking (Maynard-Smith & Haig 1974).

Atlantic salmon
The Atlantic salmon (Salmo salar L.) is highly valuable fish species due to its
importance in fisheries, recreational angling and aquaculture, and is naturally
distributed along the east and west coast of the North Atlantic Ocean where it
exists in both anadromous (migratory) and landlocked (freshwater) forms.
Together with the rainbow trout (Oncorhynchus mykiss) it is one of the most
intensively studied fish species in a wide range of research areas (Thorgaard et al.,
2002; Rise et al., 2004). As most salmonid species, Atlantic salmon is divided into
geographically distinct units that are more or less isolated from each other.
Numerous studies have demonstrated that Atlantic salmon forms distinct
populations on river or tributary basis (McConnell et al., 1995; Sanchez et al.,
1996; Koljonen et al., 1999; Verspoor et al., 1999; Spidle et al., 2001; King et al
2001). Within Europe, Eastern Atlantic and Baltic populations form distinct
groups (Nilsson, 1997; Verspoor et al., 1999). The deepest divergence has been
found between the North American and European populations (King et al., 2001;
Nilsson et al., 2001; Koljonen et al., 2002; Wennevik et al., 2004).
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Phylogeographic inference – interpreting the present to
understand the past
Populations are affected not only by ongoing evolutionary processes but also by
historical events like glacial cycles which have considerably affected the
distribution of organisms in Europe and Northern America resulting in massive
extinction-colonization events (Hewitt, 1996). Phylogeography investigates the
geographical distribution of genealogical lineages (Avise, 1994) and may provide
snapshots of evolutionary history. It is important to remember that current
phylogeographic patterns represent only a static information from a single time
point and may result in misleading evolutionary implications, as demonstrated by
the mtDNA analysis of 16 000 to 40 000 year old Atlantic salmon (Consuegra et
al., 2002) and 14000 to 42000 year old brown bear specimens (Leonard, Wayne &
Cooper, 2000). Nevertheless, phylogeographic studies over large geographical
areas are essential to understand the overall level of structuring of particular
species.

Population Genetics/Genomics – interacting evolutionary forces
Numerous genetic studies have described the distinctiveness of salmonid
populations at different spatial scales. However, based on patterns of variation at
genetic markers inferences can also be done regarding effective population size
(e.g. Hansen et al., 2002; Heath et al., 2002; Laikre et al., 2002), life history (e.g.
Hansen et al., 2000), behaviour (e.g. Tiira et al., 2003), relatedness (e.g. Fontaine
& Dodson 1999) and adaptation (Landry et al., 2001; Koskinen, Haugen &
Primmer, 2002; Campbell & Bernatchez 2004). Furthermore, the possibility to
apply genome-wide analysis in increasing number of organisms enables to
distinguish evolutionary processes that act on individual loci (i.e. mutation,
selection) from the whole genome effects (i.e. genetic drift, migration) (Fig. 1;
Black et al., 2001; Luikart et al., 2003).
Study
IV&V
SELECTION

VS.

Study V
VS.

MUTATION

Study III

RANDOM
DRIFT

VS.

MIGRATION

Figure 1. Schematic illustration of the various tests applied in the thesis to
investigate the relative roles of different evolutionary forces affecting allele
frequency distributions of studied salmon populations. Locus-specific and genome
wide processes are shown with grey and white colours, respectively.

Conservation Genetics – looking forward
The fact that genetics can give invaluable information for more effective and
biologically sound management of endangered species has lead to increasing
number of studies in the field of conservation genetics. To date, most of the
investigations have employed neutral genetic variation (i.e markers from noncoding parts of the genome) largely because of the limited knowledge about the
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genes that influence the fitness and survival in natural environments (Hedrick,
2001; van Tienderen et al., 2002).
Currently, 80-90% of the Atlantic salmon in the Baltic Sea originates from
hatcheries (ICES, 2003) and many wild Atlantic salmon populations are on the
brink of extinction, while the production of farmed salmon in the North Atlantic is
300 times greater than the annual catch of wild salmon (WWF, 2001).
Consequently, the erosion of the natural gene pools through interbreeding with
farmed fish has been recognized as one of the major threat to wild Atlantic salmon
populations (WWF, 2001). It follows that genetics can play an important role in
conservation and restoration of the wild salmon populations.

Objectives
In this thesis the Atlantic salmon is used as a model species to evaluate the relative
roles of migration, random genetic drift, mutation and natural selection affecting
the patterns of genetic variation within and between populations at different spatial
scales, and across contemporary and historical time scales.
The main objectives of this thesis were:
1. to reveal population structuring in Northern Europe and infer the
potential postglacial colonization routes of the Baltic Sea area by means
of mtDNA variation (I).
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2.

to identify the origin of founders of recently recolonized river in the
Baltic Sea where the native population has been driven to extinction (II).

3.

to determine the origin of presumably non-native fin-damaged fish caught
in the River Ume/Vindelälven and estimate the rate of immigration and
potential impact of straying on the wild R. Vindelälven salmon
population during the time period from 1985 to 2003 (III).

4.

to evaluate the relative importance of selection versus neutral
evolutionary forces in shaping allele frequencies at eight genomic
microsatellites and six gene associated tandem repeat markers among
nine wild and hatchery populations in the Baltic Sea (IV).

5.

to search for the genetic signatures of selection by screening 17 genomic
and 79 expressed sequence tag (EST) associated mini- and microsatellites
in eight wild salmon populations inhabiting contrasting natural
environments (salt-, brackish- and freshwater habitat) (V).

6.

to test at which spatial scale stepwise-like mutations have contributed to
the genetic differentiation at 96 tandem repeat markers in eight salmon
populations from Northern Europe (V).

Materials and Methods
Studied Atlantic salmon populations were sampled from different geographical
scales, with special emphasis on the Baltic salmon populations (Fig. 2A). Detailed
maps can be found in the original papers. As a result of technical developments in
molecular analyses of historical material such as from old scale material, the
temporal dimension of studies of the thesis span from five (II) to eighteen years
(III). Different marker types (mtDNA, mini- and microsatellites) were applied
separately (I, II) or simultaneously (III, IV, V) for investigating different
evolutionary aspects in Atlantic salmon. Recent development of molecular
technology has considerably increased the genotyping efficiency. As a result,
manual electrophoresis and genotyping procedures used partly in the study III and
IV (see Fig. 2B for a ‘classical’ gel image) have been replaced to a great extent by
the use of automatic sequencers (study II and V). This thesis also reflects the rapid
growth of sequence information in salmonids arising from initiated genome
projects (Genomics Research on Atlantic Salmon Project, Canada; Norwegian
Salmon Genome Project) and developments of new analytical approaches. In
particular, statistical methods for estimating immigration rates, genetic signatures
of selection and the role of mutations in population divergence have been
developed only very recently (Kauer, Dieringer & Schlötterer, 2003; Hardy et al.,
2003; Wang & Whitlock 2003; Beaumont & Balding 2004). As such, the studies
III, IV and V would not be feasible to conduct just 2-3 years earlier. Detailed
laboratory procedures and applied analytical approaches are specified in the
original papers.
180
170

V study

160

III study

150
140

IV study
130

120

II study

110

I study
A)

B)

Figure 2. A) Map of Northern Europe showing the approximate spatial scales of
the studies. B) Banding patterns of the major histocompatibility complex class II
alpha chain (MHCIIα) linked minisatellite marker after electrophoresis in 8%
denaturing polyacrylamide gel and silver staining from the study IV.
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Results –Summary of Papers
Paper I. This study aimed at revealing population structuring and evaluating
phylogenetic relationships among 46 Atlantic salmon populations in Europe by
using PCR fragment length polymorphism (PCR-RFLP) analysis (Fig. 3). In
addition, RFLP haplotypes from different parts of the distribution area were
sequenced and the phylogeny of European haplotypes and their relations to the
North American lineage was described (Fig. 4). The four common European
haplotypes derive from the ancestral ND1-BBBA (rooting the European clade to
the North American) by one-step substitutions: AAAA < AABA < BBBA >
BBBB. The Swedish west-coast populations differ from the geographically close
southern Baltic, indicating absence of inward and limited outward gene flow
through the Danish straits during the last 8000 years. Within the Baltic Sea, only
three ND1 haplotypes were detected and there was no variation for ND3/4/5/6. In
the whole southern Baltic and in lakes Vänern, Ladoga and Onega the haplotype
AABA dominated.

Figure 3. Map of sampling locations with pie diagrams showing the distribution of
haplotype frequencies among studied Atlantic salmon populations. Earlier
published RFLP data on 726 specimens from 17 populations (Palva, Lehväslaiho
& Palva, 1989; Nielsen, Hansen & Loeschke, 1996; Verspoor et al., 1999) are
included into the map.
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Figure 4. Phylogeny of the mitochondrial types as a minimum spanning network.
The nucleotide sequence information on D-loop (Kauppi et al., 1997), 16S rRNA,
tRNA-leu, ND1 and tRNA-ile is used to infer the structure of the network and the
variable restriction sites are marked. The three haplotypes found in the Baltic area
are shown in black color. The derived haplotypes reported in Nielsen, Hansen &
Mensberg (1998) on the basis of additional variation in ND3/4 and ND5/6 are also
marked.
Paper II. The main objective of this study was to investigate the founder event in
a recently recolonized salmon population in Gulf of Finland, Baltic Sea (R. Selja).
To identify the origin of the founders, four geographically closest wild populations
and two hatchery stocks were analysed using six microsatellite loci. The results of
assignment tests and factorial correspondence analysis indicate that the initial
recolonizers of the river Selja originated from the geographically nearest (7 km)
wild population (R. Kunda). Additionally, interbreeding (hybridization) between
recolonizers and stocked hatchery individuals was detected in subsequent years.
Interbreeding between the recolonizers and the hatchery individuals was not
directly evident from the individual assignments, but visualization of the
multilocus genotypes using factorial correspondence analysis indicated the
probable occurrence of first-generation hybrids between wild colonizers and
hatchery fish.
Paper III. In this study we assessed the rate and impact of immigration from main
hatchery stocks of Gulf of Bothnia into one of the largest wild salmon populations
in the Baltic Sea, River Vindelälven, within a temporal framework of eighteen
years (Fig. 5).
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Figure 1. Map of sampling locations with pie diagrams showing the spatiotemporal distribution of mtDNA haplotype frequencies among studied Atlantic
salmon populations. Haplotype frequencies of the suspected immigrants with
damaged fins caught below the Norrfors dam in the R. Ume/Vindelälven are
indicated by arrows. The haplotypes AABA, BBBB and AAAA are designated by
white, grey and black color, respectively.
Using mixed stock analysis we provide genetic evidence based on mtDNA and
microsatellite markers that a large proportion (66%) of suspected immigrants
caught in the R. Ume/Vindelälven during 1997-2003 originated from R.
Ångermanälven, R. Luleälven and R. Ljusnan hatcheries (Fig. 6). The estimated
contribution of fin damages fishes from five other hatcheries was not significantly
different from zero. Maximum-likelihood estimate of immigration rate from these
hatcheries into the wild R. Vindelälven population was 0.068 (95%CI 0.0210.128) over the studied time period and reached up to a quarter (m=0.249, 95%CI
0.106-0.419) of the total population during 1993-2000 (Fig. 7). Immigration rate
from five other non-native hatcheries into the wild R. Vindelälven population was
marginal and not significantly different from zero (m=0.01, 95%CI 0-0.047). As
expected, significant decline in FST estimates between temporal samples of wild R.
Vindelälven population and hatchery stocks of rivers Luleälven and
Ångermanälven that contributed the majority of the strayers was observed.
Simulations using different unidirectional migration rates from hatchery stocks of
Ångermanälven, Luleälven and Ljusnan (with 4:2:1 proportion, respectively) into
the wild R. Vindelälven population showed the sharpest decrease in FST values
after the first generation and relatively slow decline in FST when m≤0.07.
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Composition

Figure 6. Mean proportions of hatchery contributions among suspected immigrants
(n=181) caught in the River Ume/Vindelälven during 1997-2003 as revealed by
mixed stock analysis (95% posterior probability interval shown as whiskers).

Figure 7. Relative log-likelihood curves of estimated immigration rates from the
hatchery stocks of rivers Ångermanälven, Luleälven and Ljusnan into the wild R.
Vindelälven population during the period from 1985 to 2003.
Paper IV. The first aim of this study was to compare the patterns of genetic
diversity and differentiation among nine salmon populations in the Baltic Sea
based on eight genomic and six gene-associated mini- and microsatellite markers
in order to evaluate the relative importance of selection versus neutral forces in
shaping allele frequencies at these markers. The simulation analyses indicated that
two gene linked markers (MHCIIa, ARP) and genomic microsatellite Ssa171
exhibited significant departures (P<0.05) from the neutral expectations.
Secondly, we combined the information from both types of markers in order to
suggest the most suitable donor populations for restoration of salmon populations
in three former salmon rivers in the Gulf of Finland. In contrast to other studies
which have compared wild and reared fish stocks (e.g. Clifford, McGinnity &
Ferguson 1998; Koljonen et al., 1999, Norris, Bradley & Cunningham, 1999), we
found more genetic variation in hatchery stocks than in the wild salmon
populations from the Gulf of Finland (Fig. 8). The total number of alleles found in
R. Loobu 1999 year-class was 29% smaller than in 1996 year-class (39 and 55
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alleles, respectively) in spite of a larger sample in 1999, suggesting that only
limited number of breeders have contributed to this cohort. Nevertheless, all three
wild salmon populations in Gulf of Finland possessed alleles at several geneassociated markers (e.g. MHCI and IGF) that were not detected in two more
variable hatchery stocks.
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Figure 8. Temporal variation (F) between the year-classes (cohorts) of populations
shown as black bullets (95% confidence intervals shown as whiskers) and
likelihood curves of heterozygosity estimates for each population. Continuous
curves correspond to four Gulf of Finland populations (from left to right: R.
Loobu, R. Kunda, R. Keila populations and R. Neva stock). Broken curves
represent populations with only single temporal sample available. The highest
peak of the curve corresponds to population maximum likelihood value of
estimated heterozygosity. Wild and hatchery populations are designated with the
letters (w) and (h), respectively.

Paper V. In this study we searched for the genetic signatures of divergent
selection by screening 17 genomic and 79 expressed sequence tag (EST) derived
mini- and microsatellites in eight natural Atlantic salmon populations inhabiting
contrasting natural environments (salt, brackish and freshwater habitat). Gene
diversity and number of alleles differed significantly (Wilcoxon’s signed rank test:
gene diversity P<0.05; number of alleles, P<0.001) among populations from salt-,
brackish and freshwater habitats. Several EST associated microsatellites exhibit
highly significant deviations from the neutral expectations using different
statistical methods at various spatial scales (small spatial scale, Fig. 9). At large
spatial scale stepwise-like mutations contributed significantly to the observed
microsatellite divergence (observed RST>permuted RST).
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re-colonization can occur on the basis on nearby rivers when the environmental
conditions become suitable. Study III indicated that current large-scale hatchery
release practices may have increased straying rate beyond the ‘natural’ level in the
Baltic Sea. Study IV emphasizes the importance of random genetic drift in small
salmon populations. Both study IV and V demonstrated that selection may have
important role in shaping allele frequencies both in some genomic and gene
associated markers. Additionally, the study V revealed that stepwise-like
mutations have contributed to the genetic divergence at tandem-repeat markers at
large geographical scale.
Specific conclusions, findings and recommendations from the present thesis are:
Paper I. Three hypotheses of the origin of Baltic salmon have previously been
proposed: i) from the eastern refugia in pre-glacial lakes (Kazakov & Titov 1991);
ii) from the western Atlantic populations at the beginning of the Yoldia stage
through the Närke strait (Verspoor et al., 1999); iii) from both directions
(Koljonen et al., 1999). The results of mtDNA analyses were consistent with the
earlier allozyme study of Ståhl (1987) which demonstrated clear separation of the
Baltic and Eastern Atlantic salmon populations and support the hypothesis of
postglacial colonization of the Baltic Sea by multiple lineages (Koljonen et al.,
1999). Genetic database of the Baltic salmon populations consisting of mtDNA
and microsatellite genotypes (Säisä et al., submitted) will serve as a valuable
baseline for further applications using individual assignments and/or mixed-stock
analyses.
Paper II. Our results suggest that the native populations still have an important
role in colonization processes of the former salmon rivers although, the hatchery
releases are outnumbering the wild salmon recruitment in the Baltic Sea at present.
Therefore, stocking activities should not be considered as an essential prerequisite
for re-establishment of former salmon rivers when adjacent wild salmon
population(s) still exist. Identification of the wild Kunda population as the most
likely source of the recolonizers is surprising considering that the proportion of
hatchery releases compared to wild production is even more pronounced
(approximately 37: 1) in the Gulf of Finland (ICES 1998), compared to the total
Baltic where the stocked fish outnumber the wild salmon approximately eight- or
nine-fold. Surprisingly fast re-colonization of the extinct river may indicate a
higher level of straying to the unoccupied habitats than the present gene flow
between extant salmon populations. Rapid colonization of the new areas, followed
by smaller straying rates after the populations have become established, has been
described in several Pacific salmon (Oncorhynchus) species (Quinn, 1993).
Paper III. This study provides genetic evidence of immigration from
compensatory hatchery releases into wild Atlantic salmon population in the Gulf
of Bothnia (R. Vindelälven) and emphasizes the genetic risks associated with
current large-scale stocking practices in the Baltic Sea. Detection of R. Luleälven
hatchery as one of the major immigrant sources was not unexpected for several
reasons. First, R. Luleälven hatchery production (over half a million smolts per
year) is the second largest in the Baltic Sea. Second, R. Luleälven hatchery stock
has been formed by mixing salmon from different origin (from rivers Luleälven,
18

Ångermanälven, Skellefteälven, Indalsälven and Ume/Vindelälven). Candy &
Beacham (2000) showed that artificially made hybrid stocks of chinook salmon
(Oncorhynchus tshawytscha) exhibited three times higher straying rate than the
native stock if released at the same time and location, suggesting that hybridization
could lead to elevated amount of straying. The amount of hatchery releases into
the R. Ångermanälven is around 200 000 smolts per year, while the third
immigrant source, R. Ljusnan hatchery, releases approximately 185 000 smolts per
year but being more distant from R. Ume/Vindelälven it contributed only a small
proportion of the findamaged immigrants.
Elevated immigration into R. Ume/Vindelälven during the period from 1993 to
2000 raises the obvious question why this happened during this period given that
large-scale hatchery releases have been carried out already more than forty years
in the Baltic. As one possible hypothesis, we suggest that increased genetic impact
of compensatory releases on the wild populations could be associated with the
outbreak of M74 disease syndrome in the Baltic during 1990´s (Hansson et al.,
2001). Estimated M74 mortality among salmon fry in the Gulf of Bothnia
populations has been the highest during 1992-1996 ranging from ca 50 to 90%
(ICES 2003). The M74 is associated with the low levels of vitamin B1 (thiamine)
in salmon eggs and fry and hatcheries have routinely used thiamine treatment of
fry since 1996 to prevent the development of M74 syndrome. As a result, the
production of hatchery-reared salmon has stayed high and relatively stable while
the effect of M74 in the wild populations has been substantial. In the R.
Vindelälven, for example, the lowest parr density estimates have been recorded
during the years of high M74 incidence. Therefore, M74 might be responsible for
changing the ratio between breeders of wild and hatchery origin and hence, cause
increased genetic impact of compensatory releases on wild populations during the
second half of the 1990`s.
Paper IV. Lower than expected divergence at the major histocompatibility
complex linked marker (MHCIIa) may result from balancing selection, while the
genomic microsatellite Ssa171 might be affected by directional selection. More
homogeneous allelic distribution at the MHCIIa linked minisatellite than observed
at other loci and obtained from coalescent simulations could be caused by similar
pathogenic pressures at common feeding grounds in the sea. For example,
vaccination experiments have shown that bacterial pathogens Aeromonas
salmonicida, Vibrio anguillarum and Yersinia ruckeri are playing important role
in survival of Atlantic salmon in the Baltic Sea (Buchmann, Larsen & Therkildsen
2001). Differentiation pattern at MHCI associated microsatellite on the other hand
was consistent with the neutral expectations and there was no need to invoke
selective forces to explain the observed relationships among populations. This
might suggest that viral pathogens have smaller impact on the MHCI variation in
contemporary populations compared to the neutral evolutionary forces.
Loss of genetic variation in reared stocks in comparison with wild populations of
Atlantic salmon has been reported in several studies (e.g. Clifford, McGinnity &
Ferguson 1998; Koljonen et al., 1999; Norris, Bradley & Cunningham, 1999). In
contrast, we found more genetic variation within two hatchery stocks than in wild
populations of Gulf of Finland. Several factors can contribute to this unusual
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phenomenon. The studied Estonian wild salmon populations are rather small – the
estimated annual smolt production ranges from 500 (rivers Keila and Loobu) to
900 (R. Kunda) and electrofishing surveys have revealed very weak or even
missing year-classes in all three populations during the last decade (Kangur &
Viilmann 2001). In contrast, the historical R. Neva salmon population has been
historically much larger and hence, should be also more variable. Maintenance of
the high genetic diversity of the R. Neva hatchery stock (founded in the 1970s;
Kallio 1986) may then indicate that adequate breeding practices have been carried
out during the captive breeding programme. High diversity of the R. Narva
hatchery stock, however, may be at least partly caused by its mixed genetic origin
(mixture of R. Neva and Latvian salmon populations). We suggest that distinct
ecological conditions, the presence of alleles not found in hatchery stocks and
moderate genetic differentiation between the wild and hatchery stocks (FST=0.0550.187) justifies conservation efforts of these last remaining wild salmon
populations of Gulf of Finland. We also recommend that two closest native
salmon populations (R. Keila and R. Kunda) should be preferred over the hatchery
stocks for restoration of former salmon rivers in Estonia to help to fill in the
currently missing “building blocks” that are essential for the persistence of genetic
variation and long-term survival of salmon populations in Estonia.
Paper V. We identified several EST loci that are potentially affected by divergent
selection at various spatial and environmental scales and hence, they serve as
promising genes that are associated with the ‘local’ adaptation in Atlantic salmon.
As emphasized in earlier studies, significant results with more than one neutrality
test only raises the candidate status of particular locus but does not demonstrate
selection per se (e.g. Schlötterer 2002; Vigorouroux et al. 2002; Campell and
Bernatchez 2004). Therefore, the identified candidate EST loci will serve as a
basis for further sequence analysis to validate the role of divergent selection in
these genes. To our knowledge, evidence of divergent selection among
contemporary wild Atlantic salmon populations has been reported only at two
genes (MHCIIβ, Landry and Bernatchez 2001; MEP-2, Verspoor & Jordan 1989).
It is likely that inconsistent results of one of the neutrality test (F test; Vitalis,
Dawson & Boursot, 2001) compared to other methods at large spatial scale were
in large part caused by stepwise-like mutations which occurred after the
population divergence, as indicated by allele permutation test of Hardy et al.,
(2003). Apparent discrepancy between population-specific divergence test
(Vitalis, Dawson & Boursot, 2001) and other methods suggests that the deviations
from the neutrality of F test must be taken with considerable caution when
mutations in tandem repeat markers have contributed to the population divergence.
Because of the inherent difficulties of multiple statistical testing related to
genome-scans, a practical approach would be to simultaneously apply two or more
neutrality tests which are based on different assumptions and parameter estimation
(e.g. Storz, Paseur, and Nachman 2004) and select for the next validation step
(sequence analysis or/and QTL mapping) outlier loci that are supported by several
methods.
Close evolutionary relationships and successful cross-amplification results
between genera Salmo and Oncorhynchus (Rexroad & Palti 2003; Rise et al.,
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2004) indicate that Atlantic salmon and rainbow trout EST-derived microsatellites
can be easily applied for genome-scans in other species within the subfamily
Salmoninae. Although in the present study we concentrated on EST-linked
microsatellites, other marker types like indels and SNPs can be also quickly
developed from the available EST sequences and successfully applied for
screening the signatures of selection, particularly among closely related
populations. In the light of encouraging simulations by Beaumont and Balding
(2004), EST-scans may provide suitable strategy to discover functionally
important genetic variation both in model and non-model organisms. Also, given
the relative ease of conducting large-scale multi-locus screens for natural selection
(Wilding, Butlin & Grahame, 2001; Campell & Bernatchez 2004) it is likely that
more emphasis will be directed to outlier verification and characterization in the
future.

Future perspectives
Recent developments in high through-put DNA technologies provide for the first
time an opportunity to expand the types of analyses that have previously been
addressed in humans and few model organisms to other (more interesting!) species
such as salmonid fishes. It is likely that the fast development of genomic and
statistical approaches will provide new insights to the adaptation processes at
molecular level in natural populations and environments thereby enabling a greater
understanding of the interactions between molecular processes, evolution and
ecosystem biology. Increased knowledge about the function of Atlantic salmon
genes will provide valuable information for conservation efforts of wild
populations and basis for further development of salmon aquaculture industry.
Emerging new disciplines with the –omics suffixes will likely answer many
unresolved questions and provoke new challenges.
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Figure 9. Plot of FST values against standardized ratio of gene diversity (lnRH)
estimates for 79 EST associated (white bullets) and 17 genomic (black bullets)
tandem repeat markers in small geographical scale. (A) R. Kitsa vs. R. Varzuga
(B) R. Teno/Tana vs. R. Tuloma (C) R. Vindelälven vs. R. Torne/Tornionjoki (D)
R. Taipale vs. R. Syskynjoki. Dashed lines indicate the 99% confidence interval (2.58, +2.58) of standardized lnRH estimates. Accession numbers or locus names
of putative candidate loci potentially affected by selection are shown close to the
outlier or pointed by line.

Discussion and Conclusions
“The best answer to any question about evolution is the lawyer’s answer to any
general question about the law: “It depends on the jurisdiction.” That is why the
program of evolutionary investigation never comes to an end—and, so often,
never to a conclusion”.
Lewontin (2002)
Based on results of this thesis one can ask what are the most prominent
evolutionary forces affecting the allele frequency distributions in Atlantic salmon
populations? Clearly, there is no single universal answer. The study I revealed that
the historical events, such as differentiation of salmon populations in isolated
glacial refugia likely had significant effect on the present day distribution of
genetic variability in Atlantic salmon. Study II demonstrated that surprisingly fast
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