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Abstract

The core of this thesis has been to address the genomic basis that underlies
adaptation to environmental differences in the marine environment. We use
Atlantic cod (Gadus morhua L.) to enhance our understanding of several
ecological and evolutionary questions, where we seek not only to identify the
sheer genetic differences between populations, but also seek to identify what
these genomic elements are and try to unravel some of the genetic mechanisms
that are involved in maintaining and creating such differences.

To put the work into context, I first explain the general principles of
population genetics/genomics for non-model species. Furthermore, 1 describe
some key biological features and previous population genetic work in Atlantic
cod, which makes a relevant background for interpreting and discussing our
results in a general context. The development of a SNParray and linkage maps
has provided a valuable tool that is used throughout the thesis. By using this
resource in different populations of Atlantic cod, we describe genomic regions
likely to be involved in adaptation to different salinity and temperature
conditions or differences associated with behavior. The genomic basis of
migratory and non-migratory ecotype divergence is explored between the
adjacent North East arctic cod and Norwegian coastal cod populations as well as
at a trans-Atlantic scale, while adaptation to oceanic and coastal behavioral types
is explored at a local scale in the North Sea and at the Skagerrak coast.

Our analyses of these data indicate that a range of genomic regions of
several megabases each - which combined span more than 6% of the Atlantic

cod genome - play a central role in the genetic divergence between various



populations. Novel findings in this thesis are that some of the most prominent
genomic ‘islands of divergence’ are chromosomal rearrangements in the form of
large inversions. Our data suggests a central role for these inversions, each
containing hundreds of genes, in maintaining and creating genomic divergence in
Atlantic cod. These ‘islands’ are likely to foster the evolution of co-adapted genes
or ‘supergenes’ by protecting adaptive loci from recombination and thereby
facilitating adaptive genomic divergence across different environments and
behavioral ecotypes throughout the distribution range. As such, we have
provided new insight into the genomic architecture of distinct ecotypes that
constitute different life history strategies as well as for populations facing
distinctly different environmental conditions. Such knowledge could eventually
warrant a more sustainable exploitation and management of Atlantic cod as a

species and contribute to a better protection of marine biodiversity in general.
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INTRODUCTION

The fields of ecological and evolutionary genomics seek to understand the
genetic mechanisms underlying adaption of organisms to their natural
environments. In the marine environment, the potential for such adaptation has
historically been thought to be rather low. Many marine species are highly
mobile and have pelagic eggs and larvae, characteristics that typically lead to
high levels of gene flow that potentially prevent adaptation to local conditions.
This view is supported by the typically low observed genetic differentiation
between populations of species with such high dispersal capability. Nonetheless,
more recently, several studies have reported local adaptation despite high levels
of gene flow. These observations are important for management. If hidden
population structure is ignored, extinction of locally adapted populations may
lead to the irreversible erosion of genomic variation.

Here, we investigate the potential for local adaptation in Atlantic cod
(Gadus morhua L.), a marine resource of great cultural and economic importance.
This is an attractive study system for the following reasons: First it is one of the
most studied marine species in the world and its extent of population structure
is highly debated (e.g. Bentzen et al. 1996; Ruzzante, Taggart & Cook 1998;
Knutsen et al. 2003; Arnason 2004; Nielsen, Hansen & Meldrup 2006; Nielsen et
al. 2009c). Second, it has rapidly developing genomic resources such as an
annotated genome (Star et al. 2011; Tgrresen et al. 2016). Third, it has pelagic
eggs and larval stages, indicating a high gene flow potential. Fourth, it has large
population sizes, suggesting that genetic drift is minimal, potentially leading to

relatively large amounts of standing genomic variation, which could favor the



potential for local adaptation. Finally, Atlantic cod is a commercially important
species under intense harvesting pressure. There is an urgent need to better
understand its population structure and connectivity in the marine environment
from a basic biological and evolutionary perspective.

Historically, the field of population genetics has focused on the dynamics
of only a small number of genetic loci due to methodological limitations.
However, genes are not necessarily acting as single units, but could be part of
complex genomic structures that are potentially affected and shaped by both
evolutionary processes and spatial location within the genome. Knowledge of
genes and mutations underlying key adaptive traits is important, but the
identification of such genomic regions remains a challenge, particularly in a non-
model species such as Atlantic cod. The rapid development of high-throughput
sequencing technologies has accelerated genomic research tremendously in the
last few years. This makes the collection of individual-based whole-genome data
financially feasible, also in non-model organisms (Wheat 2010), and it is now
possible to look at traditional population genetic measurements on a continuous
scale rather than as point estimates. Specifically in Atlantic cod, the completion
of a well-annotated genome assembly has provided us with a valuable resource
(Star et al. 2011). This has facilitated the identification of genes and genetic
variation underlying important traits of ecological and evolutionary relevance,
allowing a better separation of the effects invoked by neutral processes from

those due to selection.



Population genetics and genomics

Population genetic theory

Population genetic theory postulates that four processes contribute to the
genetic variation within populations. These processes are mutation, genetic drift,
natural selection and gene flow, each of which is further influenced by effective
population size (N,), population demography, population subdivision, and
general life history of the organism (Hartl & Clark 2007). Out of these four
evolutionary processes, mutations are often (for simplicity reasons) assumed to
not substantially alter the frequencies of existing alleles in large populations
(Kimura & Crow 1964; Kimura 1969). Hence, changes in allele frequencies are
usually interpreted as the result of genetic drift, gene flow and/or selection
within populations. The descent of a given locus in the genome is described by
Mendel’s first law (Mendel 1866) and it is often assumed that if individuals have
identical alleles, these alleles have a common mutation origin and are identical
by descent (IBD) (Wright 1921). Differences in allele and genotype frequencies
between populations are further used to infer population structure, gene flow
and selection.

Given that both neutral (i.e. genetic drift) and selective evolutionary
processes shape the genetic makeup among populations, it is important to
disentangle these effects. Genetic divergence at neutral loci between isolated
populations is caused by random genetic drift or demographic processes such as
population bottlenecks and is expected to affect loci on a genome wide scale.
Genetic divergence among populations can be estimated by calculating e.g. Fsr

values (Wright 1922), which measures population differentiation due to genetic



structure, based on the variance of allele frequencies between populations.
Neutral genetic divergence among subpopulations will increase over time and
this divergence is inversely related to effective population size (as the frequency
of observed heterozygosity is expected to decrease by a factor of 1-1/(2N.) per
generation) in a finite diploid population. Hence, neutral divergence in
populations with large effective population sizes can potentially require a
substantial timeframe to become established (Hartl & Clark 2007). Over time, the
heterozygosity of a locus will decrease towards zero and the Fsr value will
approach towards one (at neutral loci in two isolated finite populations, due to
genetic drift). Fst values that are significantly higher than zero may indicate
ecologically relevant population structure. Thus, applying molecular methods to
identify such population structure is of special value in commercially important
fish species such as Atlantic cod, guiding policy makers in making scientifically
sound decisions in fishery management (e.g. Nielsen et al. 2001). Such decisions
are often made on the background of neutral genetic markers, as genetic
markers under selection may reflect environmental differences and not the
breeding structure, necessitating analyses of neutrality on the genetic markers
used (e.g. Moritz 1994; Laikre, Palm & Ryman 2005). However, some recent
research also advocate the use of non-neutral markers in fisheries management
and conservation (Nielsen et al. 2012; Funk et al. 2012).

When natural selection is at work, specific alleles may be favored in
different environments. Due to this, different allele frequencies at a locus under
selection (or a genomic region under selection) can be caused by different
environmental pressure and may not necessarily reflect the population origin

(Guinand, Lemaire & Bonhomme 2004) (or the breeding structure) as it would



under neutral genetic conditions. Processes like genetic drift are expected to act
equally throughout the genome while directional selection is expected to leave
local footprints in specific (and narrower) regions of the genome where the size
of the selected region is dependent on the local linkage disequilibrium (see
below). As selection in some cases may be a more swift process than random
genetic drift, genetic markers under selection may be utilized to examining
recent population divergence (Reiss et al. 2009). In addition, causes and
consequences of selection can be examined to understand biological questions
such as local adaptation, adaptation to extrinsic (biotic and abiotic) factors,
behavioral traits and factors such as growth rate, age at maturation etc. giving
valuable insight into the biology of the species under investigation (e.g. Luikart et

al. 2003).

Selection and methods for outlier detection

To understand the contribution of molecular adaptation and selection in shaping
genomic variation is important, not only to study the genetic basis of adaptation,
but also to remove non-neutral loci (i.e. outliers) before computing population
genetic parameters that assume neutrality. A growing number of statistical tests
and methods, that build upon the increased focus and amount of genomic data in
non-model species, are available to detect selection within a species, each with
its strengths and weaknesses (e.g. Narum & Hess 2011). As such, several
different outlier methods (detecting loci putatively under selection) have
extensively been used within population genetics. There are several challenges
in outlier detection analyses, including detection of false positives, false

negatives and complications due to underlying population structuring. For this



reason, the use of several independent (and often complementary) methods are
often used to identify candidate loci under selection and Roesti et al. (2012)
suggest that uninformative markers at low frequency should be excluded from
outlier analyses to increase the power of genome scans. Outlier tests may also
detect genomic patterns that are not necessarily caused by selection (or at least
selection caused by local adaptation) as the observed patterns could result from
endogenous incompatibilities such as underdominance, epistasis or pre- and post-
zygotic isolation (Bierne et al., 2011).

One of the first and most commonly used outlier detection approaches
was developed by Beaumont and Nichols (1996), which is now implemented in
the software LOSITAN (Antao et al. 2008). As Fsr values are often strongly
correlated with heterozygosity at a locus, this can be used to infer the selection
status of a locus. Comparisons are made of Fsr values in relation to
heterozygosity of individual loci, based on a neutral distribution and generated
by means of coalescence simulations in a symmetric island migration model at
mutation-drift equilibrium. This method is known to be robust within a wide
range of non-equilibrium conditions, but it can be sensitive to demographic
variations among populations as well as hierarchical genetic structure, that may
result in the detection of false outliers (Storz 2005). A more recent outlier
detection approach, BAYESCAN, (Foll & Gaggiotti 2008) is a Bayesian regression
approach which, based on Fsr coefficients, measures the discordance between
global and population-specific allele frequencies. The degree of differentiation,
based on Fsr, is decomposed into a locus-specific component (a), shared by all
populations, and a population-specific component (f), shared by all loci.

Selection is assumed when alpha is necessary to explain the observed pattern of



diversity. The underlying assumptions for BAYESCAN and LOSITAN are different,
as LOSITAN assumes an island model, which may be violated if the neutral
population structure is highly divergent. In general, BAYESCAN is assumed to be
the more conservative of the two tests described (Narum & Hess 2011).

It has been suggested that outlier tests may produce high false positive
rates due to the effects of population demography and bottlenecks (see e.g.
Narum & Hess 2011; de Villemereuil et al. 2014; Lotterhos & Whitlock 2014).
One way to reduce this effect is to perform outlier analyses between pairs of
populations, since this partly omits the methodological weakness of population
structure/demographic processes in the datasets (Vitalis, Dawson & Boursot
2001). In addition, overall divergence based on global outlier tests may not
detect candidates that are under selection in only some of the populations
(Vitalis, Dawson & Boursot 2001). Hence, specific outlier patterns may be more
accurately identified to the population (and in some instances the corresponding
environment) being responsible for the observed selection pattern. Another way
of minimizing the effect of population structuring is to compensate for
population structure by calculating empirical P-values. This is done by testing all
SNP markers against a null distribution created by a set of putatively neutral SNP
markers that are determined a priori (Lotterhos & Whitlock 2014).

Recent simulation studies have suggested that correlation-based
approaches in many instances outperforms more traditional outlier detection
approaches in accurately identifying loci under divergent selection (de Mita et al.
2013; de Villemereuil et al. 2014; Lotterhos & Whitlock 2014). One such
approach (again, among a growing number of methods) is BAYENV (Coop et al.

2010; Glnther & Coop 2013), which not only identifies correlations between



genotype and environmental factors, but also accounts for demographic signals.
Hence, it is possible to disentangle the genetic variation that results from
selection from demographically derived patterns in a better way, given that
measurable/quantifiable environmental factors are available. The rationale
behind this method is to estimate a neutral covariance matrix based on a large
set of control loci. Secondly, a test for covariance between the environmental
variables and the population specific allele frequencies at each genetic marker is
performed, using the neutral covariance matrix as a reference (null model) to
control for shared population history and gene flow. For each test, a Bayes factor
(BF) is calculated based on the ratio of the posterior probabilities between the
two models. A high BF indicates support for the alternative model where the
environmental variable has a linear effect on the locus of interest. Even though
Coop etal. (2010) claim that including a relatively small number of selected loci
in the null model will have little impact on the parameter estimates for the null
model, using putatively neutral SNPs to parameterize the null model in BAYENV
(as recommended by Lotterhos & Whitlock (2014)) may improve this approach
even further. While these above approaches represent an increasing set of
sophisticated statistical tools to detect selection in genomic data, it is important
to acknowledge that such outlier and correlation based approaches have a bias
towards detecting selection that has a relatively simple genomic architecture (i.e.
does not detect the combined effect of several genetic markers) and
predominantly detects outlier loci of large effects. As such, these methods do not
detect potentially evolutionary important selection processes resulting from

epistasis or polygenic loci.



Linkage disequilibrium

The outlier methods described above are treating each locus separately and
ignore the effects from multiple loci that are non-randomly associated with each
other. An important step in considering the effects from multiple loci acting
together, is to calculate and investigate linkage disequilibrium (LD), which is
described as non-random association of two or more loci that deviate from
statistical equilibrium expectations (e.g. Lewontin & Kojima 1960; Hill &
Robertson 1968; Slatkin 2008). Linkage disequilibrium is a key factor in
evolutionary biology as genome wide LD can reflect population history, patterns
of geographic subdivision and demographic events whereas LD in localized
genomic regions reflects the forces that causes allele frequency divergence such
as natural selection, gene conversion and mutations, which in turn are
dependent on local recombination rates (Slatkin 2008). Mapping and quantifying
LD across a genome have importance in disentangling the effects of demography
and selection (Cutter 2006) and in addressing genomic causes and consequences
of e.g. local adaptation (Ellegren & Sheldon 2008; Slate et al. 2009). As such,
there is an association between LD and signatures of divergent selection, which

is described in the next two sections.

Islands of divergence

In the process of population divergence and speciation, heterogeneous genomic
divergence can be formed (Nosil, Funk & Ortiz-Barrientos 2009; Smadja & Butlin
2011), leaving footprints in the form of elevated levels of divergence in genomic
regions under selection. Physically linked loci and mutations in close proximity

to the loci under selection can show similar divergence via hitchhiking (c.f.



Charlesworth, Nordborg & Charlesworth 1997; Via 2009; 2012). As a result, the
size of the local genomic island can increase considerably (Smith & Haigh 1974;
Feder et al. 2012b; Feder, Egan & Nosil 2012a).

During speciation and population divergence in the presence of gene flow
(reviewed in: Tigano & Friesen 2016), the establishment and maintenance of
genomic regions that can sufficiently resist gene flow is only likely if divergent
selection (or sexual selection) is strong and hence the initial barriers to gene
flow are likely to evolve quickly (Via 2001; Hendry, Nosil & Rieseberg 2007). As a
result of such strong selection, the genomic regions causing the reproductive
isolation become particularly distinctive relative to the remaining genome,
facilitating its discovery in empirical analyses (Via 2009). Hence, studying the
genetic changes that contribute to reproductive isolation in partly
reproductively isolated populations before they become confounded by
additional genetic differences towards the end of the speciation process, may
reveal important aspects of the divergence process (Via 2009). In such a
scenario, which is consistent with the early stages of genetic divergence where a
substantial amount of gene flow is still prevalent, one would expect the presence
of relatively few but potentially large genomic islands of divergence (Yeaman &
Whitlock 2011; Feder et al. 2012a). This pattern of early divergence has been
shown in studies of e.g. pea aphids (Acyrthosiphon pisum pisum), African malaria
mosquitoes (Anopheles gambiae) and Heliconius butterflies (Turner, Hahn &
Nuzhdin 2005; Via & West 2008; Via 2009; Nadeau et al. 2012; Via et al. 2012).

Over time, recombination will reduce LD across the genome, resulting in
larger patterns of genome-wide divergence, although heterogeneity among

smaller regions may still be present due to varying degree of selection and
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recombination. As a result, ecologically favored alleles will predominate in one
habitat and neutral- and universally favored alleles will potentially be present in
all habitats (e.g. Savolainen, Lascoux & Merilda 2013). At this point, fixed
differences can be observed between populations (Feder et al. 2012a; Seehausen
et al. 2014). This is consistent with the theory of isolation by adaptation (Orsini
et al. 2013) and the later stages of ecological speciation, where gene flow is small
or non-existent (Feder et al. 2012a). Such patterns of divergence have previously
been identified in other fish species like three-spine sticklebacks (Gasterosteus
aculeatus) (Roesti et al. 2012; 2014) and lake whitefish (Coregonus clupeaformis)

(Gagnaire et al. 2013).

Inversions

Genomic islands of divergence (Wu 2001; Nosil et al. 2009), as the ones
described above, consist of linked loci within genomic regions under selection
and are known to emerge through e.g. divergence hitchhiking (Via 2012).
However, such patterns can also emerge through other processes that reduce
recombination in genomic regions, such as chromosomal rearrangements
(Kirkpatrick & Barton 2006) where distinct LD blocks will contain the entire
selected region. In such chromosomal rearrangements, the rate of crossing over
is reduced by several orders of magnitude (Feder, Nosil & Flaxman 2014), and
therefore large genomic regions may be affected (Rieseberg 2001; Noor et al.
2001). It has been suggested that chromosomal rearrangements in the form of
large inversions can play a vital role in maintaining polymorphism in complex
traits and play a key role in the genomic process involved in local adaptation

(Yeaman & Whitlock 2011). A suggested mechanism is that an inversion captures
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several locally adapted alleles, as the inversion suppresses meiotic
recombination (Fig. 1) in heterozygous individuals (Rieseberg 2001; Kirkpatrick
& Barton 2006), forming so called ‘supergenes’ (e.g. Joron et al 2011;

Schwander, Libbrecht & Keller 2014; Thompson & Jiggins 2014).

a) }

Non-inver/

Non-inve

b)

Non-inver/

inver

B L L L LT L S o S L L L

Individuals Gametes

Figure 1. A schematic overview on how inversions may suppress meiotic

recombination in heterozygous individuals. A potentially inverted chromosomal
segment containing three different loci, segregating for the alleles A/a, B/b and C/c are
illustrated. The inverted segment is depicted in red color and the black arrows and red crosses
indicate regions where recombination can, and cannot occur respectively. In the homozygous
non-inverted (a) and inverted (b) variants, the gametes are free to recombine during meiosis
throughout the illustrated area. In the individual that is heterozygote for the inversion (c), the
gametes are free to recombine only in the regions before and after the inversion segment. Within
the inversion segment, recombination is suppressed between gametes due to inconsistent
pairing of homologous regions during the meiosis.

Indeed, in some species strong signatures of selection have been shown to be
associated with chromosome inversions (e.g. Jones et al. 2012a; Twyford &

Friedman 2015; Zinzow-Kramer et al. 2015) but few studies have identified the
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actual target genes for selection within these inversions (Kirkpatrick & Kern
2012) and the potential for adaptation as well as the underlying genetic
architecture remain unclear in most species. Moreover, it is not necessarily the
genes (i.e; the protein coding regions) within an inversion that is under
selection. In some cases, it might be the break points of the inversion that are
locally adapted, working through disruption of gene expression (caused by the
inversion) causing selection to favor locally adapted break points (Puig, Caceres
& Ruiz 2004; Matzkin et al. 2005). An increasing number of studies however,
support the prominent role of inversions in creating and maintaining locally
adapted genomic regions in heterogeneous environments (e.g. Rieseberg 2001;

Kirkpatrick & Barton 2006; Schaeffer 2008).
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Atlantic cod (Gadus morhua)

Biology of Atlantic cod

The Atlantic cod has been, and still is one of the most commercially important
fish species in the Atlantic Ocean. In fact, it is one of the most important
commercial fish species in human history and it has been harvested on both
sides of the Atlantic Ocean since the Viking age (Kurlansky 1997). In the last few
decades, heavy exploitation and overfishing has led to severe decline in several
important cod populations (Caddy & Cochrane 2001) and to collapses of several
major cod fisheries (Hutchings 2000), with almost no recovery despite a strict
regulation and suspension of fishing activities in these areas. Within the same
timeframe, profound phenotypic changes have been recorded in several
commercial cod stocks (Olsen et al. 2005; 2009; Harrald, Wright & Neat 2010),
which in some instances have been implicated as an effect of fisheries induced
evolution (FIE) (Olsen et al. 2004; Swain, Sinclair & Hanson 2007). As fisheries
usually are size selective and hence harvest primarily large (and potentially fast
growing) individuals, combined with the fact that fisheries often represents the
most dominant mortality factor in these species (Stenseth & Dunlop 2009),
selective harvesting can change the evolutionary trajectory of heavily exploited
species. At the same time, ocean climates are changing at unprecedented speed,
resulting in unpredictable consequences for both ecosystems and fisheries
(Gewin 2015). As such, rapid ocean warming have also been suggested as the
cause of some of the population collapses in the Northwest Atlantic (Pershing et

al. 2015), leaving the cod with too little time to adapt to changing conditions.
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Figure 2. The distribution range of Atlantic cod and the sampling locations

of Atlantic cod used in this thesis. Blue shaded areas depict the distribution range of
Atlantic cod. Red dots indicate the positions where samples were collected. The Risgr, Lillesand
and Kristiansand collections consist of an inner and an outer location and the Icelandic samples
were collected at several locations in the waters around Iceland. The Icelandic samples were
later categorized as Frontal or Coastal, based on Data Storage Tag profiling. See Thorsteinsson et
al. (2012) and Sodeland et al. (2016) for a detailed view of the Icelandic and Skagerrak coast
sampling localities, respectively.

PB = Placentia Bay, SG = Southern Gulf of St. Lawrence, SB = Sambro, GM = Gulf of Maine, BB =
Browns Bank, IF = Iceland Frontal, IC = Iceland Coastal, NEAC = Northeast Arctic cod, NCC =
Norwegian coastal cod, NSs = North Sea south, NSy = North Sea north, KR = Kristiansand, LI =
Lillesand, RI = Risgr, KA = Kattegat, OR = @resund, BO04 = Bornholm 2004, BO05 = Bornholm
2005, GO = Gotland and OL = Oland.

Atlantic cod inhabit the temperate continental shelves, banks and coastal
regions in the North Atlantic Ocean. Its distribution (Fig. 2) ranges from the
English channel and New England in the south to Greenland and the Barents Sea
in the north (Mieszkowska et al. 2009). It is distributed along a variety of habitats,
from the shoreline down to deeper waters (>600 meters) off the continental
shelf and within fjords and estuaries. Atlantic cod exploits a variety of different
environments, such as saline environments in the North Sea and the Barents Sea
and low saline environments in the Baltic Sea, the White Sea, in inner fjord
locations and within a few landlocked locations (Hardie & Hutchings 2011). In

addition, it is experiencing a wide range of temperature differences as e.g. the
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North east arctic cod (NEAC) stay at relatively warm winter ground in the
Barents Sea and move to colder summer feeding grounds (Bergstad, Jgrgensen &
Dragesund 1987; Jgrgensen 1992; Ottersen, Michalsen & Nakken 1998). The
Baltic cod experiences large annual temperature differences, ranging from
approximately 2 - 18 °C within a year (Rak & Wieczorek 2012) and large
temperature fluctuations are also observed in the southern parts of the
distribution range (Righton et al. 2010). Atlantic cod grow throughout its
lifespan and can reach a length of more than two meters and live approximately
25 years (Salvanes, Skjaeraasen & Nilsen 2004). Atlantic cod is a batch spawner
that is extremely fecund, has pelagic eggs and larvae and large effective
population sizes (Ward, Woodwark & Skibinski 1994). As the cod grows older, a
larger proportion of its available energy resources is allocated into reproduction
(as opposed to allocated to growth prior to maturation) resulting in an increase
of reproduction with age (Marteinsdottir & Begg 2002).

The NEAC population supports the renowned “skrei” fisheries and its
behavior is characterized by long distance migrations from the spawning
grounds along the Norwegian coast to feeding areas in the Barents Sea. The main
spawning grounds are off the Lofoten islands (Brander 2005) and after
spawning, the majority of eggs and larvae drift along the coast into the nursery
area in the Barents Sea. In contrast, Norwegian coastal cod (NCC) inhabits
coastal- and fjord areas along the Norwegian coast, perform relatively short
coastal migrations (Hylen 1964; but see Michalsen et al. 2014), and spawn along
most of the Norwegian coast (Jakobsen 1987), including the Lofoten area
(Nordeide 1998). In Iceland, the main spawning grounds for the cod populations

are of the Southwestern coast and the eggs and larvae drift clockwise around
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Iceland towards nursery areas of the Northern coast (Jénsson & Valdimarsson
2005) but spawning is also known from fjord locations around the island (Begg
& Marteinsdottir 2000). In some years, eggs and larvae may drift to the
Greenland East coast, depending on the strength of the North Atlantic current
(Jonsson & Valdimarsson 2005). In the Northwest Atlantic, distinct spawning
stocks are known all along the coast and also at offshore locations such as e.g.
Flemish Cap (Ruzzante et al. 1998; 2001; Beacham et al. 2002). The cod stocks
from the Northern Gulf of St. Lawrence are known to undertake extensive annual
migrations, spending winter at deep waters off the southern coast of
Newfoundland and moving towards the spawning grounds on the west coast of
Newfoundland in late spring (Brander 2005). Also the cod stocks from Southern
Gulf of St. Lawrence are considered to be discrete from adjoining areas and are
known to perform annual feeding migration (Brander 2005). In the south,
distinct populations are known from Gulf of Maine, George Bank and Southern
New England and these are known to be mainly resident or display only low

level of movement (Howell et al. 2008).

Population genetic studies of Atlantic cod

Historically, the potential for marine species to adapt to their local environment,
have received little attention. From the 1960s when population genetic analyses
in marine species emerged, a paradigm persisted for decades, claiming that most
marine fish species consisted of large undifferentiated populations. In the
following years, most studies described the homogenizing effects of gene flow in
the absence of obvious physical barriers in marine environments, showing low

degree of genetic differentiation among populations and high degree of within-
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population variation (Gyllensten 1985; Ward et al. 1994). Research focused
primarily on genetic variation in presumably neutral genetic markers and the
effects of selection were not given much attention (Hauser & Carvalho 2008).

Already in the 1930ies, two distinct groups of Atlantic cod along the
Norwegian coast were described based on otolith morphology and growth zones
by Rollefsen (1933). Since then, attempts to describe population structuring in
Atlantic cod have been a focus for several decades and today well over 100 studies,
using population genetic methodology, have been published for this species.
Despite the fact that no other commercial fish species have been investigated to this
degree within a population genetic framework (Reiss et al. 2009), the degree of
population structuring (Reiss et al. 2009) and adaptive structuring (Hutchings et
al. 2007) still remains debated. In Atlantic cod, several studies suggest weak
spatial structuring over relatively large areas e.g. (O'Leary et al. 2007; Reiss et al.
2009) while other studies have detected loci that seems to have a clear clinal
structure and/or elevated divergence e.g. (Pogson 2001; Case et al. 2005; Nielsen
et al. 2006), supporting adaptation and spatial structuring in Atlantic cod
populations.

Some of the first population genetic studies on Atlantic cod used
hemoglobin polymorphisms to identify population structuring (Sick 1961; 1965)
and a clinal variation in hemoglobin and blood group (serum transferrin)
variation were detected along the Norwegian coast (Frydenberg et al. 1965;
Moller 1968) and the observed patterns were explained as population
subdivision in several papers (e.g. Sick 1961; 1965; Frydenberg et al. 1965;
Moller 1968). This observed spatial variation could however be the results of

natural selection in a heterogeneous environment and not neutral population
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structuring, as pointed out in a book by Williams (1975). Karpov & Nivkov
(1980) showed different oxygen carrying capacity of the different hemoglobin
forms in cod populations that were residing in areas of different temperature
regimes. Later, it has been well documented that different hemoglobin variants
are preferred in cold and more temperate waters (Brix, Thorkildsen & Colosimo
2004; Imsland et al. 2004; Andersen et al. 2009; Borza et al. 2009; Andersen
2012). In 1985, Mork et al. (1985) did a study on Atlantic cod, using allozymes,
and concluded that there were little genetic differentiation throughout the
distribution range except for relatively large genetic distances between Atlantic
and Baltic cod. Later on, the use of mitochondrial DNA (mtDNA) have revealed
several instances of fine scale genetic structure, but also high levels of gene flow
(e.g. Carr & Marshall 1991; Arnason, Palsson & Arason 1992; Carr et al. 1995;
Arnason & Palsson 1996; Arnason, Petersen & Palsson 1998) in addition to a
broad trans-Atlantic cline with shallow gene genealogy within the two regions
(Arnason 2004).

An important point in the history of population genetic analyses of
Atlantic cod was the discovery and use of polymorphic sites within or close to
the pantophysin gene (Pan 1/Syp 1) (Fevolden & Pogson 1996; 1997). This gene
has later been used in a wide range of population genetic studies (e.g. Karlsson &
Mork 2003; Sarvas & Fevolden 2005; Pampoulie et al. 2006; Jakobsdottir et al.
2011; Fevolden et al. 2012; Makeenko et al. 2014; Andersen et al. 2015) and is
also commonly used to determine individuals as NEAC or NCC (Fevolden &
Pogson 1997). However, more recent studies indicated that genetic variation at
the Pan I locus may be affected by natural selection (Karlsson & Mork 2003;

Pogson & Mesa 2004; Arnason, Hernandez & Kristinsson 2009) even though the
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function of the gene is largely unknown (but see Andersen et al. 2015).

Population genomics and adaptive genomic variation

In the last decade, single nucleotide polymorphisms (SNPs) have replaced
mtDNA and microsatellites as the preferred choice of genetic markers to study
population structuring and genomic divergence in many wild species or
populations. Consequently, a growing number of SNP based studies have been
performed in Atlantic cod, using a moderate number of markers (up to a few
hundred SNPs) (Moen et al. 2007; Nielsen et al. 2009b; Bradbury et al. 2010;
2013; Hemmer-Hansen et al. 2013). Further, a shift in focus has emerged
towards an increased attention on identification and description of adaptive
variation and to detect genomic regions underlying local adaptation (e.g. Cano et
al. 2008; Hauser & Carvalho 2008; Nielsen et al. 2009a), rather than on neutral
genetic variance. Several of these studies focused on only one or a limited
number of candidate genes or divergent loci (Hemmer-Hansen et al. 2007;
Bradbury et al. 2010; André et al. 2011), hence, genome-wide patterns of
divergence cannot be explored thoroughly. However, there is a steadily growing
body of articles focusing on genome wide genomic divergence in aquatic
organisms (e.g. Feulner et al. 2013; Karlsen et al. 2013; Tine et al. 2014; Pujolar
et al. 2014; Jacobsen et al. 2014; Guo et al. 2014; Guo, Li & Merild 2016). These
studies not only include a large number of genetic markers, they also include
large sets of candidate genes and identify outlier loci that can enlighten our
perception of how genetic differentiation is distributed throughout the genome
and how the genome is affected by the opposing forces of selection and gene

flow. A general drawback on most studies conducted at a genome-wide scale is
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that only a limited number of populations have been investigated which impedes
a proper inference on the association between genotype and environment.

With the completion of a fully sequenced and annotated Atlantic cod
genome (Star et al. 2011), combined with the rapid development (and reduced
costs) of next-generation sequencing technology, a whole new era has opened up
for population genomic work in Atlantic cod. In addition, important knowledge
on the unique immune system of Atlantic cod and other gadoids have recently
been thoroughly examined (Solbakken et al. 2016a; b), based on the completion
of the Atlantic cod genome and a range of other de novo sequenced gadoid
genomes. Even though it is in its infancy, we are now able to use this invaluable
resource, and also a new and significantly improved cod genome (Tg@rresen et al.
2016), to face many of the questions and challenges addressed in the earlier

population genetic studies on Atlantic cod.

SNPchip and linkage maps

To increase the SNP coverage, and hence get a better resolution to our analyses,
we constructed a custom I[llumina SNP-array that could be used for multiple
purposes. As such, SNPs were selected so that; (1) they could be used for genetic
map construction; (2) they could be used as markers for different genomic
regions and; (3) they could be used for general population genetic purposes in
Atlantic cod. The SNP-chip was designed and constructed as part of the
Norwegian Cod SNP Consortium (CSC), which consists of representatives from
four Norwegian research organizations (University of Oslo, Norwegian
University of Life Sciences, Institute of Marine Research, and NOFIMA). To do so,

genomes from seven Atlantic cod individuals, collected from a wide geographic

21



range across the Northeast Atlantic (from the following locations: Risgr, North
Sea/ English Channel, the Baltic Sea, the Varangerfjord, the Ullsfjord, the Viking
bank and Lillesand) were shotgun sequenced as paired-end reads, using [llumina
GAii instrumentation. For each sample an average of 79% of reads were aligned
to the reference genome (Star et al. 2011) using the Burrows-Wheeler Aligner
(Li & Durbin 2009). From this, SNPs were detected using SAMtools (Li et al
2009) and the list of 2,877,794 putative SNPs was reduced using a variety of
filters such as physical distribution, functional associations, and minor-allele
frequency > 0.1 in the sequenced samples. From a total of 10,605 on the final
SNP-Chip, genotypes were checked for Mendelian errors in a large family
material and quality and validity assessment were performed specifically for the
different projects. All SNPs were submitted to dbSNP (www.ncbi.nlm.nih.gov/
SNP) and are available by their ss# or rs# accession numbers. Genotypes were
clustered using the Illumina GenomeStudio software 2011.1, and only SNPs
found to be polymorphic loci, inherited in a Mendelian way and showed good
clustering in >95% of the individuals in the respective projects were included for
further analyses (see the respective papers for details). A publication on the
development of this 12K SNP-Chip in Atlantic cod is currently under preparation
(Kent M, Kirubakaran TG, Berg PR, Baranski M, Dahle K, Jakobsen KS, Jentoft S,
Johansen T, Nederbragt A], Nome T, Star B & Lien S).

A linkage map, which is a genetic map showing the position of genetic
markers along each linkage group relative to each other (in terms of
recombination frequencies and not physical distance), based on 924 SNPs has
been available for quite some time in Atlantic cod (Hubert et al. 2010). However,

with increased SNP coverage and the advent of new sequencing technology, a
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denser and updated linkage map is warranted. Hence, detailed linkage maps for
Atlantic cod, based on the 12K SNP-Chip is currently under preparation (Grove
H, Kirubakaran TG, Kent M, Baranski M, Nome T, Sandve S, Berg PR, Sodeland M,
Dahle G, Sonesson A, Johansen T, Andersen @ & Lien S) and a preliminary version

of this linkage map was used in the papers of this thesis.
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OBJECTIVES

Our primary goal was to address genome-wide genetic variation and
differentiation in Atlantic cod that were subject to several different
environments and habitats. By taking advantage of the information from the
annotated Atlantic cod genome assembly (Star et al. 2011) and by utilizing a
wide range of Atlantic cod populations, we seek to address general ecological
and evolutionary topics such as identifying the genomic context that differs
between populations and ecotypes, and to identify whether such differences may
be important in an evolutionary context. Of particular interest was to identify
genomic regions displaying footprints of selection associated with different
environmental regimes and migratory/non-migratory behavior and to compare
these patterns between different sets of populations. Further, we aimed at
investigating whether divergence between distinct populations and ecotypes
were mainly caused by natural selection or by neutral processes and whether
exposure to similar environmental factors lead to the evolution of similar
genomic adaptation patterns, hence shaping the genomic architecture of Atlantic

cod. The objectives for the separate papers are described in the next section.
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SHORT DESCRIPTION OF PAPERI -1V

Paper I

Berg PR, Jentoft S, Star B, Ring KH, Knutsen H, Lien S, Jakobsen KS, André C.
(2015). Adaptation to low salinity promotes genomic divergence in Atlantic cod

(Gadus morhua L.). Genome Biology and Evolution 7 (6): 1644-1663.

We here provide the first individually genotyped genome-wide approach to date
on this species. We investigated the genomic signatures of local adaptation in
Atlantic cod, along a natural salinity gradient, ranging from 35%o in the North
Sea to 7%o within the Baltic Sea. As the Baltic Sea originated approximately
8,000 years ago, adaptation to low saline conditions is likely to be of relatively
recent evolutionary origin, providing an excellent opportunity to study the
genomic architecture behind salinity adaptation in a natural environment. Our
main objective was to identify directionally selected loci that were correlated
with habitat differences in salinity, oxygen and temperature. In addition, we
sought to identify candidate genes for adaptation to low salinity conditions, i.e.
genes affecting the individuals both at the egg and larval stage as well as at the
adult stage. Overall, our results show that regions, consisting of directionally
selected loci, are strongly correlated with habitat differences in salinity, oxygen
and temperature and several outlier SNPs reside within ecologically important
genes that could affect egg buoyancy and general osmoregulation. As ecological
adaptation to a low-saline environment may contribute to reduced gene flow and
thereby promote population divergence, investigation of the genomic
architecture of Baltic cod supply insights into ecological speciation in nature, and

especially the genetic link between adaptation and reproductive isolation.
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Paper II

Berg PR, Star B, Pampoulie C, Sodeland M, Barth JMI, Knutsen H, Jakobsen KS
Jentoft S. (2016). Three chromosomal rearrangements promote genomic
divergence between migratory and stationary ecotypes of Atlantic cod. Scientific

Reports 6: 23246.

Here we address one of the most longstanding controversies in Atlantic cod
research, namely the population structure of - and the connectivity between -
Northeast Arctic cod (NEAC) and Norwegian coastal cod (NCC). The genomic
architecture underlying behavioral ecotypes (migratory/non-migratory) have so
far been unclear. However, distinct phenotypic differences between migratory
and non-migratory ecotypes, which spawn in the vicinity of each other, offers an
excellent opportunity to explore such patterns within a framework where the
potential for both natural selection and gene flow is high. As such, our main
objective was to investigate the genomic basis for migratory and non-migratory
behavior. Based on the fact that regions of elevated genomic divergence has
previously been detected in other Atlantic cod populations, an additional aim
was to show that these regions are most likely genomic rearrangements in the
form of large inversions. The frequencies of these distinct regions differ
markedly between migratory and non-migratory ecotypes and the observed
patterns strongly suggest that these chromosomal rearrangements are
instrumental in local adaptation and separation of Atlantic cod populations,
leaving footprints of large genomic regions under selection. Our findings
demonstrate the power of using genomic information in further understanding
the population dynamics and defining management units in one of the world’s

most economically important marine resources.
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Paper III

Sodeland M, Jorde PE, Lien S, Jentoft S, Berg PR, Grove H, Kent MP, Arnyasi M,
Olsen EM, Knutsen H. (2016). 'Islands of divergence' in the Atlantic cod genome
represent polymorphic chromosomal rearrangements. Genome Biology and

Evolution 8 (4): 1012-1022.

Here we expanded our previous knowledge about the importance of
chromosomal rearrangements for adaptation. Our main objectives were to
investigate the genomic basis of adaptation to oceanic and coastal behavioral
types in the North Sea/Skagerrak area. We do this by addressing patterns of
genomic differentiation on a fine geographic scale in three parallel systems,
which provides a good system to distinguish processes that act similarly on all
populations from processes acting specific on populations in a distinct
environment. We observe patterns of recombination and divergence that
resembles genomic signatures described previously for large polymorphic
inversions. Intriguingly, the pattern of spatial genetic structure indicated that all
of the inner coastal samples were similar to each other (even though they were
located in distinctly different fjord systems), but divergent from the outer coastal
samples, which again were similar to each other. Differences in rearrangement
frequencies between coastal and oceanic environments were observed in two
linkage groups and outer coastal samples were found intermediate to the
oceanic and the inner coastal samples, Combined, these results suggest a role for

these rearrangements in ecological adaptation.
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Paper IV

Berg PR, Star B, Pampoulie C, Bradbury IR, Bentzen P, Hutchings JA, Jentoft S,
Jakobsen KS. (2016). Inversions play a key role in ecotype divergence of Atlantic

cod across the Atlantic Ocean. (Submitted manuscript).

In this paper, we extend on the results from paper Il and sought to address
genomic differentiation of Atlantic cod at a trans-Atlantic scale. Our main
objective was to investigate whether large chromosomal rearrangements that
are known do differentiate between migratory and non-migratory ecotypes in
Northeast Atlantic could be a distribution-wide phenomenon. Specifically, we
investigate whether the ‘islands of divergence’ that has previously been
observed in Northwest Atlantic cod consists of inversions such as the ones
observed in Northeast Atlantic cod. Overall, our data suggest a central role for
several large chromosomal inversions, each containing hundreds of genes, in
sustaining and creating genomic divergence in Atlantic cod on both sides of the
Atlantic Ocean. We hypothesize that the same inversions contribute to genetic
divergence among Northwest- and Northeast Atlantic cod, which separated more
than 100,000 years ago, supporting a common origin of these inversions,
predating the trans-Atlantic split. By doing so, we also sought to get new insights
into the age of these rearrangements. Moreover, it appears that the non-
migratory ecotype is always dominated by the ancestral collinear inversion
genotype, containing the highest nucleotide diversity, and that distinct migratory
behaviour seems to be derived from non-migratory ecotypes in Atlantic cod. The
results have implications for management of Atlantic cod as a species but also
provide insight into the process of genomic divergence in marine fish species in

general.
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DISCUSSION

In times where extinction rates are magnitudes higher than the normal
background rate (De Vos et al. 2015), understanding of biological processes and
diversity is highly needed for conservation and development of sustainable
management programs. In the marine environment, species and populations are
threatened not only by intense commercial harvesting, but also by global
warming, acidification, oil spill, plastic and general pollution. As a consequence,
the need to manage the marine environment in a sustainable way is increasing,
warranting enhanced understanding of population connectivity and structuring
from a basic biological and evolutionary perspective. Here, we use Atlantic cod to
address general ecological and evolutionary questions such as; what are the
genomic differences between populations, and what are the underlying
mechanisms responsible for establishing and maintaining these differences?
Such questions are intimately connected to intraspecific variation, which we
analyze in our respective datasets. As such, the knowledge we generate is of
fundamental importance to our understanding of connectivity and adaptation in
the marine environment in general, and in Atlantic cod in particular. Increased
knowledge of Atlantic cod biology also has a commercial potential, as knowledge
about specific cod populations and how they are connected could directly benefit
the fishing industry in order to harvest this economically important resource in a
more sustainable way. Additionally, insight based on genomic data could be of a
commercial interest if genes involved in e.g. growth and maturation are
identified, as the use of such information could be beneficial in potential

aquaculture initiatives within this species.
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At the time when paper | was written, the presence of inversions in the
Atlantic cod genome had not yet been documented. However, large ‘islands of
divergence’ were already known to be present in the Atlantic cod genome
(Bradbury et al. 2013; Hemmer-Hansen et al. 2013). As such, our analyses in
paper [ revolve around ‘islands of divergence’ in a divergence hitchhiking
scenario, although the possibility that inversions are involved in the process
were briefly discussed. In paper II, it became evident that chromosomal
rearrangements were involved in the genomic differentiation between migratory
(NEAC) and non-migratory (NCC) populations of Atlantic cod. Following this, we
investigated the genomic divergence in paper III and IV in the light of
chromosomal rearrangements. Even though chromosomal rearrangements now
have been identified in several Atlantic cod populations (paper II, IIl and [V), this
does not change the conclusions in paper I, even if the origin of the observed
‘islands’ could have a different explanation than in a divergence hitchhiking
scenario. Natural selection is still likely to be responsible for the observed
patterns and hence shape population structure on short spatial scales, despite
(or possibly because of) the high dispersal capacity of marine organisms, causing
a high potential for gene flow (see e.g. Gaggiotti et al. 2009; Bradbury et al. 2010;
André et al. 2011; Lamichhaney et al. 2012; Bradbury et al. 2013; Hemmer-
Hansen et al. 2013; Defaveri et al. 2013).

In paper I, we describe candidate genes both within and outside of the
large ‘islands of divergence’ in great detail. These genes are described as
potential targets of selection, likely to be associated with the examined
environmental variables such as salinity, temperature and oxygen level and the

identified genes may have a relevant function relative to the environmental

30



differences that the populations experiences. In general, ‘islands of divergence’
may be the product of processes that act similarly on all populations or are
specific to populations in a certain environment (hence local adaptation). To
unravel such effects from each other, studies of parallel systems has been used,
particularly so in sticklebacks where multiple independent freshwater
colonization events from marine founders has been observed in several
instances (e.g. Hohenlohe et al. 2010; Jones et al. 2012a; Deagle et al. 2013;
Terekhanova et al. 2014), indicating parallel evolution. In other instances, such
parallelism has been detected to a lesser degree (Defaveri et al. 2011; 2013),
which possibly indicates the presence of a more regional effect. To do such
parallel studies in Atlantic cod may prove difficult for the salinity adaptation
described in paper I, but comparisons between the low saline White Sea and
adjacent offshore locations could be an exciting parallel study, as could
comparisons between oceanic populations and low saline fjord populations
(Barth et al. in prep). Additionally, arctic lake populations of Atlantic cod (Hardie,
Gillett & Hutchings 2006; Hardie & Hutchings 2011) which experience low saline
conditions, could be investigated, but such analyses are likely to be hampered by
low genetic diversity within these lakes due to potential inbreeding and small
population sizes. Parallel studies addressing factors such as temperature,
spawning time, migration patterns etc. could be performed by carefully selecting
relevant populations with the desired traits resulting from different local
adaptations in the same way as we do in paper IV, where similar behavioral
traits are investigated on both sides of the Atlantic Ocean.

The continuously growing number of scientific papers describing

inversions and the effects that inversion polymorphism has on genomic
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diversification and speciation, indicate that inversions and inversion
polymorphisms are common phenomena. Due to a growing number of readily
available annotated genomes, also the genetic content of such inversions can
now be characterized in a straightforward way, and we do that in paper Il and IV.
However, identifying the actual targets of selection within inversions or other
tightly linked genomic regions, is mostly yet to be determined (Kirkpatrick &
Kern 2012), also in Atlantic cod. As a consequence, the ultimate mechanisms
underpinning local adaptation associated with inversions are often unknown. As
an example, in paper II (Berg et al. (2016)), we showed that Pan I is only one out
of approximately 785 genes within a large linked outlier region in linkage group
(LG) 1 in the Atlantic cod genome. Since this divergent region in LG1 appears to
be inherited as one large rearranged region, it is not necessarily the Pan I locus
that is under selection as any of the other genes (or a combination of genes)
within this region could be the actual target of selection. Other genes within this
genomic region have also been examined as likely targets of selection, such as
rhodopsin (Pampoulie et al. 2015). Hence, further research is needed to unravel
the actual targets of selection within this and other such highly linked outlier
regions. The difficulties in identifying the actual targets of selection within linked
regions are caused by the very nature of the inversions, namely that
recombination is reduced within polymorphic chromosomal inversions (see
Introduction; Fig. 1), causing difficulties in distinguishing the true targets of
positive selection from linked false positive signals. As such, traditional Fst based
outlier tests such as FDIST (Beaumont & Nichols 1996)/Lositan (Antao et al
2008), BAYESCAN (Foll & Gaggiotti 2008) and FLK (Bonhomme et al. 2010)

perform poorly within inversions, due to high baseline divergence between
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inverted and non-inverted genomic regions (see Cheng et al. 2012). In addition,
the detectability of selected loci within an inversion is dependent on the neutral
divergence within the inversion, i.e. the timeframe for neutral homogenization
via gene flux; see (Guerrero, Rousset & Kirkpatrick 2012) hence violating the
underlying assumptions of the standard neutral parameterization methods
described above. Assuming that phenotypic differences among ecotypes are
present at gene expression level, the same limitations may not be as severe when
comparing transcription profiles to identify candidate genes (Mack, Campbell &
Nachman 2016; Fuller et al. 2016), which then offers an alternative approach to
find causative genes and polymorphisms. Validation of candidate genes can also
be performed using QTL mapping from natural pedigrees or genetic crosses
(Laporte et al. 2015), where co-localization of relevant QTLs and genomic islands
strengthens the conclusions drawn from the genetic composition underlying
‘islands of divergence’. Enrichment tests, searching for GO (gene ontology) terms
that are over-represented within inversions relative to the remaining parts of
the genome could also be an alternative approach, however when the inversions
are large and the GO landscape is not sufficiently well described, as is the case for
Atlantic cod (one would need to go through stickleback, zebra fish or even
human GO terms), this may not yet be very fruitful. A detected association
between a phenotype or an environmental factor and loci under selection does
not prove a causal effect of the underlying genes or the genomic region and are
hence only indications of causality (Wolf & Ellegren 2016).

Ever since seasonal changes in polymorphic inversion frequencies were
observed in Drosophila (Dobzhansky 1943) the effects of reduced recombination

rates within inversions have been linked to adaptation with gene flow, supported
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by subsequent research on e.g. Drosophila (Noor et al. 2001), Helianthus
sunflowers (Rieseberg 2001), Anopheles mosquitoes (Ayala & Coluzzi 2005) and
Agrodiaetus butterflies (Kandul, Lukhtanov & Pierce 2007). These papers all
show that sympatric species exhibit more differences associated with inversions
than allopatric species. Moreover, recent research on e.g. tropical reef fishes
(Martinez et al. 2015) and a finch species complex (Hooper & Price 2015)
indicate a quicker fixation of inversions in lineages with higher dispersal
potential and gene flow. This is consistent with theory predicting that gene flow
favours diversification of chromosomal rearrangements that creates and

maintains association among locally adapted loci (Kirkpatrick & Barton 2006).
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Figure 3. Manhattan plots, visualizing highly divergent genomic regions in

Atlantic cod. The outlier pattern between (a) northern and southern cod populations in the
Northwest Atlantic, (b) migratory and non-migratory populations/ecotypes in the Northeast
Atlantic and (c) Baltic and North Sea/Kattegat populations, indicate that the majority of genomic
divergence in the Atlantic cod genome are clustered in four large divergent regions. The plots are
based on median logio Posterior Odds (PO) values from 10 independent runs of BAYESCAN.

In line with these findings, we observe generally low genome wide divergence

interspersed with highly divergent regions among the investigated Atlantic cod
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populations (Fig. 3), where gene flow could potentially be high due to few
physical barriers (paper I, IIl and IV). However, the genome wide divergence
between the well-separated Northeast Atlantic, Northwest Atlantic and the Baltic
Sea areas can be substantial, which is reflected in the neutral population

structure (Fig. 4).
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Figure 4. Neutral population divergence between Atlantic cod populations.
Population clustering based on 7,075 neutral SNPs in Atlantic cod individuals representing all
main areas investigated in this thesis. The analyses are based on an isolation by state (IBS)
matrix constructed in PLINK and visualized using the NETVIEW-p pipeline at k=20 that captures
the large-scale genetic differentiation between all individuals. Edge width is proportional to the
genetic distance between individuals. PB = Placentia Bay, SG = Southern Gulf of St. Lawrence, SB
= Sambro, GM = Gulf of Maine, BB = Browns Bank, IF = Iceland Frontal, IC = Iceland Coastal, NEAC
= Northeast Arctic cod, NCC = Norwegian coastal cod, BO = Bornholm (representing the Baltic
population), KA/OR = Kattegat and Oresund combined, RI = Risgr Inner fjord, NS = North Sea, RY
= Risgr outer fjord.

In an adaptation with gene flow scenario where different morphs or
ecotypes are maintained in close proximity and potentially interbreeding, such
as in the case of NEAC and NCC (paper II), inversion polymorphism (effectively
acting as supergenes) could be an important factor in upholding the morph or

ecotype diversity. This has been shown in e.g. Heliconius butterflies, where
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supergenes controlling wing mimicry has been allocated to a series of inversions
that supress recombination (Joron et al. 2011; Jones et al. 2012b). Chromosomal
rearrangements has also recently been associated with behavioural differences
in species such as white-throated sparrow (Zonotrichia albicollis) (Zinzow-
Kramer et al. 2015), rainbow trout (Oncorhynchus mykiss) (Pearse et al. 2014)
and fire ant (Solenopsis Invicta) (Wang et al. 2013). In 2010 Lowry and Willis
(2010) showed, for the first time, a direct link between local adaptation and the
effects of inversions using QTL mapping in a field experiment in the
monkeyflower (Mimulus guttatus). Subsequently, it has been shown that
perennial and annual ecotypes of monkeyflower, differed significantly within an
inversion while high gene flow homogenized the collinear parts of the genome
(Twyford & Friedman 2015) and candidate genetic mechanisms for this
adaptation have recently been investigated (Gould, Chen & Lowry 2016). Pure
ecotype divergence, associated with inversions are also known from e.g. marine
and freshwater adaptation in stickleback (Gasterosteus aculeatus) (Jones et al.
2012a), resident and anadromous ecotypes in rainbow trout (Oncorhynchus
mykiss) (Pearse et al. 2014) and ecological isolation in Anopheles mosquitoes
(Love et al. 2016). As such, the differentiation that we observe between the
Icelandic coastal and the Icelandic frontal samples (paper IV), which has been
grouped according to behaviour (based on DST-tags), probably reflects true
ecotype divergence in a similar way.

The recent development of SNP genotyping and high-throughput
sequencing technologies have made individual based large-scale genotypic data
easily available. In Atlantic cod, the existence of a well annotated genome (Star et

al. 2011; Tgrresen et al. 2016), enables us to face many of the questions and
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challenges addressed in the earlier population genetic studies on Atlantic cod.
We are now starting to explore, in more detail than previously possible, the
causes and consequences of genomic adaptation and the footprints of natural
selection across a wide range of biotic and abiotic conditions. Hence, we were
able to challenge the functional importance of the observed genomic variation
coupled to environmental conditions and behavioral differences. This process
was initiated by exploring SNPs at relatively high density (Berg et al. 2015
(paper 1); 2016 (paper II); Sodeland et al. 2016 (paper IlI); Kirubakaran et al
2016), as part of the Cod SNP Consortium and will continue in future projects,
based on next-generation sequencing in e.g. the Aqua Genome Project
(www.aquagenome.uio.no). Hence, important questions will be (and are being)
asked and it is likely to change our understanding of the biology of Atlantic cod

and other teleost species.
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FUTURE DIRECTIONS

The genomic architecture, the genetic mechanisms that facilitates adaptive
radiation, and how environmental factors can lead to genetic adaptation are keys
to an understanding of how biological diversity arises and these issues have focal
points in current evolutionary biology (Kawecki & Ebert 2004). SNPs have been
the preferred choice of genetic/genomic markers for ecologists and evolutionary
biologists for more than a decade, but this is now changing to large scale re-
sequencing and de novo sequencing of full genomes, due to reduced sequencing
costs and technological advances - including bioinformatics analyses. Hence, the
numbers of sequenced genomes from non-model organisms are accumulating
(Ellegren 2013). It is likely that progress in analyses of non-model organisms
will be made on the background of methodology and research tools developed
within human research and established model organisms. Along with the added
value that “the sequencing revolution” constitute to population genetic research,
key taxa can be sequenced to explore long-standing phylogenetic questions and
controversies. Phylogenetic analyses based on fully sequenced genomes can
provide increased resolution and accuracy to pinpoint the origin of specific
adaptive traits (see e.g. Malmstrgm et al. 2016), yielding valuable insight to the
link between genotype and phenotype at an evolutionary level.

So far, the majority of all re-sequencing initiatives have been based on
short read technology (Illumina, SOLiD, 454 and Ion Torrent), which has its
limitations in sufficiently covering long repetitive elements, copy number
alterations and structural variation (Goodwin, McPherson & McCombie 2016).

By using long read sequencing technologies (read lengths of several kb) such as

38



PacBio and Oxford Nanopore, it is possible to read through large repetitive
elements and reveal long-range genomic structures and splice variants in a
single continuous read. The improved read length also implies an increased
ability to phase chromosomes (Kuleshov et al. 2014), which in turn enables
tracking of genomic variation across generations. By using long read sequencing
technology, state of the art de novo genome assemblies can be generated, which
is especially useful when sequencing non-model organisms and to improve
existing genome assemblies. Novel opportunities also arise from tiny nanopore
sequencers as these could be brought into the field where sequencing and data
analyses could be performed on site (Quick et al. 2016). Even though these long
read technologies have lower throughput and are currently more expensive than
short read technology, they are foreseen to have an increased role in future
sequencing projects and the advantages within non-model species could (and
probably will) be substantial.

Another promising outcome of the sequencing revolution is the impact it
has on epigenetic research, not only in human systems. Screening of DNA
methylation patterns could also have large implications for our understanding of
local adaptation as epigenetic modifications are expected to occur at a much
faster rate than genetic mutations, which could cause high levels of genome-wide
divergence between individuals occupying different habitats (Trucchi et al
2016). As such, population profiling based DNA methylation patterns is likely to
give valuable insight into the adaptive role of gene regulation. Simultaneously,
such analyses can shed light on plastic responses to different environments,
mediated by either traditional gene regulation or epigenetics.

Given that large regions under selection are detected, either by SNP
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genotyping or by NGS sequencing, it is important to get an ultimate
understanding of the actual targets of selection within these regions. Hence,
developing novel methods aiming at identifying the targets of selection within
tightly linked genomic regions, where traditional methods have limited powers,
are of utmost importance. One possible approach is to do functional testing of
candidate genes, but this requires genetic manipulation and the creation of
transgenic or knockout animals, tools that are not readily available in non-model
organisms such as Atlantic cod. However, the advent of the CRISPR-Cas9 genome
editing system offers a promising tool to unravel the causality between genes,
phenotypes and fitness in both model and non-model organisms (Bono,
Olesnicky & Matzkin 2015), particularly for traits that have a relatively simple
genomic architecture (Wolf & Ellegren 2016). In theory, the CRISPR-Cas9
methodology provides an easy and accessible framework for genome editing.
The methodology can be used to knock out (or in) specific candidate genes or to
make transgenic animals with precise functional (protein) modifications as well
as gene regulation changes. Noteworthy, there are practical challenges in
incorporating the CRISPR-Cas9 system at early stage embryos in non-model
species, but the system has been implemented in zebrafish (e.g. Hwang et al
2013) and recently also successfully in Atlantic salmon (Edvardsen et al. 2013;
Wargelius et al. 2016) and tilapia (Li et al. 2014). Given that the initial challenges
are overcome, the use of the CRISPR-Cas9 methodology holds great promise in
identifying the underlying genetic basis of adaptation and divergence in Atlantic
cod and other non-model species, as well as for a deeper understanding of

evolutionary biology in general.
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