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ABSTRACT

Although abundant in the number of individuals, the Atlantic salmon may be considered as a
threatened species in many areas of its native distribution range. Human activities such as building
of power plant dams, offshore overfishing, pollution, clearing of riverbeds for timber floating and
badly designed stocking regimes have diminished the distribution of Atlantic salmon. As a result of
this, many of the historical populations both in Eutope and northern America have gone extinct or
are severely depressed. In fact, only 1% of Atlantic salmon existing today are of natural origin, the
rest being farmed salmon. All of this has lead to a vast amount of research and many restoration
programmes aiming to bring Atlantic salmon back to rivers from where it has vanished. However,
many of the restoration programmes conducted thus far have been unsuccessful due to inadequate
scientific research or lack of its implementation, highlighting the fact that more research is needed
to fully understand the biology of this complex species.

The White and Barents Seas in northwest Russia are among the last regions in Europe where
Atlantic salmon populations are still stable, thus forming an important source of biodiversity for
the entire European region. Salmon stocks from this area are also of immense economic and social
importance for the local people in the form of fishing tourism. The main aim of this thesis was to
elucidate the post-glacial history and population genetic structure of north European and
particularly northwest Russian Atlantic salmon, both of which are aspects of great importance for
the management and conservation of the species. Throughout the whole thesis, these populations
were studied by utilizing microsatellites as the main molecular tool.

One of the most important discoveries of the thesis was the division of Atlantic salmon from
the White and Barents Seas into four separate clusters, which has not been observed in previous
studies employing nuclear markers although is supported by mtDNA studies. Populations from the
western Barents Sea clustered together with the northeast Atlantic populations into a clearly
distinguishable group while populations from the White Sea and eastern Barents Sea were separated
into three additional groups. This has important conservation implications as this thesis cleatly
indicates that conservation of populations from all of the observed clusters is warranted in order to
conserve as much of the genetic diversity as possible in this area.

The thesis also demonstrates how differences in population life histories within a species,
migratory behaviour in this case, and in their phylogeographic origin affect the genetic
characteristics of populations, namely diversity and divergence levels. The anadromous populations
from the Atlantic Ocean, White Sea and Barents Sea possessed higher levels of genetic diversity
than the anadromous populations form the Baltic Sea basin. Among the non-anadromous
populations the result was the opposite: the Baltic freshwater populations were more variable. This
emphasises the importance of taking the life history of a population into consideration when
developing conservation strategies: due to the limited possibilities for new genetic diversity to be
generated via gene flow, it is expected that freshwater Atlantic salmon populations would be more
vulnerable to extinction following a population crash and thus deserve a high conservation status.

In the last chapter of this thesis immune relevant marker loci were developed and screened for
signatures of natural selection along with loci linked to genes with other functions or no function at
all. Also, a novel landscape genomics method, which combines environmental information with
molecular data, was employed to investigate whether immune relevant matkers displayed significant
correlations to various environmental variables more frequently than other loci. Indications of
stronger selection pressure among immune-relevant loci compared to non-immune relevant EST-
linked loci was found but further studies are needed to evaluate whether it is a common
phenomenon in Atlantic salmon.
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Introduction

INTRODUCTION

In order to adapt to changes in their
environment organisms need to have heritable
genetic variation that evolution can act upon.
Loss of genetic diversity leads to increased
extinction risk as a species’ ability to cope with
environmental changes reduces. This is one of
that
conservation genetics deals with and aims to

the issues, among many others,
minimize by employing population genetic
techniques (Frankham ez a/. 2002).
Simultaneously, it is vitally important to
understand the effects that the last glaciations
have had on the distribution and genetic
diversity of various organisms in order to fully
comprehend  the  genetic
and  the

conservation. For freshwater fish species the

structure  of
populations implications  for
assumption is that during the last ice age they
had to escape the advancing ice masses and
survive in different refugia as old freshwater
habitats destroyed. Multiple
advances caused

were glacial
further

disturbances, while in some regions large lakes

and  retreats
were formed at the edge of the ice sheet
providing opportunities for dispersal over vast
areas. Today, all of this can be seen as lower
levels of genetic diversity and lower sister
species divergence in freshwater fish species
from formerly glaciated areas compared to
species from non-glaciated areas (Bernatchez &
Wilson 1998).

The Atlantic salmon is one of the species
that have been considerably influenced by the
last glaciations as vast ice sheets covered large
parts of its present day distribution range both
in Europe and in North America. The species is
highly valued by the fishing industry and
recreational fishermen and certainly deserves
the names, such as zhe &ing of the underwater world
(Verspoor 2007) and #he icon of the salmonids
(Vihd 2007), that it has also been called. But
despite the cultural and economic esteem
people give to Atlantic salmon, humans,
through their activities, have diminished many
natural Atlantic salmon populations or even

driven them to extinction (Parrish es al 1998,
WWE 2001). In fact, only 1% of Atlantic
salmon existing today are of natural origin, the
rest being farmed salmon (Verspoor 2007). All
of this has lead to a vast amount of research
and many restoration programmes aiming to
bring Atlantic salmon back to rivers from
where it has vanished. However, many of the
restoration programmes conducted thus far
have been unsuccessful due to inadequate
scientific research or lack of its implementation
(Verspoor 2007), highlighting the fact that
more research is needed to fully understand the
biology of this complex species. Especially the
genetics of the species needs to be better
comprehended as it lies at the heart of the
biological character, survival and reproduction
of Atlantic (Verspoor 2007). In
addition, the glacial and postglacial history of

salmon

Atlantic salmon needs to be resolved as it is
one of the key determinants of the species
genetic structure.

Phylogeography

Phylogeography is an integrative field of
study that combines information from several
disciplines including molecular and population
genetics, ethology, demography, phylogenetics,
and historical geography to explain the genetic
structure of modern populations (Avise 1998).
In particular, it focuses on how historical
factors, often the Weichselian glaciations ca.
117 000-10 000 years ago (e.g. Svendsen ef al.

2004), have influenced the geographical
distribution of gene lineages. The most
common molecular tool wused in phylo-

geography has been mitochondrial DNA
(mtDNA), whose relatively high mutation rate
is well suited to studies examining events that
took place during the last few million years,
while for the study of more recent events (the
last 10 000 years) markers with higher mutation
rate, such as microsatellites, are needed (Hewitt
2004).
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Phylogeography is important in the context
of conservation and can be used to identify
management units and evolutionary significant
units (e.g. Avise 2000). A management unit
(MU) may be defined as a population that
exchanges migrants with other populations but
so few that it will remain as a demographically
independent unit at the present time (Avise
2000);
exemplified by
separation. Evolutionarily = significant units
(ESU’s), first defined by Ryder (1986), display
deep phylogeographical —separation (Avise
2000). Hence, ESU’s are populations that have
a distinct, long-term evolutionary history and,
according to Moritz (1994), can be defined as
populations that are monophyletic for mtDNA
alleles and show significant divergence in allele

such  populations are typically

shallow  phylogeographic

frequencies at nuclear loci. Although this
definition of ESU’s has received some criticism
over the years and may not be applicable for all
species (e.g. Crandall ez a/ 2000, Fraser &
Bernatchez 2001), it is often useful when
for individual
species (Avise 2000). Furthermore, the concept

making conservation plans

may be employed to identify geographical
regions within which several species display
distinct thus
area high

phylogenetically
making the candidate
conservation priority (Avise 2000).

populations,

a for

Advances and retreats of the Weichselian
ice sheets and formation of ice-dammed
lakes

Three times during the Weichselian period
(ca. 117 000-10 000 years ago) the FEurasian
Artic was affected by major glaciations (e.g.
Svendsen ez al 2004). The maximum early
Weichselian ice sheet (ca. 90 000-80 000 years
ago; Figure 1a) covered the Barents and Kara
Seas from Svalbard in the west to the Taimyr
Peninsula in the east and extended all the way
to mainland Russia (Svendsen ez /. 1999, 2004).
In Scandinavia the ice sheet was much more
restricted and covered only mainland Norway,
northern and central Sweden and Finnish

Lapland (Svendsen 2004). The ice sheet
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blocked north-flowing rivers, which led to the
formation of large ice-dammed lakes at the
edge of the ice. One of these paleolakes was
TLake Komi, which was situated in the Pechora
lowlands to the west of the Ural Mountains and
extended as far as the White Sea basin
(Mangerud ez a/. 2001, 2004).

The first regrowth of the ice sheet occurred
during the Middle Weichselian when the
maximum ice sheet (ca. 60 000-50 000 years
ago; Figure 1b) extended again from Svalbard
to the Russian mainland but did not reach as
far to the east as during the Farly Weichselian
(Svendsen et al. 2004). In Scandinavia, however,
the glaciation was more extensive as the Baltic
Sea basin and all of Norway, Sweden and
Finland were covered by ice (Svendsen et al.
2004). During this period ice dammed lakes
existed most likely in the White Sea basin and
in the Pechora Lowlands (Mangerud et al
2004).

The most recent glacial readvance reached
its maximum extent about 20 000 years ago
during the Late Weichselian when the ice sheet
covered large areas of northern FEurope

of the British Isles
Denmark, northern parts of Germany and
Poland, the Baltic Countries and all of Norway,
Sweden and Finland (e.g. Svendsen ef a/. 1999,
2004; Figure 1c). At this time the ice cover
probably did not reach all the way to mainland
Russia (Svendsen 1999). The eastern limit of
the ice sheet is not fully resolved but most

including most and

likely its extent was limited allowing rivers to
freely the Arctic
(Mangerud e al. 2004). However, many ice-
dammed lakes were formed at the edge of the

discharge into Ocean

Scandinavian Ice Sheet and later as the glaciers
started to recede approximately 14 200 years
ago the Baltic Ice Lake was formed (e.g. Bjorck
1995, Mangerud ez al. 2004; Figure 1c) followed
by the brackish and freshwater Yoldia Sea (ca.
11 300-10 700 years ago), freshwater Ancylus
Lake (ca. 10 700-10 100 years ago) and brackish
Littorina Sea stages (ca. 10 100-800 years ago;
Andrén ef al. 2000).

Ladoga

and Onega, lakes

the

two large

belonging to Baltic Sea basin, were
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deglaciated by 12 750 years ago after which
Ladoga formed a bay of the Baltic Ice Lake
until the end of the ice lake stage (Bjorck 1995,
Saarnisto & Saarinen 2001). Although the Baltic
Ice Lake never reached Lake Onega due to its
(Saarnisto ez al.  1995),
connection between Ladoga and Onega has

high elevation a
existed throughout most post-glacial periods
(Saarnisto e# al. 1995). Later, ca. 10 700-10 100
years ago (Andrén ez a/. 2000), Ladoga formed
a bay of the Anculys Lake (Bjorck 1995).

Figure 1. The extent of the Eurasian ice sheet during a)
Early (ca. 90 000 years ago), b) Middle (ca. 60 000 years
ago), and ¢) Late Weichselian glacial maxima (ca. 20 000

years ago) and the ice lakes that existed duting those times
(after Mangerud ¢# a/ 2004). The hatching denotes areas
where the extent of the ice sheet has not been resolved and
in c) the extent of the ice sheet ca. 14 000 years ago is
represented with a dashed line and the location of the Baltic
Ice Lake with cross hatching. Ice lakes in b) are only
hypothetical and their existence has not been proven

(Mangerud ¢t al. 2004).
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The Atlantic salmon

The Atlantic salmon (Sa/no salar 1..) belongs
to the family Salmonidae and is, together with
the brown trout (Salmo trutta 1.), the only
representative of the genus Salmo (Webb e al.
2007) although the addition of
Acantholingna obridana and Sternopygus obtusirostis
to the genus has been suggested (Phillips 7 a/.
2000, Snoj et al. 2002, Crespi & Fulton 2004).
Atlantic salmon are native to the northern
Atlantic Ocean and the indigenous distribution
range extends in northern America from the

species

Hudson river in New York to outer Ungava
Bay in Quebec, and in Europe from Iceland
southwards to the British Isles and the Douro
river in northern Portugal, and eastwards to the
Baltic Sea and the Pechora river in northwest
Russia (MacCrimmon & Gots 1979).

The Atlantic salmon is a migratory fish and
has two different life-history forms depending
on whether or not the populations undergo a
Most  of the
populations are sea-migrating (i.e. anadro-

marine migration phase.
mous), meaning that they spawn and spend
their juvenile years (up to five years) in rivers
after which they migrate to the sea to feed and
(Hutchings & Jones 1998). After

spending one to four winters at sea, mature

mature

individuals usually return to their natal rivers
for spawning (Mills 1989, Hutchings & Jones
1998). In addition to the sea-migrating ones,
populations that spend their entire life cycle in
These
were

freshwater exist as well non-

anadromous  populations formed
following the last ice age as rapid land upheaval
isolated the populations from the sea and
created lakes large enough for the freshwater-
adapted refugial populations to thrive (Berg
1985). In such populations smolts migrate from
a river to a lake and back again as their
migration to and from the sea is inhibited by
geographical barriers. In Europe, freshwater
Atlantic salmon can be found in 13 locations in
Norway, Sweden, Finland, and northwest
Russia (MacCrimmon & Gots 1979, Berg 1985)
and in North America in several small lakes in

Maine, New Brunswick, Nova Scotia, Quebec,
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Labrador, and Newfoundland (MacCrimmon &
Gots 1979). The only known exception to this
is the non-anadromous Atlantic salmon in river
Namsen in Norway that do not migrate to a
lake but spend their entire life cycle in the river
(Berg 1985).

Due to its strong homing behaviour, the
Atlantic salmon is naturally substructured into
genetically differentiated and reproductively
isolated populations (Stdhl 1987). There is a
clear division between the North American and
European salmon (Stahl 1987, Bermingham ez
al. 1991, McConnell ¢z al. 1995a, b, Verspoor et
al. 1999, King et al. 2001), and the European
salmon can further be divided into two groups:
the Eastern Atlantic and the Baltic salmon
(Stahl 1987, Bermingham ez a/. 1991, Bourke e#
al. 1997, Verspoor et al. 1999, Nilsson et al.
2001, Consuegta e al. 2002). Some of the non-
group the
European cluster and some to the Baltic cluster
(Stdhl 1987).

North European Atlantic salmon colonized
their habitats the last
glaciation but despite abundant research, no

anadromous  populations to

current following
consensus has been reached on the origin of
the current populations. Recently it has been
suggested that the Baltic Sea was colonized
exclusively from a single eastern ice lake
refugium (Nilsson ez /. 2001), or from up to
three distinct refugia: the Gulf of Bothnia from
an Atlantic refugium, the Gulf of Finland from
an eastern ice lake refugium, and the southern
that
presumably located in the basin of the rivers
Neman, Vistula, Odra, and Elbe (Siisi et al.
2005). The freshwater populations from Lakes
Ladoga and Onega have been proposed to

Main Basin from a refugium was

originate from the eastern ice lake refugium
(Nilsson e al. 2001, Séisé et al. 2005).

For northwest Russian Atlantic salmon
colonization from two directions has been
suggested. Evidence for colonization of the
northern Kola Peninsula from the eastern
Atlantic Ocean (i.e. from the Iberian peninsula,
the British Isles, and the North Sea) has been
presented in several studies (Verspoor ef al.

1999, Consuegtra et al. 2002, Asplund e al. 2004,
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Makhrov et al. 2005, Sidisd e al. 2005) as well as
immigration from the western Atlantic Ocean
(Asplund ez al. 2004, Makhrov ef al. 2005). The
Atlantic salmon found in the area of the White
Sea and the eastern Barents Sea probably
originate from a northeastern glacial refugium
(Kazakov & Titov 1991, Asplund ez al. 2004)
although some support for western Atlantic
immigration has been found on the west coast
of the White Sea as well Makhrov e a/. 2005).
In addition, Makhrov ez a/ (2005) suggested
colonization from the Baltic basin into the
White Sea.
Nowadays,
building of power

activities  such

plant

human as
dams, offshore
overfishing, pollution, clearing of riverbeds for
timber floating and badly designed stocking
regimes have diminished the distribution of
Atlantic salmon and many of the historical
populations both in Furope and northern
America have gone extinct or are severely
depressed (Parrish e a4l 1998). In fact, the
White and Barents Seas in northwest Russia are
among last areas in Europe where Atlantic
salmon populations are still stable (Parrish ez a/.
1998). Other threats to the Atlantic salmon are
fish diseases and parasites, such as Gyrodactylus
salaris. Atlantic salmon from the Baltic Sea is
tolerant to this parasite while in salmon from
the Atlantic stock it reproduces unrestrained
(e.g. Bakke er al 1990, Peeler 2006) causing
secondary infections in pre-smolt juvenile
Atlantic salmon and commonly resulting in
death. With devastating consequences, the
parasite was introduced to Norway from the
Baltic in the eatly 1970’s and since then 45
Norwegian rivers have been infected (e.g.
Kudersky ez al. 2003, Peeler 2006). In 1992 the
parasite was introduced to the river Keret in the
White Sea causing 98% loss
production (Kudersky ez a/. 2003).

of juvenile

Microsatellite DNA and other molecular
tools

Microsatellites, also known as short tandem
repeats (Weber & Wong 1989), are stretches of
DNA where identical 1-6 base pairs long motifs
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are repeated one after the other, and depending
on the length of the repeat unit they can also be
called mono-, di- or trinucleotide repeats etc. A
perfect microsatellite locus consists of an
uninterrupted sequence of repeat units, such as
(TC)15, a compound locus of sequences of
different repeat units, such as (GAGT)10(GT)s
(GAGT)14, and an interrupted microsatellite
locus of a repeated sequence intermittent with
non-repetitive sequence, such as (CA)sGTCCT
(CA)16. Microsatellite alleles differ from one
another by the number of repeat units present
and one locus can have several tens of alleles
(e.g. up to 48 alleles at a locus in King ef a4l
(2005)).

The high polymorphism of microsatellite
loci is explained by their mutation rate which
has often been reported to range between
~1x 103 and ~1 x 10* mutations per locus
per generation (e.g. Weber & Wong 1993,
Shimoda ez al. 1999, Kayser e al. 2000, Xu et al.
2000). It is commonly believed that the size
variation observed at microsatellite loci is
generated through polymerase slippage and
incorrect realignment during the replication of
repetitive DNA (i.e. slipped strand mispaiting,
Levinson & Gutman 1987) leading to a new
allele, the length of which differs by one or a
few repeat units from the original allele. Indeed,
mutations at microsatellite loci have often been
noted to change the allele length by one repeat
unit (e.g. Primmer ¢f al. 1996, Brinkmann 7 al.
1998), although changes of multiple repeat
units have also been reported (e.g. Primmer ez
al. 1996, Brinkmann e a/. 1998, Fitzsimmons
1998, Primmer e al. 1998, Gardner ef al. 2000).
In agreement with these observations and the
suggested mutation mechanism are the stepwise
mutation model (SMM, Ohta & Kimura 1973),
according to which mutations always change
the length of a microsatellite in a stepwise
fashion by adding or deleting one repeat unit,
and the two phase model (TPM, Di Rienzo
1994), which states that most mutations are
changes of one repeat unit but that sometimes
changes of two or more units happen also.

Despite the complexity of microsatellite
evolution and the open questions regarding
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their mutation model it is nevertheless clear
that a considerable amount of evolutionary
information is contained in different allele
lengths (MacHugh 1996). This and the fact that
microsatellites are evenly distributed in the
genome (e.g. Litt & Luty 1989, Dietrich e# al.
1996), codominant and selectively neutral (Litt
& Luty 1989, Queller e al 1993), highly
polymorphic (Litt & Luty 1989, Tautz 1989,
Weber & May 1989), and by using the
polymerase chain reaction (PCR) easy to score
(Queller ez al.  1993)
molecular tools for several types of studies.

make them useful
Indeed, they have been used, for example, in
parentage testing, forensics, and population
genetics (e.g. Queller ef a/. 1993) and, as one of
the newest applications, to identify genomic
regions affected by natural selection (e.g.
Vasemigi & Primmer 2005).

However, there are some serious problems
associated with microsatellites which need to be
considered. The stepwise mutation model may
lead to allele size homoplasy (Estoup et al
1995), which implies that two alleles can be of
the same size (identical in state) without being
of the same origin (identical by descent) and
which can cause overestimation of population
relatedness if not taken into consideration.
Another problem arises if a PCR primer-
sequence has changed by

that prevent the primer from
annealing properly. As a result, the allele in
question will not be PCR amplified (i.e. it is a
null allele, Callen e a/. 1993), which can lead to
overestimation of homozygosity.

binding been

mutations

Prior to DNA based techniques, allozyme
(.e. enzyme isomer) electrophoresis was the
method utillized in population
genetics studies. Mutations in protein coding
DNA lead
substitutions, which change the amino acid

dominant

may to  non-synonymous
composition of an enzyme and potentially also
its net charge and conformation, which in turn
enables the identification of different alleles by
means of electrophoresis. Technically allozyme
electrophoresis is easy to implement and may
be applied to any organism allowing screening
of a large number of loci (Hansen ez a/. 2007).
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The down side of the method is, however, that
many loci are monomorphic or have only a low
level of variation (Hansen ez a/. 2007).

The classical tool of phylogeographic
studies is mitochondrial DNA (mtDNA) (e.g.
Avise 1998). Unlike nuclear DNA, mtDNA is
haploid, inherited,
selectively neutral and mainly non-recombining,

maternally primarily
and has a relatively high mutation rate. It is the
latter two characteristics in particular that make
it relatively easy to reconstruct phylogenies of
haplotypes and thus make mtDNA such a good
tool for phylogeographical studies (e.g. Hansen
et al. 2007). These special features of mtDNA,
however, lead to a few limitations. Mito-
chondrial studies are commonly based on a
small number of genes, and always on just one
independently segregating locus, which may
lead to erroneous population genetic inference
(e.g. Pamilo & Nei 1988). In addition, some
empirical studies have shown that selection may
complicate mtDNA patterns (Hey 1997), and
furthermore, due to the maternal inheritance,
analysis of mtDNA may not give a correct
picture of the genetic structure of populations
if the migration rates of males and females
differ.

Research objectives

Although the Atlantic salmon has been the
subject of numerous studies, several aspects
related to its glacial and post-glacial history
have remained unresolved, and furthermore,
the species’ genetic structure in the easternmost
distribution has studied
adequately. All of these are issues that should

range not been
be clarified in order to have a sound genetic
basis for the conservation and management of
the species.

This thesis addresses several issues related
to the population genetics of north European
Atlantic salmon and specifically aims to:

1. FElucidate the phylogeography and
population genetic structure of Atlantic salmon
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from northern  Europe by

information obtained with different types of

combining

molecular markers and with dense and
extensive sampling coverage. Utilization of
nuclear markers with differing mutation rates,
such as microsatellites and allozymes, may help
to provide a clearer picture of population
relationships as the different marker types may
resolve relationships over different evolutionary

time scales. (Chapters I and IT)

2. Assess
northwest Russian Atlantic salmon populations

the contribution of distinct

to the region’s overall genetic diversity with the
aim of using the information for making
management and conservation plans. In
addition, to investigate the suitability of the
microsatellite data obtained to serve as a
baseline to assign individuals caught in offshore
fisheries to their population of origin. (Chapter

II)

3. Establish the importance of anadromous
migration, population size, and population
glacial history in determining the genetic
diversity and divergence of Atlantic salmon
populations. As both anadromous and non-
anadromous life histories occur in the species,
these offer an opportunity to thoroughly
investigate the effects of anadromy and glacial
history on genetic diversity and to assess their
implications for conservation. (Chapter III)

4. Develop immune relevant microsatellite
markers and, by employing them, investigate
whether genes  exhibit
different compared
random loci in Atlantic salmon. As pathogen

immune relevant

selection  pressures to
load in general is expected to be higher in the
south than in the north due to temperature
differences, and the studied populations differ
susceptibility the deadly parasite
Gyrodactylus salaris, immune relevant loci are

in to

expected to show signs of stronger selection
than random loci. (Chapter IV)
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MATERIAL AND METHODS

Atlantic salmon populations included in the
study

Altogether 37 anadromous and 8 non-
anadromous Atlantic salmon populations from
northern Europe, with a special emphasis on
northwest Russian populations, were sampled
for the different studies constituting this thesis
(Figure 2; for detailed maps, see Chapters I-
IV). Human impact on northwest Russian
Atlantic salmon has been relatively minor
mainly due to the remoteness of the area.
Hence, the White and Barents Seas are among
the last regions in Europe where Atlantic
salmon populations are still stable (Parrish ez a/.

1998), thus forming an important source of

biodiversity for the entire European region.
Salmon stocks
immense economic and social importance for
the local people in the form of fishing tourism.

500 km

2K

Norwegian Sea

Barents Sea

from this area are also of

Figure 2. The Atlantic salmon populations sampled for
this thesis (see Chapters I-IV for detailed maps and names
of the populations). Anadromous populations are marked

with black circles and non-anadromous with grey circles.
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The main study methods

In all of the studies included in this thesis
microsatellites have been the main molecular
tool utilized, although in Chapter I allozymes
and mtDNA were also employed. Details of the
data PCR
conditions and fragment analysis, can be found
in the original papers (Chapters I-1IV).

In every study the level of genetic diversity

gathering processes, such as

was estimated with the observed number of
alleles (A), expected and observed hetero-
zygosities (H, and H,, respectively), and allelic
richness (4;) while in the estimation of genetic
divergence the € estimator of Wright’'s Fsr
(Weir & Cockerham 1984) and, in Chapter I,
its stepwise mutation model based
analogue st (Rousset 1996), were used.
Additionally, the data were also checked for
discrepancies from Hardy-Weinberg
librium  (HWE)
equilibrium (LE).

In Chapters I and II either phylogenetic
trees based on Cavalli-Sforza and Edwards
(1967) (Dcg) or principal
component analysis (PCA) were employed to
study the genetic relationships between north

also

equi-

and  genotypic linkage

chord distance

European Atlantic salmon populations. The
trees in Chapter I were built using allozyme
data and microsatellite data alone and by
combining the two data sets.

To if the
populations analysed in Chapter I originate

elucidate north European
from a single or several refugia, an allele size
permutation test was utilized (Hardy ez al
2003). The divergence estimate calculated after
allele size permutation, pRsr, should equal Fsr
and thus the method can be interpreted as
testing whether Fsr = Rsr, where Rgr is an
SMM-based analogue of Fsr. When the
contribution of stepwise-like mutations to
genetic differentiation is negligible compared to
genetic drift and migration, Fsr and Rsr should
give similar estimates of genetic divergence,
while  if have

stepwise-like  mutations
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contributed  significantly  to  divergence
Rst > Fsr. Taking into account the generation
time of and the
microsatellite mutation
should

significantly to the divergence of populations

salmon approximate

rate, stepwise-like

mutations not have contributed
colonized from the same glacial refugium, but
should have contributed to the divergence of
populations colonized from different refugia
(Estoup & Angers 1998). Hence, allele size
permutation provides a method for testing
whether a particular region was colonized from
one or several refugia.

In Chapter II, a Mantel test was utilized to
examine whether the geographical distance
between the populations and their genetic
divergence as estimated with Fsr/(1-Fsr) were
associated (i.c. if there was any sign of isolation
by distance, IBD). To study if the strength of
IBD was constant over different geographical
ranges, the slope of IBD regression was
calculated by including population pairs of
increasing geographical distance one by one
into  the For all the
populations separated by 200 km or less were
included into the calculation of the 200 km
regression slope and by adding the next pair

analysis. example,

into the analysis a slope at 205 km was
obtained.

The suitability of the data obtained in
Chapter II to serve as a reference for individual
assighment in offshore fisheries was examined
using a self-assighment method. For likelihood
estimation the direct approach using the
Bayesian method of Rannala & Mountain
(1997) was chosen.

In order to assess the conservation value of
the Russian Atlantic salmon populations, the
percentage of total genetic diversity (GD%,
Crozier et al. 1999) retained in various groups
comprised of the populations was estimated. In
addition, each population’s contribution to the
total allelic richness among all the Russian
populations was estimated (C*r) and further
partitioned into two components: population’s
contribution to total allelic richness due to 1) its
own diversity (C*s) and 2) its divergence from
the other populations (C'p, Petit ¢f a/. 1998).
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In Chapter III levels of genetic diversity
between
anadromous and non-anadromous populations

and population divergence

were compared. As loci with high within-
(He)’

microsatellites, may give underestimates of

population  heterozygosity such as
population divergence when measured with F-
statistics estimates of G’st, a standardized
measure of genetic differentiation independent
of the degree of within-population genetic
variation, were also calculated (Hedrick 1999,
2005).

To examine the effect of stock size and
phylogeographic origin on genetic diversity, the
populations were categorised into seven groups
according to the estimated number of adults
ascending to a particular river each year (for
details, see Table 2 in Chapter III). A general
linear model (GLM) was utilized to study the
relationship between A4,, H, or H, and stock
size and phylogeographic origin in anadromous
For

interpretation of the significant interaction

and  non-anadromous  populations.
between phylogeographic origin and life history
type, least square means (LSMEAN) of 4,, H,,
and H, were calculated for anadromous and
non-anadromous populations from the Baltic
Sea basin and the basins of the Atlantic Ocean,
White Sea and Barents Sea.

Populations included in the study described
in Chapter IV were chosen so that they
expressed different susceptibility to Gyrodactylus
salaris and originated from different environ-
ments (freshwater Lake Ladoga, brackish Baltic
Sea, marine Atlantic Ocean) and different
latitudes (from G61°N to 71°N). As the
pathogen load in general was expected to be
higher in the south than in the north due to
temperature differences, and as the studied
populations differed in G. salaris susceptibility,
the immune relevant loci included in the study
were expected to show signs of stronger
selection than the random loci, especially when
comparing the Lake Ladoga and Baltic Sea
populations to the Atlantic populations.

For the development of immune relevant
microsatellite markers needed in this type of
study, the literature was searched for Atlantic
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salmon expressed sequence tags (EST’s) from
genes differentially regulated upon exposure to
vatious pathogens, including the bacterium
Aeromonas salmonicida (Tsoi et al. 2004, Martin e/
al.  2006), the parasite Gyrodactylus  salaris
(Matejusova ez al. 2006, Collins ez al. 2007), and
saprolegniaceac water moulds (Roberge ef al.
2007). These EST’s were screened for di-, tri-,
and tetranucleotide microsatellites, and the
microsatellite-containing  EST’s were further
screened for duplicates, which were discarded.
Data obtained with these immune relevant
microsatellites was complemented with data
from presumably neutral microsatellite loci
obtained in the study presented in Chapter I
and with data from gene-linked loci used in
Vasemiigi ¢f al. (2005).

In the identification of loci under selection
two methods based on the idea of genetic
hitchhiking introduced by Maynard-Smith &
Haigh (1974) were utilized. The first method is
based on the idea that loci under selection
usually show unusually high or low genetic
differentiation, which can be quantified using
Fst. In the method of Beaumont and Nichols
(1996), the Fsr of each locus is plotted against
its heterozygosity and, in order to detect
outliers, coalescent simulations are performed
to obtain a distribution of Fsr as a function of
heterozygosity and to determine quantiles that
cover, for example, 95% of the data points.
Putatively selected loci thus fall outside the
interval determined by the quantiles.

The other method utilized is based on the
notion that microsatellite loci that are linked to
a selected region of the genome are expected to
show reduction in variability (e.g. Slatkin 1995,
Schlotterer ef al. 1997).
indicated that In-transformed ratios of expected
heterozygosity in two populations (/#zRH)
follow neutral distribution (Schlbtterer 2002,
Kauer et al. 2003) and thus loci that have

Simulations have
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undergone a selective sweep are located at the
tails of the /zRH distribution.

addition hitchhiking
methods a marker group approach was also

In to traditional
employed. The markers were grouped into
immune relevant and non-immune relevant
EST-linked

microsatellites that are a priori assumed to

loci and into  anonymous
experience different selection pressures. This
method differs from the common neutrality
tests as it does not concentrate on the
identification of single loci that deviate from
neutral expectations and is therefore expected
to have several advantages over traditional
hitchhiking mapping studies, such as lower
rates of false positives.

Also, a landscape genomics method, which

combines environmental information with
molecular data (Joost ¢f al. 2007), was employed
to investigate whether immune relevant

markers displayed significant correlations to
biotic and
more frequently than other loci. This spatial

abiotic environmental conditions

analysis method (SAM) tests for association
between allele frequencies at marker loci and
environmental variables by building logistic
regression models for all possible marker-
environmental variable pairs and using the
likelihood ratio (G) and Wald tests to determine
the significance of the models. Here, SAM was
utilized to test: 1.) if the three locus groups
differed in terms of selection pressure they
have experienced, 2.) if gene-linked loci (i.e.
immune relevant loci plus loci linked to other
EST’s) have been under different selection
pressures compared to anonymous micro-
satellites, and 3.) if immune relevant genes have
different
compared to random loci (i.e. loci linked to

been under selection  pressures

other EST’s plus anonymous microsatellite
loci).
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RESULTS AND DISCUSSION

Phylogeography and population genetic
structure of north European Atlantic

salmon

Microsatellite data identified three clusters
among north FEuropean Atlantic salmon
populations while phylogeographic resolution
with allozyme data alone was relatively limited
as only a small number of nodes on the
phylogenetic tree were supported by bootstrap
values > 50 % (Figures 3a, b, Chapter I). The
the

allozyme data set identified the same three

analysis  of combined microsatellite-
groups as the microsatellite data alone but with
higher bootstrap support for some key nodes
making  the  within-cluster  population
relationships clearer (Figure 3c, Chapter I). All
populations from the Baltic Sea basin (Lakes
Saimaa, Omnega and Ladoga and rivers
Tornionjoki, Vindeldlven and Neva) clustered
together with bootstrap support of 63%, while
the non-anadromous populations from the
White Sea basin (Lakes Luzhma, Pisto and
Kamennoe) formed another group supported
with a bootstrap value of 73%. The remaining
populations included all those from the White
and Barents Seas, and the Atlantic Ocean.
Support for this cluster as a separate group was
not high, and highly supported nodes within
the cluster tended to be for populations
situated geographically close to each other.

The global multilocus estimates of Fsr and
Rst between the above groups were 0.103 and
0.118, respectively (Figure 4, Chapter I). The
observed multilocus Rsr lay above the upper

limit of the 95% confidence interval of the null

o1 001 001
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Baltic Sea basin

White Sea basin
non-anadromous

distribution of the permuted pRsr and was
statistically significant (P = 0.016, Figure 4,

Chapter I) indicating that stepwise-like
mutations have contributed to  genetic
divergence  and  therefore,  postglacial

colonization of northern Europe from more
statistically
supported. The result remained statistically
significant (P = 0.017) when the three non-
anadromous populations from the White Sea
(Luzhma, Pisto,
excluded from the analysis. However, for other

than one glacial refugium is

basin Kamennoe) were

group pairings or at the within group level,
there
mutations

indication of stepwise-like
contributed  to
divergence (Figure 4, Chapter I).
Colonization of the Baltic Sea and Lakes
Ladoga and Onega from a single glacial
refugium, most likely the Baltic Ice Lake, is
supported by the grouping of all Baltic Basin

was no

having genetic

populations  together with moderately high
bootstrap support (Chapter I). This post-glacial
colonization scenario is in line with that
proposed by Nilsson ez a/ (2001), based on
mtDNA, but is with
colonization significant

not concordant

scenarios where a
contribution from a western refugium (North
Sea) has been proposed for part (Koljonen ez al.
1999, Sdisd e al. 2005) or all (Verspoor ef al.
1999) of the Baltic region. Given the highly
supported separation of all Baltic Sea basin
populations from the Scottish River Dee
population (91% bootstrap support, Figure 3c,
Chapter I), any significant contribution of
North Sea stocks to the recolonization of the
Baltic Sea seems unlikely.

Figure 3. Neighbour-joining phylograms
based on a) allozyme data, b) microsatellite
data, and ¢) the combination of both marker
types based on Dcg distances. The numbers

indicate percent bootstrap support for each

White and node over 2000 replications. Only values
Barents Seas
and Atlantic over 50% are shown. (Chapter I)

Ocean
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Figure 4. Results of the allele size
permutation test including global estimates
of Rsr, pRsr, and Fsr. Populations were
grouped according to the three clusters
revealed by the phylogenetic tree (see Figure
3c for details). The 95% confidence intervals

are given for pRsr, and cases where global

Baltic vs. White &
Barents & Atlantic

Baltic vs.
White non-anadr.

Between three groups

Rsr was significantly larger (0.05 > P > 0.01)
than the permuted null distribution of pRsr

White & Barents &
Atlantic vs.

White non-anadr.

Both the population phylogram (Figure 3c)
and the allele size permutation test (Figure 4)
indicate that the populations from the White,
and Atlantic likely
originate from different glacial refugia than the
Baltic populations (Chapter I). This refugium,
also suggested by Kazakov & Titov (1991) and
Asplund ez al. (2004), could potentially have
been the eastern Barents Sea, which is likely to

Barents, basins most

have been free of ice during the Late
Weichselian period (Svendsen ez a/. 2004) thus
enabling survival of refugial Atlantic salmon
populations. In addition, the consistent rate
occurrence of a western Atlantic allozyme allele

*80 at the locus ESTD-2* in several
populations from the White and Barents Sea
basins, including two  non-anadromous

populations, suggest immigration also from the
western Atlantic Ocean, although neither the
phylogenetic tree nor the allele size permutation
test lend strong supportt to this theory (Chapter
I).

are indicated with an asterix. (Chapter I)

With more thorough sampling of Atlantic

salmon populations from the northwest
Russian region the relationships between
populations and hence the post-glacial

colonization of the area became clearer
(Chapter II). The principal component analysis
divided the populations into four clusters
corresponding well to the geographical
sampling regions (Figure 5, Chapter II). The
populations from the northeast Atlantic Ocean
and western Barents Sea formed a clearly
separate group. Likewise most the populations
from eastern and southern Kola Peninsula
grouped tightly together, as did the majority of
the populations from western coast of the
White Sea. The fourth group was formed by
the eastern White

Barents Sea with the exception of the river

populations  from and
Megra population, which grouped together with
the geographically closer populations from the

eastern Kola Peninsula.

Figure 5. Result of the principal component
analysis. Black circles depict the populations
from the northeast Atlantic Ocean and
western Barents Sea, dark grey circles the
populations from the eastern and southern
Kola circles the

Peninsula, light grey

populations from the western White Sea,
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and white circles the populations from the

eastern White and Batents Seas. (Chapter II)
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This clear separation of the populations
into northeastern Atlantic and western Barents
White
populations implies that these regions were

Sea vs. and eastern Barents Sea
colonized from different refugia, and indicates
colonization of the western Barents Sea from
the west rather than from the east (Chapter IT),
which is also supported by findings of ecarlier
studies (e.g. Asplund e al. 2004, Makhrov ef al.
2005, Chapter I). This is further corroborated
by allele frequencies at the locus 52797, in
which large alleles (293-329 bp) were found
among nine of the 11 populations forming the
northeastern Atlantic and western Barents Sea
PCA group but not among populations further
to the east. The White and eastern Batrents Seas
in turn were most likely colonized from the east
as suggested ecartlier (Asplund ez al 2004,
Chapter I) and supported by the current
of of the

populations from the region. Moreover, the

observation distinctiveness
absence of large alleles at S52797 in all of the
White Sea and eastern Barents Sea populations
suggests that there has been no immigration
from the eastern Atlantic Ocean into the area.
Although significant isolation by distance
was found when all the studied populations
were included in the analysis (Mantel’s rxy =
0.39, P = 0.008; Figure 6, Chapter II), group-
wise significant IBD was observed only among
populations forming PCA groups 1 and 2 while
in the other two PCA clusters no sign of IBD
was detected (Figures 5, 6, Chapter II). This
indicates that the spatial scale at which IBD

03 +

02 +

Fal(1-Fer)

analyses are carried out matters, as has also
been noted in eatlier studies (e.g. Slatkin 1993,
Rousset 1997, Ehrich & Stenseth 2001, Castric
& Bernatchez 2003).
When IBD was
geographical scales a great deal of variation in

examined on various

the slope of the regression was found if only
populations separated by less than 100 km were
(Figure 7, Chapter II). When
population pairs separated by more than 100
km were included in the analysis the IBD
regression slope decreased as a function of
until
approximately 160 km after which the slope
plateaued out (Figure 7, Chapter II). A similar
pattern of IBD fading has been detected in
other studies and has been given vatious
explanations (Ehrich & Stenseth 2001, Castric
& Bernatchez 2003). In this study, it is unlikely
that the fading of IBD is due to Fsr reaching its
upper limit, which has been suggested to be

considered

increasing  geographical ~ distance

one of the causes for such a finding (Castric &
Bernatchez 2003), as the regression slopes were
also calculated using estimates of G’'sr and
again a decreasing and finally leveling off
pattern of IBD regression slopes was obtained.
Most likely not enough time has passed since
the the
populations may exhibit a non-equilibrium

area was colonized and hence
situation. It may be that Atlantic salmon from
the White and Barents Seas are still going
through a transitory phase towards equilibrium
and IBD be detected

geographical distances.

cannot at large

Figure 6. The relationship between the
geographical  (km)
(Fsr/(1-Fs)) of north European Atlantic

salmon

and genetic distance

populations.  Squares  represent
interpopulation distances between popula-
tions among each PCA group (black, group
1; dark grey, group 2; light grey, group 3;
group 4)

distances between the four groups are

white, while interpopulation

0 1000

2000 3000

Distance (km)

4000

20

represented with crosses. The line depicts
5000
the regression slope of all interpopulation

comparisons (Mantel’s ~y = 0.39, P
0.008). (Chapter II)
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Figure 7. The relationship between the
slope of isolation by distance regression and
the the

populations. Each slope was calculated by

geographic  distance between

adding population pairs at increasing
geographical distance into the analysis. For
example, all the populations separated by
200 km or less were included into the

calculation of the 200 km regression slope
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Suitability of microsatellite data to serve as
reference for individual assignment

Despite the clear boundaries observed
between populations from the White and
5, Chapter II),
hierarchical analysis of molecular variance
indicated that only 2.6% or 3.1% of genetic
variation could be explained by differences

Barents Seas (Figure a

between the groups depending on whether the
populations were grouped according to their
geographical origin or the result of the PCA,
respectively (Chapter II). This low level of
between group variation is probably also
reflected in the results of the assighment test as
assighment success depends on the level of
population differentiation (Cornuet ¢z /. 1999).

The self-assignment
considerably between populations (from 15.2%
to 100%, median 69.0%, Table 1, Chapter II),
while at a group level assignment success was
relatively high (87.3% to 95.7%, Table 1,
Chapter IT). A common trend seemed to be
that individuals
assighed to a nearby population or to a
population for which divergence from the

efficiency  varied

misassigned were  often

source population was low. In a few cases the
low success was most likely due to the numbers
of sampled individuals being too low. Thus, to
achieve a higher assignment success it is
advisable to increase the number of sampled
individuals in populations with low sample size
and more importantly, increase the number of
loci genotyped, as simulations have shown that
when Fgsr is between 0.05 and 0.1 the best

500

21

600 and by adding the next pair into the analysis

a slope at 205 km was obtained. (Chapter II)

result is obtained with 20-30 loci (Cornuet ef 4.
1999). Here, pairwise estimates of population
divergence varied from 0.001 to 0.211 with a
median of 0.064 (Chapter II) implying that
population divergence was too low for reliable
individual assignment at a population level.
However, the present data as such may be used
to fairly reliably assign fish to the correct group
of origin.

Conservation value of northwest Russian
Atlantic salmon populations

Considering diversity contained in different
groups of Russian Atlantic salmon, with a view
to using this information for prioritizing
conservation efforts, populations from the
eastern and southern Kola Peninsula (i.e. PCA
group 2) retained the highest proportion of
genetic diversity, 34.4%, while populations
from the western White Sea (PCA group 3)
retained 32.7% and populations from the
eastern White and Barents Seas (PCA group 4)
31.9% of the overall genetic diversity (Figure 8,
Chapter II). The proportion of genetic diversity
maintained among the Russian Atlantic salmon
populations from western Barents Sea (PCA
group 1) was approximately 30% lower than
among PCA groups 2, 3, and 4 (GD% =
23.5%; Figure 8, Chapter II). Overall, the pairs
maintaining the greatest share of diversity from
each PCA group together retained 53.3% of the
total genetic diversity (Figure 8, Chapter II).
This clearly indicates that conservation of
each of the observed

populations  from
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clusters is recommended as inclusion of just
two populations from each group would retain
considerably more of the entire region’s genetic
diversity than conserving all of the populations
of a single group (Figure 8, Chapter II).
Populations contributing most to total
allelic richness were partly the same as the
populations retaining most genetic diversity:
considering the three populations identified to
retain the most genetic diversity within each of
the four PCA groups (i.e. 12 populations in
total) six out of these 12 populations were the
same with both analysis methods (Figures 8 and
9, Chapter II). Apart from a few exceptions,

genetic diversity was the main component
contributing to allelic richness among PCA
groups 1 and 2 while among PCA groups 3 and
4, genetic divergence was more influential
(Figure 9, Chapter II). This emphasizes the
importance of considering the C's and C'p
components and not just the total contribution
of each population when making management
plans based on this analysis. More importantly,
it is advisable to base management plans on
several prioritizing methods as different
methods pinpoint different populations worthy
of conservation.
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Figure 8. Proportion of genetic diversity (GD%) maintained in various groupings of the studied populations. For each PCA

clustet, the pair retaining the greatest share of genetic diversity, and the increase in diversity with successive additions of

populations are indicated. For example, in PCA gtoup 1 Drozdovka, Zapadnaya Litsa, Yokanga and Tuloma together retain

17.6% of the total genetic diversity while adding Titovka to the group increased GD% to 19.9%. The last column depicts

the proportion of genetic diversity preserved in the pairs with highest GD% from each PCA cluster together. (Chapter IT)
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Contribution to allelic richness (%)

-0.005
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-0.010
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Figure 9. Each populations’ contribution to total allelic richness. The total contribution (C*r) of a population is denoted
with a filled circle and the two components of variation with bars (dark grey bat, Crs; light grey bar, C'p). Populations within

a PCA group are ordered according to C*r. (Chapter IT)
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The effect of migratory behaviour on

genetic diversity and population divergence

Opverall, the level of genetic diversity of the
anadromous populations was significantly
higher (A: = 5.7, H, = 0.63, H. = 0.63) than
that of the non-anadromous populations (A, =
3.7, H, = 0.48, H. = 0.46; all P values < 0.001;
Figure 10, Chapter III). In addition, the level of

genetic  divergence among the freshwater
populations  (Fsr = 0.31) was significantly
greater  than among the anadromous

populations (Fsr = 0.12; all P values < 0.001;
Figure 10, Chapter III). The G’sr estimate,
which corrects for differences in variability
between loci, was 0.34 for anadromous and
0.62 for freshwater populations. These results
are congruent with those of DeWoody & Avise
(2000) who found a significant difference in the
number of microsatellite alleles and H,. in an
interspecific comparison of anadromous (A =
11.3, H, = 0.68) and freshwater fishes (A = 7.5,
H. = 0.40).

The linear regression indicates that the
obtained here holds
accounting for differences in stock sizes: within

result even when

a given population census size class,
anadromous populations almost always had a
higher level of genetic diversity than non-
anadromous populations of the same size class
(Figure 11, Table 2, Chapter III). This positive
correlation between estimated census stock size
and genetic diversity can be explained by basic
population genetic theory, whereby the effect
of genetic drift is expected to be higher in
populations with small N, than in populations
with high N, (e.g. Frankham ez a/. 2002).

The census size of the populations was not,
however, the only factor found to affect the
of the

populations: the interaction between life history

genetic  diversity  characteristics

strategy and phylogeographic origin also

contributed significantly to the level of genetic
diversity observed in a population (Table 2,
Chapter IIT). Indeed, anadromous populations
from the Atlantic Ocean, White Sea and
Barents Sea were found to be more variable
than from

non-anadromous  populations
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Figure 10. A comparison of genetic diversity indices and
the level of genetic divergence between anadromous and
non-anadromous Atlantic salmon populations. Error bars
indicate standard deviation. A, - allelic richness, H, -
observed heterozygosity, H. - expected heterozygosity,
Anadr. - anadromous populations, Non-anadr. — non-

anadromous populations. (Chapter III)
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Figure 11. Linear regression depicting the association
between genetic diversity (allelic richness) and stock size for
populations  with  alternative migration behaviours.
Anadromous populations are marked with black squares

and non-anadromous with grey circles. (Chapter ITI)
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the same area, while in the Baltic Sea basin the
result was different as no differences in genetic
diversity characteristics were found between
anadromous and non-anadromous populations
(Table 3, Chapter III). Among anadromous
Atlantic salmon, more diversity was observed in
populations from the Atlantic Ocean, and
White and Barents Seas than in populations
from the Baltic Sea, whereas heterozygosity

levels of the Baltic non-anadromous

populations were higher than of the non-
anadromous populations from the White Sea
(Table 3, Chapter III). All these population
groups differ in the number of refugia they
have been colonized from and in the time they
have been isolated from other populations
since colonization, which demonstrates how
important it is to take the glacial history of the
studied area and population phylogeography
into consideration.

Table 2. The analysis of variance table for stock size, life history type (anadromous vs. non-anadromous), and basin of

origin (Baltic Sea basin vs. Atlantic Ocean, White and Barents Sea basins) in explaining the variability of allelic richness (),

and expected (H.) and observed heterozygosity (Ho). (Chapter III)

Soutce of variation A: (R* = 79%) H. (R? = 83%) H, (R? = 76%)
Sumof df F Pvalue Sumof df F Pvalue Sumof df F P value
squares squates squates
Logio (stock size) 6.738 1 18.38 #k* 0.021 1 9.03 ** 0.004 1 142 NS
Life history type 2.815 1 7.68 * 0.038 1 16.34 *** 0.037 1 1425 **
Basin of origin 0.064 1 018 Ns 0.000 1 0.06 Ns 0.001 1 032 NS
Interaction between life history 2.889 1 788 * 0.045 1 19.57 *%k 0.042 1 1620 ¥

type and basin of origin

*0.01 < P<0.05.
*+0.001 < P<0.01.
kP < 0.001.

NS, not significant

Table 3. A comparison of the least squares means (LSMEAN) of allelic richness (A:), and expected (H.) and observed

heterozygosity (Ho) between anadromous and freshwater populations (in rows) and between populations from the Baltic Sea

basin and basins of the Atlantic Ocean, White Sea and Barents Sea (in columns). Anadr. — anadromous populations. Non-

an. — non-anadromous populations. (Chapter III)

Phylogeographic origin Ar LSMEAN Pvalue HcLSMEAN Pvalue Ho LSMEAN P value
Anadr.  Non-an. Anadr. Non-an. Anadr. Non-an.

Atlantic Ocean, White and Barents Seas 5.041  3.268 ek 0,640 0.427 R 0.044 0437 bRE

Baltic 4.059  3.993 NS 0.540  0.540 NS 0.556  0.554 NS

P value * NS ok ok * *%

*0.01 < P<0.05.
*+0.001 < P<0.01.
Fxx P < 0.001.

NS, not significant
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Signatures of selection in immune relevant
and random loci

In Chapter IV, 23 immune relevant marker
loci, 62 markers linked to other genes and 14
anonymous microsatellites were screened to
search for footprints of selection and to study if
different groups of genetic markers showed
different patterns of genetic differentiation. In
comparisons of different

(freshwater  Lake  Ladoga,
brackish Baltic Sea, and marine Atlantic Ocean)
the traditional hitchhiking methods found
altogether 23 loci that deviated from neutral
expectations (Figures 12 and 13, Chapter IV).
Only one locus was supported by both of the

pairwise
environments

employed methods and five additional loci by
but in two different pairwise
comparisons. The remaining outlier loci were

one test
identified as significant only once. Given that
the observed number of outlier loci identified
by the hitchhiking methods was lower than the
expected number of false positives (30 out of
the total 594 significance test performed) and
the lack of support for candidate status of the
loci by multiple tests, none of the loci identified
here seem to be strong candidates for selection.
the approach
implies, that the immune relevant loci and

However, marker group
anonymous microsatellites might have indeed

experienced  different selection  pressures
compared to random loci as they have more
alleles correlated with latitude than what is
expected if selection has affected all loci in a
(Table 4, Chapter IV).

Conversely, in a comparison of the levels of

similar ~ fashion
genetic differentiation none of the marker
groups stood out as more or less divergent than
the others (Figure 14, Chapter IV). One
possible explanation for why more pronounced
differences between the immune relevant and
random loci were not found is the fact that for
many EST’s no homologs were found in BLAST
searches, possibly leading to misclassification of
loci (i.e. grouping of non-immune relevant loci
into the random locus group or vice versa)
which makes the groups more similar in terms
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Significant outlier loci are indicated. (Chapter IV)
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of selection pressure than what they are in
reality. Furthermore, anonymous microsatellites
are not always selectively neutral but may be
linked to functional loci. In fact, three of the
allegedly neutral microsatellite loci utilized in
Chapter IV have been found to be associated
with either innate (55285) or acquired G. salaris
resistance (Ssa771, SSOSL311; Gilbey et al.
2000).

Yet another complication in searching for

0.25 A

0.20 1

0.1

0.05 A1

Ladoga vs Atlantic

4
CA042465
2
-
. .
- . % . e o« o'
. oo oo e - o
- I o o e LA [ e WK ) . .
B 7 e %0 e © o 0
- ee e e e e @« o
. . . o ® L) L]
2 1. ‘\ '
cAOso13g DA036089 CA050122 CAO;200A769358
-4 Locus

Figure 13. The In-transformed and standardized ratios of
expected heterozygosity for each locus in different pairwise
brackish,

marine, and brackish vs. marine). The solid lines represent

comparisons (freshwater vs. freshwater vs.
the 95% and the dotted lines the 99% confidence intervals.
Significant outlier loci at the 95% significance level are

indicated. (Chapter IV)

immune relevant marker loci from genes that
are differentially expressed after a pathogen
challenge is that the gene itself may not have
been under selection. If selection was targeted
to a distant regulatory element or factor instead
of the gene itself it is likely that it will not be
identified by markers linked to the gene as
hitchhiking methods signs of
selection only from matkers linked to the

can detect

selected genomic region.
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Baltic vs. Atlantic

Figure 14. Global Fsr estimates for immune relevant loci, loci linked to other genes and anonymous microsatellites between

freshwater and brackish, freshwater and marine, and brackish and marine populations. None of the comparisons revealed

statistically significant differences. (Chapter IV)
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Table 4. Number of alleles significantly correlated with mortality caused by G. salaris, basin salinity, and sampling location

latitude and longitude for different groupings of the studied loci on the Bonferroni corrected significance level

corresponding to P = 0.05. P values indicate the probability that the observed allele numbers follow the expectation

accoding to the ? test. (Chapter IV)

Marker type

Observed (obs.) and expected (exp.) number of alleles significantly

correlated with an environmental variable

Total number of
alleles

G. salaris Salinity Latitude Longitude

mortality

Obs.  Exp. Obs.  Exp. Obs.  Exp. Obs.  Exp.
Immune relevant loci 10 8.8 12 9.4 19 13.1 11 8.2 167
Non-immune relevant loci 32 37.4 32 40.0 43 55.7 29 34.8 712
Anonymous loci 15 10.9 17 11.6 23 16.2 13 10.1 207
%2 P value 0.26 0.08 0.01 0.23
EST’s 42 46.1 44 49.4 62 68.8 40 429 879
Anonymous loci 15 10.9 17 11.6 23 16.2 13 10.1 207
%% P value 0.15 0.07 0.05 0.30
Immune relevant loci 10 8.8 12 9.4 19 13.1 11 8.2 167
Random loci 47 48.2 49 51.6 66 71.9 42 44.9 919
%% P value 0.64 0.40 0.06 0.27
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CONCLUSIONS AND FUTURE DIRECTIONS

The main aim of this thesis was to elucidate
the post-glacial history and population genetic
structute of north European Atlantic salmon,
both of which are aspects of great importance
for the management and conservation of the
species. In particular the northwest Russian
populations, which are among the few last
European populations still in their natural state,
have not been studied in adequate detail before.
Previous studies have employed markers with
low level of polymorphism, whose ability to
detect
geographical scales is weak (i.e. allozymes,
Kazakov & Titov 1991, Makhrov ez a/. 2005), or
markers which do not resolve the genetic

population  structure  at  small

structure of the whole species but of just one
sex (i.e. mtDNA, Asplund ez a/ 2004). Thus,
within  the of this thesis highly
polymorphic nuclear markers are employed for

scope

the first time to study the northwest Russian
Atlantic salmon populations enabling firm
population genetic conclusions to be drawn.
Chapters I and II significantly added to the
current knowledge of post-glacial colonization
An
especially important discovery was the division
of Atlantic salmon from the White and Barents
Seas into four separate clusters, which has not

of north European Atlantic salmon.

been observed in previous studies employing
nuclear markers although is supported by
mtDNA studies. Based on the results of
Chapters I and II, and supported by other
studies, colonization of the White and Barents
Seas from two glacial refugia is suggested. This
also has important conservation implications as
the results clearly indicate that conservation of
populations from all of the observed clusters is
warranted. Thus, it is advisable to consider each
cluster as a separate management unit. Chapter
IT also illustrates the importance of genotyping
an adequate number of microsatellite loci to
succeed in individual assignment. To be able to
accurately assign individuals caught in offshore
fisheries to their population of origin utilization
of a minimum of 20 to 30 loci is recommended.
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Chapter ITI demonstrated how differences
in population life histories within a species,
migratory behaviour in this case, and in their
phylogeographic
characteristics of populations, namely diversity
and divergence levels. The anadromous
populations from the Atlantic Ocean, White
Sea and Barents Sea possessed higher levels of
genetic  diversity  than  the
populations form the Baltic Sea basin. Among

origin affect the genetic

anadromous

the non-anadromous populations the result was
the opposite: the Baltic freshwater populations
This
importance of taking the life history of a

were more variable. emphasises the
population into consideration when developing
conservation strategies: due to the limited
possibilities for new genetic diversity to be
generated via gene flow, it is expected that
freshwater Atlantic salmon populations would
be more vulnerable to extinction following a
population crash. Hence, high conservation
status is warranted in order to ensure the long-
of
European populations with this life-history
strategy.

Lately, it has been suggested that genetic

term survival of the limited number

variation of adaptive importance, not just
selectively neutral, should be incorporated into
management plans (e.g. Crandall ez @/ 2000).
hitchhiking
approaches, provide the means to identify

Genome scans, including
functionally important genetic variation (e.g.
Vasemigi & Primmer 2005, Storz 2005). In
Chapter IV of

searched for among immune relevant loci and

signatures selection were
among loci of other functions or presumably
no function at all. Indeed, the results imply that
the immune relevant loci and anonymous
microsatellites might have experienced different
selection pressures compared to non-immune
relevant EST-linked loci. One reason for why a
clearer difference between immune relevant
and random loci was not found is the currently
limited availability of genomic data for Atlantic
salmon, which might have hampered the
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classification of marker loci into correct
categories thus making the marker groups more
similar in terms of selection pressure than what
they are in reality. Hence, this finding of
differential selection pressures needs to be
verified by further studies, which should
become possible in the future as genomic data
on Atlantic salmon accumulates.

As we are moving from the population
genetics era to the population genomics era,
information about the function of different

genes in various organisms will increase, also in
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those species previously described as non-
model organisms. The method of finding
molecular markers linked to genes of functional
importance described in Chapter IV will likely
be proven useful for conservation purposes.
Large numbers of molecular markers may be
developed and the genetic of
populations inferred with matkers linked to
of different This
information about adaptive genetic vatiation

structure

genes function. way,
among populations can easily be incorporated
into management plans.
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