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Abstract 

By investigating the mechanisms underlying the evolution and the maintenance of local 

adaptations we can help predict how species will adapt to future environmental change. In this 

thesis I investigate local adaptation and adaptive potential in thick-billed and common murres 

(Uria lomvia and U. aalge), two arctic seabirds of international conservation concern. Thanks to 

the recent development of new genomic methods, I address three major themes that are relevant 

for both the development of evolutionary theory and conservation: 1) the role of gene flow in the 

origin and maintenance of adaptation; 2) levels and distribution of standing genetic variation, and 

their contribution to adaptive potential; and 3) the genomic mechanisms maintaining an adaptive 

dimorphism within a single interbreeding population.  

First, I review the literature on genomics of local adaptation with gene flow and find that 

adaptation can be maintained despite gene flow, that gene flow itself can promote adaptation, 

and that genetic architecture is important in the origin and maintenance of local adaptations.  

Second, I genotype genome-wide markers and toll-like receptor genes (TLRs) to 

investigate local adaptation and adaptive potential in thick-billed murres. Thick-billed murres do 

not show signatures of local adaptation to their breeding grounds, but outlier loci group birds 

according to their non-breeding distributions, suggesting that selection and/or demographic 

connectivity in the winter may explain patterns of differentiation in this species. Genetic 

variation at TLRs does not decrease with increasing latitude as predicted, but tests of selection 

and measures of genetic diversity suggest differences in local selective regimes at most genes. 

Thick-billed murres show high levels of standing genetic variation and their adaptive potential 

will mostly depend on rate and magnitude of environmental change.  
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Finally, I improve and annotate the assembly of the highly heterozygous genome of the 

thick-billed murre. Using this assembly as a reference, I perform whole genome analyses to 

investigate the genomic basis of an adaptive dimorphism in Atlantic common murres. I show for 

the first time that a 60 kb complex copy number variant in a non-coding region maintains 

differences in plumage and cold adaptation despite high gene flow. 
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Chapter 1 Introduction 

Understanding how species adapt to their local environment is a central goal in evolutionary 

biology and has tremendous implications for conservation. Looking backward and understanding 

how species have adapted in the past can help predict the potential of species to adapt to future 

challenges and undertake appropriate conservation measures to mitigate the negative effects of 

anthropogenic change (Hoelzel 2010).  

 

1.1 Ecological, evolutionary and conservation genetics: from genes to genomes 

Mitochondrial DNA and nuclear microsatellites have been used as genetic markers in 

evolutionary and conservation genetics for decades. Their development allowed many 

hypotheses to be tested that had been theorized even decades before, and contributed enormously 

to understanding the ecological factors promoting population differentiation, the phylogenetic 

relationships among species, and the effect of inbreeding on population genetic variation and 

viability (Ouborg et al. 2010; Friesen 2015; Shafer et al. 2015). However, the employment of a 

small set of markers poses two main limitations: these markers are poor predictors of genome-

wide diversity and evolutionary potential (Reed & Frankham 2001), and they are not generally 

informative of adaptive processes (Shafer et al. 2015).  

The advent of high-throughput sequencing has revolutionized many fields in biological 

research, including evolutionary biology. Approaches and methods that were first developed for 

research on humans and a handful of model organisms can now be applied to non-model 

organisms as well. Recently published studies are starting to give a taste of the contribution of 

genomic approaches to the understanding of the ecology and evolution of natural populations, 

and of the implications of these findings for conservation.  



	
	

2 

Understanding the connection between phenotype, genotype and fitness is the ultimate 

goal in evolutionary biology (Barrett & Hoekstra 2011). The fitness advantage of some traits, 

such as camouflage colouration or venoms, may be evident, but in most cases the traits 

conferring fitness advantages in a population or species are not even known. Genomic 

approaches have enabled ‘reverse ecology’, whereby comparative population genomic analyses 

allow the identification of divergent genes underlying local adaptations (Li et al. 2008). For 

example, analyses of the transcriptomes of fungal populations from different environments 

revealed cryptic population structure and divergent adaptations to their respective thermal 

conditions; these adaptations were then tested and confirmed experimentally (Ellison et al. 

2011). A similar approach, based on whole genome data, has been used to identify genomic areas 

distinguishing species or subspecies of birds, even when overall genomic differentiation was low 

(Poelstra et al. 2014; Campagna et al. 2016; Toews et al. 2016). 

Estimating levels of genetic diversity, in terms of type and quantity of standing genetic 

variation, is important to understand the evolutionary potential of a species and the processes that 

affect population persistence (Lande & Shannon 1996; Hermisson & Pennings 2005). Reduced 

representation methods such as RAD-seq (restriction site associated DNA sequencing) or whole 

genome sequencing allow us to genotype thousands to millions markers across the genome and 

characterize type and levels of genetic variation. For example, high levels of standing genetic 

variation, in terms of both nucleotide polymorphisms and structural variants, in a marine 

population of three-spined sticklebacks (Gasterosteus aculeatus) was proposed as the mechanism 

explaining the ability of this species to transition from marine to freshwater environments 

repeatedly (Feulner et al. 2012). In the threatened Florida scrub-jay (Aphelocoma coerulescens) 

analyses of genome-wide markers highlighted the importance of gene flow from small peripheral 
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populations in preserving genetic variation and limiting the effects of inbreeding depression in 

larger populations (Chen et al. 2016).  

While the genetic architectures of a few simple traits have been characterized 

experimentally in the past, the development of genomic resources for non-model organisms is 

promoting the study of the genetic basis and architecture of local adaptation in the wild 

(Savolainen et al. 2013). This is important not only from an evolutionary perspective to 

understand the factors affecting the evolution and maintenance of local adaptations, but also for 

conservation to assess the evolutionary potential of natural populations and to plan management 

and conservation initiatives accordingly (Funk et al. 2012). Characterization of the genetic basis 

and architecture of adaptive traits promotes understanding of the relative roles of selection, gene 

flow, genetic drift and recombination, and helps predict whether a population will be able to 

adapt to future changes. Understanding what affects the adaptive potential of a population is a 

pressing issue, especially considering that anthropogenic change is affecting levels of gene flow 

between populations and species (Crispo et al. 2011), the strength and direction of selection 

(Allendorf & Hard 2009), and genetic drift in the wild (Hutchinson et al. 2003). 

 

1.2 The study system 

Thick-billed and common murres (Uria lomvia and U. aalge) are members of the family Alcidae 

(known as auks), which comprises 23 extant and one recently extinct species, the great auk 

(Pinguinus impennis). Auks are all good swimmers and divers and, following the evolution of 

deep diving ability, are thought to have radiated to exploit different food resources via evolution 

of different beak shapes and body sizes (Weir & Mursleen 2013). Thick-billed and common 

murres are sister species and share several characteristics: they both generally nest on coastal 
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cliffs, where each pair produces one chick per year and both sexes provide parental care; they are 

very similar morphologically, with brown to black plumage dorsally (thick-billed murres are 

generally darker) and white plumage ventrally; and they eat predominantly fish. Thick-billed 

murres have thicker bills, as the name suggests, and display a white line running along the beak, 

whereas common murres have a completely dark head. Although the species differ in their 

distributions, with thick-billed murres occupying more arctic latitudes and common murres 

found at subarctic to boreal latitudes, they overlap at the extremes of their respective ranges (Fig. 

1-1). Divergence is estimated at ~6.5 million years ago (Smith & Clarke 2015), but they are 

known to hybridize in both the Pacific (Taylor et al. 2012) and in the Atlantic Oceans (Cairns & 

De Young 1981; Friesen et al. 1993).  

 With estimated world populations of ~30 million individuals per species, murres are two 

of the most numerous arctic seabirds and represent an important component of the arctic 

ecosystem. Hunting of murres and their eggs is also culturally important to arctic people and 

Newfoundlanders (CAFF 1996). Murres are management and conservation priorities in arctic 

countries due to population declines reported in several countries (CAFF 1996). In fact, murres 

suffer effects from many human activities: due to their diving behaviour and their pelagic 

lifestyle murres are exposed to fisheries bycatch and oil pollution; although they are protected 

under the Migratory Birds Convention, they are still hunted, legally or illegally, in many parts of 

their range; and disturbance at the breeding colonies due to tourism, boating and industrial 

development undermines their reproductive success (CAFF 1996; Merkel et al. 2014; Fauchald 

et al. 2015). Some of these effects have been mitigated in recent years, through more restrictive 

hunting regulations for example, but while Canadian colonies are stable or recovering (Gaston et 

al. 2012), steady population declines or local extinctions are reported in Greenland and Norway 
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(Merkel et al. 2014; Fauchald et al. 2015). 

 In addition to these sources of mortality, murres are threatened by climate change, which 

is predicted to be the most severe in arctic regions (IPCC 2013). Therefore, estimating levels of 

genetic diversity and understanding the evolutionary potential of murres to adapt to future 

challenges is an international conservation priority.  

 

1.3 Research questions 

Although genomic techniques have considerably increased our understanding of the process of 

adaptation, many important questions remain. I identified three major themes that require a better 

understanding both for their theoretical relevance and for their implications in management and 

conservation: 1) the role of gene flow in the origin and maintenance of adaptation; 2) levels and 

distribution of standing genetic variation, and their contribution to adaptive potential; and 3) the 

genomic mechanisms maintaining an adaptive dimorphism within a single interbreeding 

population.  

Understanding the role of gene flow in local adaptation is important because 

anthropogenic changes are affecting levels of gene flow among populations and species (Crispo 

et al. 2011). When gene flow is absent, divergent populations follow independent evolutionary 

trajectories and their differentiation is driven by the interaction between selection and genetic 

drift (Wright 1931). Theory mostly focuses on the disruptive effect of gene flow on adaptation 

when selection is not strong enough to maintain local adaptation in a population. In chapter 2, I 

review the theoretical and empirical literature on the genomics of local adaptation with gene 

flow. I investigate selection on migration and gene flow, and explore the role of gene flow in the 

origin and maintenance of local adaptation. I also review the molecular mechanisms that prevent 
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loss of locally adapted alleles and discuss the role of genetic architecture in promoting the origin 

and maintenance of local adaptations with gene flow. This chapter was published as an invited 

review in Molecular Ecology and it will be referred to by its citation (Tigano & Friesen 2016) 

throughout the rest of the thesis. 

Characterizing levels and distribution of standing genetic variation in natural populations 

is crucial to predict how organisms will respond to environmental changes. Although phenotypic 

plasticity plays an important role in short-term responses, the phenotypic repertoire of each 

individual ultimately has a genetic limit (DeWitt et al. 1998). Hence, the ability to adapt 

genetically is crucial for persistence of species in the long term. Adaptations can originate from 

standing genetic variation, new mutations or adaptive introgression (Barrett & Schluter 2008; 

Hedrick 2013). The chances of a new mutation being favourable and spreading quickly enough 

for a population to respond effectively to novel conditions are very low. In contrast, standing 

genetic variation can enable faster adaptation, because alleles that have been favoured by 

selection previously or elsewhere may be readily available, and at higher initial frequencies 

(Barrett & Schluter 2008). Although some authors have argued that human-assisted adaptive 

introgression between closely related species could enhance the ability of a species to respond to 

environmental change (Hamilton & Miller 2016), naturally occurring adaptive introgression is 

unpredictable, in terms of both whether it will occur between two species, and what traits would 

actually introgress into the recipient species. 

In Chapter 3 and 4 I use a ‘looking backward to look forward’ approach (Hoelzel 2010) 

to investigate the potential to adapt to future climate change in the thick-billed murre based on 

current levels of differentiation and standing genetic variation across five colonies in eastern 

Canada. Based on their large population sizes, marked environmental differences among 
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breeding colonies, phenotypic differences among individuals from different colonies, and low 

gene flow as suggested by highly philopatric behaviour in this species, I hypothesize that thick-

billed murres from different colonies are adapted to local conditions at their breeding grounds. In 

Chapter 3, I analyze geographic variation in genome-wide markers mapped to a newly assembled 

thick-billed murre reference genome to test this hypothesis. One major consequence of rising 

temperatures due to climate change is the emergence of new diseases, whose effects are expected 

to be exacerbated in the Arctic both because arctic wildlife has been historically exposed to low 

pathogens due to low temperatures (Weber et al. 2013) and because increases in temperature are 

predicted to be highest at these latitudes (IPCC 2013). In Chapter 4, I use a candidate gene 

approach to focus on functional variation in immune response genes. To assess the potential of 

thick-billed murres to adapt to climate change and poleward expansion of pathogens, I screen 

variation at six toll-like receptor genes (TLRs). I estimate levels of standing variation at TLRs, 

and test the hypothesis that genetic variation at TLRs decreases with increasing latitude. This 

hypothesis is based on studies showing an association between latitude, as a proxy for 

temperature and precipitation, and pathogen abundance and diversity (e.g., Guernier et al. 2004). 

Understanding the genomic basis of adaptive traits is fundamental to understanding how 

novel traits evolve and are maintained in a species, especially when gene flow is high within or 

among populations. In recent years, evolutionary models and simulations have stressed the 

importance of genetic architecture in the origin and maintenance of local adaptation with gene 

flow (e.g., Yeaman & Whitlock 2011), which has been confirmed by an increasing number of 

empirical studies (Tigano & Friesen 2016). Therefore, understanding the genomic basis of 

adaptive traits is no longer limited to identifying the causal mutation(s) but rather requires a 

more complete picture that considers genetic architecture and the relationships among these 
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causal mutations and the rest of the genome. Adaptive differences within a single interbreeding 

population represent extreme cases of adaptation with gene flow. Common murres show a colour 

dimorphism in the Atlantic Ocean, where each of two morphs, one bridled and one unbridled, 

seem to be adapted to different temperatures (Birkhead 1984; Reiertsen et al. 2012). This system 

begs the question of how the association between plumage and cold adaptation is maintained 

despite random mating between the two morphs. In Tigano & Friesen (2016), I outline 

alternative hypotheses to explain how the association between two traits can be maintained 

despite gene flow. In Chapter 6, I test these hypotheses using whole genome resequencing of 

bridled and unbridled common murres. To map resequencing reads from common murre 

individuals I use the reference genome of the thick-billed murre, its sister species, which was 

assembled in Chapter 3. However, this assembly was highly fragmented due to high genomic 

heterozygosity. Although a high quality reference genome is not essential to map RAD markers, 

whole genome sequence analyses require high quality and annotated reference genomes. Chapter 

5 is a methodological chapter that presents an improved and annotated assembly of the thick-

billed murre reference genome assembled from Chapter 3.  

 Finally, in Chapter 7 I summarize the main findings of my research and their implications 

for the conservation of murres and I discuss future lines of research stemming from my work.    
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Figure 1.1 Worldwide distribution of common and thick-billed murres (from Irons et al. 2008). 
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Chapter 2 Genomics of local adaptation with gene flow 

2.1 Abstract 

Gene flow is a fundamental evolutionary force in adaptation that is especially important to 

understand as humans are rapidly changing both the natural environment and natural levels of 

gene flow. Theory proposes a multifaceted role for gene flow in adaptation, but it focuses mainly 

on the disruptive effect that gene flow has on adaptation when selection is not strong enough to 

prevent the loss of locally adapted alleles. The role of gene flow in adaptation is now better 

understood due to the recent development of both genomic models of adaptive evolution and 

genomic techniques, which both point to the importance of genetic architecture in the origin and 

maintenance of adaptation with gene flow. In this review we discuss three main topics on the 

genomics of adaptation with gene flow. First, we investigate selection on migration and gene 

flow. Second, we discuss the three potential sources of adaptive variation in relation to the role 

of gene flow in the origin of adaptation. Third, we explain how local adaptation is maintained 

despite gene flow: we provide a synthesis of recent genomic models of adaptation, discuss the 

genomic mechanisms, and review empirical studies on the genomics of adaptation with gene 

flow. Despite predictions on the disruptive effect of gene flow in adaptation, an increasing 

number of studies show that gene flow can promote adaptation, that local adaptations can be 

maintained despite high gene flow, and that genetic architecture plays a fundamental role in the 

origin and maintenance of local adaptation with gene flow.  

 

2.2 Introduction 

That gene flow is a fundamental evolutionary force in speciation and adaptation is now widely 

accepted. Although the role of gene flow was addressed in many theoretical models since the 
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early 1930s (e.g., Haldane 1930; Wright 1931; Slatkin 1987), empirical studies explicitly 

addressing the role of gene flow began with the advent of genetic markers, which allowed its 

quantification (Ellstrand 2014). Then, the development of new sequencing technologies and 

methods to estimate gene flow (e.g., Hey 2006) opened the door to many previously intractable 

questions in evolution, especially regarding speciation and adaptation with gene flow. The 

attention that gene flow has received in speciation theory caused a shift from the traditional 

geographical models of speciation (e.g., sympatric vs. allopatric speciation; Mayr 1942) to a 

framework centered on the role of gene flow (Wolf et al. 2010; Feder et al. 2012a). This shift, 

coupled with an unprecedented availability of genomic data, resulted in a bloom of theoretical 

and empirical studies on the genomics of speciation with gene flow (Feder et al. 2012a). Due to 

the general relationship between speciation and adaptation, some of the findings from these new 

studies also affected the way we perceive and study adaptation (Savolainen et al. 2013). 

However, theoretical models addressing specific questions about adaptation with gene flow at 

the genome scale have begun to be developed only very recently. Most of what we know about 

the genomics of adaptation with gene flow comes from studies where adaptation was 

investigated in a speciation framework, mostly as a means for reproductive isolation. However, 

understanding the effect of gene flow in the origin and maintenance of adaptation poses further 

challenges in that it requires that the genomic basis of the adaptive trait be characterized and that 

a connection is made among the putative adaptive trait, its genotype and its fitness effect (Barrett 

& Hoekstra 2011). In this respect, QTL (see Box 1 for definitions of terms in bold) studies and 

whole genome sequencing and resequencing provide remarkable tools to identify not only the 

genetic basis of adaptive traits but also their genetic and genomic architectures. Investigating 

the role of gene flow in adaptation is especially important as humans are rapidly changing both 
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the natural environment (local and global habitats) and natural levels of gene flow (both 

increasing and decreasing them, for example creating new barriers to gene flow among 

previously interconnected populations or causing range shifts that connect differentiated 

populations and species; Crispo et al. 2011). Several reviews have recently focused on genomics 

of adaptation, genomics of speciation and speciation with gene flow (Barrett & Hoekstra 2011; 

Feder et al. 2012a; Olson-Manning et al. 2012; Savolainen et al. 2013; Seehausen et al. 2014). 

Despite the key role of gene flow in evolution, a thorough synthesis on the role of gene flow in 

the genomics of local adaptation is lacking. With this review on the genomics of local adaptation 

with gene flow we aim to fill this gap. 

‘Adaptation with gene flow’ includes three main scenarios. It refers to situations where 1) 

gene flow occurs between populations adapting to local conditions; and 2) gene flow is re-

established between differentiated populations following secondary contact. ‘Adaptation with 

gene flow’ can also apply to 3) a single population where a stable adaptive polymorphism is 

maintained despite free interbreeding among different morphs (e.g., through supergenes as in 

colour mimicry in Heliconius butterflies; Joron et al. 2011). Theory proposes a multifaceted role 

for gene flow in adaptation. Basic theory predicts that gene flow disrupts the adaptation process 

if selection is not strong enough to prevent the loss of advantageous alleles (Haldane 1930). 

However, empirical evidence shows not only that gene flow can promote local adaptation but 

also that adaptive polymorphisms can be maintained within populations despite high gene flow 

(e.g., Joron et al. 2011; Comeault et al. 2015; Laurent et al. 2015). In this review we first 

investigate selection on migration and gene flow and develop hypotheses about the effect of 

genetic architecture on the persistence of gene flow. Then we explore the role of gene flow in the 

two stages of local adaptation: origin and maintenance of adaptation. We review the three main 
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sources of genetic variation addressing specific questions related to how gene flow affects 

adaptation from new mutations and standing genetic variation, and the importance of gene flow 

as a source of adaptive variation, i.e. adaptive introgression. We then provide a synthesis of 

theoretical and simulation-based models of adaptive evolution with gene flow with a focus on 

clustering of adaptive loci. We review the mechanisms potentially maintaining adaptations when 

gene flow is high, and provide empirical evidence for adaptation with gene flow. Although gene 

flow among genetically differentiated populations and species can lead to the formation of 

hybrids, we do not discuss hybridization per se here and refer the reader to the rich body of 

literature on the topic (Bullini 1994; Seehausen 2004; Mallet 2007; Abbott et al. 2013). We also 

do not review methods of genomic analyses, but the reader will find explanation of methods in 

the studies cited in this review. 

In the literature on adaptation, and especially in population genetics, ‘migration’ and 

‘gene flow’ are often used interchangeably. In this article we use ‘migration’ to refer to the 

movement and dispersal of individuals or gametes, and ‘gene flow’ for the movement of alleles, 

and eventually their establishment, into a genetic pool different from their genetic pool of origin 

(Endler 1977). That gene flow does not necessarily follow migration is important to remember. 

Additionally, we specify the intended meaning of ‘migration’ and ‘gene flow’ when needed, but 

do not replace ‘migration-selection’ with ‘gene flow-selection’, although the latter would be 

more appropriate.  

 

2.3 Selection on migration and gene flow 

When selection is spatially heterogeneous but temporally constant, gene flow can erode local 

adaptation by swamping local adaptive alleles, and/or impose a fitness cost on immigrants 
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(Balkau & Feldman 1973; Lenormand 2002; Blanquart & Gandon 2011). For example, in a two 

alleles-two demes model, gene swamping is predicted to occur when m/s > α/(1- α), where m is 

gene flow, s is selection in one deme, and α is the ratio of selection coefficients between two 

demes (Bulmer 1972).  

Selection can act directly on immigrants that disperse to an unfavourable environment, 

and/or on their ability or propensity to disperse. Several models of the evolution of migration 

with local adaptation, where migration refers to the heritable ability or propensity to disperse, 

have been developed (e.g., Billiard & Lenormand 2005; Blanquart & Gandon 2011). These are 

primarily two-locus models, where one locus is under selection and the other locus determines 

migration rate. Billiard & Lenormand (2005) discussed the importance of linkage and 

recombination between the two loci and suggested that migration rate can depend on the genetic 

architecture and effect size of the loci controlling both the migration rate and the adaptive trait.  

We argue that the genetic architecture of locally adapted traits can also affect the strength 

of selection on gene flow. We distinguish ‘selection on gene flow’ from ‘selection on migration’, 

first, to differentiate gene flow from migration, both as the act of dispersing, and as the heritable 

ability to disperse (sensu Billiard & Lenormand 2005; see Box 1); second, because we are 

interested in the interactions that occur between locally adaptive and invading alleles within an 

individual genome after mating; and third, because of the temporal gap that potentially occurs 

between moving to a different environment and exchanging alleles with the local population.  

An example of a study system where genetic architectures of adaptive traits affect 

selection on gene flow is the stick insect Tinema cristinae, which has evolved different colour 

patterns, green-striped and unstriped, to avoid predation on each of two plant hosts (Nosil et al. 

2002). A third melanistic brown form, cryptic on woody parts of both plants, occurs across the 
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range and was found to act as a ‘genetic bridge’ that maintains connectivity, i.e. gene flow, 

between the plant host specialized forms (Comeault et al. 2015). A combination of hierarchical 

dominance (unstriped, dominant over striped at the pattern locus; and green, dominant over 

brown at the colour locus) and epistasis (striped is not expressed in brown forms) between the 

loci controlling pattern and colour, respectively, relaxes selection against gene flow.  

We propose a simple two-alleles two-environments model (as shown in Fig. 2.1) where 

the red allele is adaptive in the red environment and disfavoured in the blue environment, and the 

blue allele is adaptive in the blue environment and disfavoured in the red environment (i.e. 

environmentally antagonistic selection; Fig. 2.1a, b and c), and we assume equivalent dispersal 

potential and no variation in dispersal ability. We consider a simple genetic architecture such as 

dominance, and show that red phenotypes are disfavoured when they migrate to the blue 

environment regardless of the dominance pattern of the red allele, and that the genotype does not 

affect selection on immigrants (Fig. 2.1b). However, dominance can affect selection on gene 

flow. In fact, if red immigrants survive temporarily in the blue environment and successfully 

mate and exchange alleles with blue locals, selection on the first filial generation (F1) will 

depend on the dominance of the immigrant allele. If the blue and the red alleles are codominant, 

F1 individuals express an intermediate phenotype RB; if red is dominant, F1 individuals with 

genotype bR express the red phenotype and are disfavoured in the blue environment; if red is 

recessive, the genotype Br expresses the locally adapted phenotype making the red allele not 

visible to selection (Fig. 2.1d). Selection on F1 is highest if red is dominant, intermediate if red 

and blue are codominant, and null if red is recessive (Fig. 2.1d). Therefore high levels of gene 

flow could be maintained if the immigrant allele is recessive, but gene flow would be selected 

against and therefore limited if the immigrant allele was dominant, thus potentially building up 
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divergence between populations. In stick insects, in the absence of a genetic bridge based on the 

interaction between dominance and epistasis between two adaptive loci, gene flow between 

populations would have been limited and genetic differences would have accumulated and 

eventually led to speciation (Comeault et al. 2015). 

This simple model of selection on gene flow assumes environmentally antagonistic 

selection, such that selection on colour is opposite in the two environments (sred = -sblue), and 

would apply anytime gene flow is asymmetrical, such as in continent-island scenarios, at range 

limits and/or in source-sink dynamics. The stronger the asymmetry the stronger the selection 

against gene flow is. In stick insects gene flow is symmetrical due to the presence of a third 

generalistic phenotype (the melanistic morph) that masks the expression of locally adapted 

phenotypes (striped and unstriped green). 

Although our hypothesis has not been formally tested either theoretically or empirically 

so far, the prediction that the genetic architecture of locally adaptive traits affects the strength of 

selection on gene flow could be extended to polygenic adaptive traits (i.e. quantitative traits) and 

other genetic architectures that are more resistant to gene flow, such as physical linkage and 

chromosomal rearrangements. Testing our hypothesis requires knowledge of the genetic 

architecture of a locally adaptive trait, the strength of selection on the trait, and levels of genetic 

differentiation and gene flow between two populations. Stick insects provide an example of how 

genetic architecture allows the maintenance of gene flow between locally adapted populations 

(Comeault et al. 2015), but more studies of this kind are necessary for rigorous testing.  
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2.4 Origin of adaptation 

Three main sources of variation for genetic adaptation have been proposed: new mutations, 

standing genetic variation and adaptive introgression. Although the three sources have been 

reviewed elsewhere (Barrett & Schluter 2008; Hedrick 2013), here we use theoretical and 

empirical studies to address specific questions related to how gene flow affects adaptation from 

new mutations and standing genetic variation, and to the importance of gene flow as a source of 

adaptive variation, i.e. adaptive introgression. We treat each of the three categories separately for 

clarity, even though they are not independent (Fig. 2.2).  

 

2.4.1 How gene flow affects establishment of new beneficial mutations 

In the transition from genetic to genomic studies of adaptation, theory has shifted from ‘beanbag 

thinking’ based on the study of individual genes (highly criticized by Mayr, who acknowledged 

the importance of epistasis and genetic linkage in speciation; Slatkin 1987), to models that 

included the interactions among genes, and between genes and the genomic landscape with 

particular attention to genetic architecture. In fact, recent studies have stressed the importance of 

genetic architecture in the process of divergence with gene flow (e.g., Bürger & Akerman 2011; 

Yeaman & Whitlock 2011; Feder et al. 2012b; Yeaman 2013). 

For example, how does gene flow into a population affect the probability of 

establishment of new mutations under different genetic architectures? Whether interactions 

among genes are considered or not (single- vs. multi-locus models), simulation-based studies 

show that the interplay between selection (s) and rate of gene flow (m) is the strongest 

determinant of whether a beneficial new mutation establishes in a population: a new mutation is 

most likely to establish when s is greater than m (Haldane 1930; Wright 1931; Lenormand 2002; 
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Yeaman & Otto 2011; Feder et al. 2012b), or otherwise it will be swamped from the local 

genetic pool. Linkage with an already differentiated locus does not increase the probability of 

establishment in cases of strong selection and low gene flow, but the role of linkage becomes 

appreciable when selection on the new mutation is below the rate of gene flow, and selection at 

the already differentiated locus is strong (s > 2m; Feder et al. 2012b). With an increasing number 

of loci under strong divergent selection, the probability of a new mutation being linked with one 

of these loci increases, and so does its probability of establishment. When genome-wide 

divergence increases (generally at a later stage in the divergence process) effective gene flow at 

the genome level decreases, thereby increasing the chances of a new mutation to establish, even 

with weak selection, so that the probability of establishment (P) depends solely on selection on 

the new mutation (P = s/2; Feder et al. 2012b).  

Several approaches have been developed to determine whether an adaptive trait evolved 

from new mutations versus standing genetic variation (Barrett & Schluter 2008). However, the 

key to understanding adaptation from new mutations is to compare the estimated date of the 

mutation event with the date of the environmental change that drove the evolution of the 

adaptation (Stapley et al. 2010). One example involves deer mice (Peromyscus maniculatus) in 

the Sand Hills of Nebraska, where light coat colour evolved to match the lighter soil compared to 

the surrounding area (Linnen et al. 2009) in response to avian predation (Linnen et al. 2013). 

Linnen and colleagues (2009; 2013) demonstrated that the lighter colour has adaptive value and 

that the alleles conferring lighter coat colour arose de novo only after formation of the light soil 

Sand Hills. This system is useful for learning about the role of gene flow in the establishment of 

new mutations. Gene flow between light and dark mice is very high: the two morphs freely 

interbreed. Mice at the juncture of the dark- and light-soil habitats are phenotypically diverse, 
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showing many intermediate phenotypes and low levels of linkage disequilibrium, suggesting 

high recombination rates combined with large effective population sizes and gene flow 

maintained a diversity of alleles. In this study system, the establishment of the light, derived 

alleles seems to have been driven by selection strong enough to overwhelm the homogenizing 

effect of gene flow. Additionally, the light phenotype is a combination of multiple pigmentation 

traits, mostly genetically independent, so that high gene flow and high recombination rates 

provide a plausible mechanism of the fine phenotypic tuning. The many mutations that fine-tune 

colouration in the deer mice now contributed greatly to the pool of standing genetic variation 

(Fig. 2.2).   

Studies where adaptation is caused by new mutations are scarce (Table 2.1). In deer mice, 

colouration is the result of epistatic interactions between two genes, Mc1r and Agouti, but the 

detailed genetic architecture of the trait, in terms of the dominance hierarchy of individual SNPs 

(single nucleotide polymorphisms) for example, has not been described yet. More empirical 

studies are necessary to understand better the role of genetic architecture in the establishment of 

new beneficial mutations. 

 

2.4.2 Gene flow in spatially and temporally variable environments can augment standing genetic 

variation 

In addition to a century of quantitative genetics studies stressing the role of standing genetic 

variation in adaptation, genomic studies are increasingly demonstrating standing genetic 

variation to be the main source of adaptive variation (reviewed in Barrett & Schluter 2008; but 

see Karasov et al. 2010). Adaptation from standing genetic variation poses three main 

advantages compared to adaptation from new mutations (Barrett & Schluter 2008). First, it is 
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faster because it evolves from alleles already available in the population. Second, due to their 

occurrence at higher frequencies, beneficial alleles not only spread faster in the population but 

also are less likely to be lost by drift. Third, the adaptive value of pre-existing alleles may have 

already been tested in the past or in other parts of the species’ range.  

 The Rhagoletis pomonella study system provides clear insights into the advantages of 

evolving adaptations from standing genetic variation. Rhagoletis pomonella is a species complex 

of parasitic fruit flies, known to have recently (~150 years ago) shifted hosts after the 

introduction of apple (Malus pumila) in the United States. What seemed to be a classic case of 

fast host race formation and sympatric speciation revealed a history of ancient gene flow and 

introgression (Feder et al. 2003, 2005): marked differences between gene trees based on neutral 

markers (including mtDNA) versus loci associated with diapause adaptation to different plant 

hosts suggested that alleles associated with the host shift not only were present well before apple 

was introduced (more than 1.5 Mya) but also derived from a currently allopatric Mexican fly 

population adapted to warmer conditions with different diapause cycles. Genetic variation in 

diapause introduced by gene flow from Mexico into the United States seems to have allowed the 

host shift to apple and other plant hosts (Feder et al. 2003, 2005), making this study system an 

example of how alleles tested in another place or time can provide ready-to-use genetic material 

for adaptation to a new situation. 

In fact, environmental heterogeneity appears to be one of the key sources for the 

maintenance of genetic variation (reviewed in Felsenstein 1976). For example, Yeaman and 

Jarvis (2006) used an extensive 20-year dataset of common garden experiments to test growth 

response to climate in lodgepole pines (Pinus contorta) and observed that the combination of 

gene flow and environmental heterogeneity promote and maintain high levels of standing genetic 
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variation in this species. The authors proposed two general conditions for environmental 

heterogeneity and gene flow to support genetic variation: strong selection to maintain phenotypic 

variation and counteract the homogenizing effect of gene flow, and substantial spatial variation. 

Similar results can be obtained in temporally variable environments. Blanquart et al. (2013) used 

evolutionary simulations to test the effect of gene flow in temporally variable and temporally 

stable environments and found that, while local adaptation is eroded by gene flow in temporally 

stable environments, intermediate levels of gene flow maximize local adaptation in the presence 

of temporal variation (Fig. 2.3). Therefore, temporal fluctuations seem to play a role similar to 

spatial heterogeneity (Gandon 2002; Blanquart & Gandon 2011; Fig. 2.4a). Regardless of 

whether environmental variation is spatial or temporal, the genetic architecture of a given 

adaptive trait, for example if selection is environmentally antagonistic rather that conditionally 

neutral, can affect the relationship between spatial/temporal variation and genetic diversity 

(Huang et al. 2015). 

High levels of genetic variation can also alleviate gene swamping in local adaptation with 

gene flow. Large-effect alleles are predicted to be more resistant to swamping and more likely 

to contribute to local adaptation than small-effect alleles (Yeaman & Otto 2011). However, a 

simulation-based study (Yeaman 2015) suggested that high genetic variation can contribute to 

local adaptation through small-effect alleles in two main ways. First, alleles that are prone to 

swamping can contribute temporarily to local adaptation, before being swamped. Second, 

considering that a quantitative trait can be expressed by numerous combinations of several small-

effect alleles, high genetic variation provides a pool of potential combinations from which the 

population can draw. An example of how high genetic variation can provide different 

combinations of alleles for the same phenotypic expression of a trait comes from colour mimicry 
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in Heliconius butterflies, where different species have different genomic bases for wing colour 

patterns. In H. numata the ‘supergene’ P is most strongly associated with adaptive colour 

polymorphism, but weaker associations are also found with other loci, some of which underpin 

similar colour mimicry patterns in other Heliconius species (Jones RT et al. 2012). In fact, the 

same phenotype can be obtained by different combinations of alleles at different loci on the same 

or different chromosomes, and this high genetic variation increases the number of available 

adaptive combinations of loci and alleles. Nevertheless, theoretical predictions about small-effect 

alleles are difficult to test empirically using genome scans because most currently available 

methods to detect signatures of selection have limited power when selection is weak and/or the 

trait of interest is polygenic (Yeaman 2015; but see Yang et al. 2010). 

Studies that specifically address the role of gene flow in the origin and maintenance of 

standing genetic variation are rare (but see Feder et al. 2003, 2005). Gene flow following 

secondary contact due to climatic oscillations, however, is common for many temperate species 

in the Northern Hemisphere. What is the role of gene flow in adaptation in these situations? 

Analyses of 70 microsatellite loci in the European aspen (Populus tremula L.) revealed that 

postglacial admixture following secondary contact increased variance in phenotypic traits 

involved in adaptation, such as phenology of bud set, and suggested that selection acted on 

standing genetic variation, whose high levels were due to gene flow among populations (De 

Carvalho et al. 2010). A study on migration-selection balance in a recently established 

population of Mimulus guttatus, resembling a continent-island model, based on RAD-seq and 

whole genome data showed that the role of gene flow in adaptation can change with time: in a 

first phase gene flow augmented standing genetic variation on which selection acted to optimize 
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local adaptation, but once the population was established and locally adapted, further gene flow 

introduced maladapted alleles (Monnahan et al. 2015).  

Recently, whole genome resequencing data have provided insights into levels and 

features of standing genetic variation in natural populations of sticklebacks (Feulner et al. 2013; 

Chain et al. 2014), cichlids (Fan & Meyer 2014), pea aphids (Duvaux et al. 2015), and 

monkeyflowers Mimulus guttatus (Flagel et al. 2014). These studies suggest that even if SNPs 

are the most common form of genetic variation, other types of genetic variants, including 

structural variants (insertions, deletions, inversions, and transpositions) and copy number 

variation, are widespread in the genome and might have an important role in adaptation. In 

cichlids, large amounts of shared variation among five African species (Fan & Meyer 2014) were 

attributed to retained ancestral variation and/or gene flow, which are two factors hard to 

distinguish (Nachman & Payseur 2012). We encourage more research in this direction to gain a 

better understanding of the importance that gene flow has in contributing to levels of standing 

genetic variation, and how this affects the potential of populations to adapt. 

 

2.4.3 Gene flow can promote adaptation via adaptive introgression 

Although adaptive introgression generally refers to the movement of alleles from one species to 

another (Hedrick 2013; Hamilton & Miller 2015), the actual introgression of adaptive alleles 

through interbreeding and backcrossing applies to the population level as well, even when 

reproductive barriers are weak or nonexistent. 

 Adaptive introgression has been documented in several plant species (Martin 2005; 

Whitney et al. 2006, 2015; Kim et al. 2008), with the strength of evidence growing as 

sequencing technology and genomic coverage improve. Similarly, lateral gene transfer can 
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spread antibiotic resistance among species of enteric and other bacteria (Ochman et al. 2000) and 

is de facto adaptive introgression. The frequency of hybridization and adaptive introgression was 

overlooked in animals until recently, mainly due to the prevalence of the biological species 

concept and low fitness observed in many animal hybrids (Hedrick 2013). Testing adaptive 

introgression requires identification of the donor species, characterization of the genetic basis of 

the trait in the donor and recipient species, and evidence of a significant fitness effect on the 

recipient species (Rieseberg 2011; Hedrick 2013). Additionally, the evolutionary history of the 

trait transfer must be observed or reconstructed (Hedrick 2013). Power in detecting events of 

adaptive introgression has been improved recently by increased genomic coverage made possible 

by high throughput sequencing technologies and new inference approaches based on 

phylogenetic networks and hidden Markov models (Liu et al. 2014), and association mapping 

methods (Hejase & Liu 2016).  

The best-characterized example of adaptive introgression in animals is insecticide 

resistance in mosquitos. Whole genome sequencing of Anopheles gambiae and A. coluzzii 

showed the introgression of a whole island of divergence carrying an insecticide-resistance 

mutation (Vgsc-1014F kdr) from A. gambiae to A. coluzzii (Clarkson et al. 2014), despite strong 

reproductive isolation and low fitness in hybrids (Lee et al. 2013). Temporal transects pinpointed 

the introgression event to a massive insecticide-treated bed net campaign in Mali (Norris et al. 

2015), which acted as a strong selective pressure on A. coluzzii, which previously lacked the 

beneficial allele. This study system also offered the opportunity to reconstruct, in almost real 

time, the mechanisms of adaptive introgression without formation of persistent hybrids (Box 2; 

Table 2.1). 
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2.5 Maintenance of adaptation 

2.5.1 Theoretical framework 

In the absence of gene flow, locally adapted alleles follow independent evolutionary trajectories 

and their persistence in the population is the result of the interaction between selection and drift 

(Wright 1931). In isolation, genetic differences, both neutral and adaptive, will accumulate and 

eventually lead to speciation (Coyne & Orr 2004). In contrast, with very high levels of gene 

flow, neutral and adaptive variation are homogenized and locally adapted alleles can be 

swamped (Bulmer 1972; Lenormand 2002). With intermediate levels of gene flow, however, 

locally adapted alleles can be maintained if gene flow is below a certain critical threshold (see 

gene swamping above; Haldane 1930; Blanquart & Gandon 2011; Bürger & Akerman 2011; 

Yeaman & Whitlock 2011; Blanquart et al. 2013). In this scenario, genetic architecture assumes 

a pivotal role in the preservation of local adaptation (see below; Bürger & Akerman 2011; 

Yeaman & Whitlock 2011; Yeaman 2013; Akerman & Bürger 2014).  

For decades the theory on the evolution of adaptation with gene flow was based on either 

single-locus two-alleles models (Haldane 1930; reviewed in Lenormand 2002), where the 

interactions among loci in the genome were not considered, or two-locus models (Felsenstein 

1976). However, adaptive traits are often polygenic and several studies have shown that 

predictions based on single-locus and two-locus models cannot be extrapolated to polygenic 

traits and the whole genome (Spichtig & Kawecki 2004; Yeaman 2015 and references therein). 

We reserve the term ‘genomic models’ for those models that consider linkage disequilibrium, 

epistasis and/or recombination among loci, which are pivotal in the maintenance of adaptation 

with gene flow. Among the two- and multilocus models that are available to date, the majority do 

not adopt a genomic view and tend to focus on very specific case scenarios, probably due to the 
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modeling complications associated with the interactions among loci (Akerman & Bürger 2014; 

but see Barton 1983; Barton & Bengtsson 1986).  

Single-locus theory predicts that in a continent-island model a locally adapted allele will 

be lost in the island if gene flow m overwhelms selection s (Haldane 1930). This prediction 

highlights the importance of the effect size of a beneficial allele: alleles with larger effects are 

less likely to be lost (Yeaman & Otto 2011). What happens when multiple loci are involved in 

adaptation? Genomic migration-selection models address how interactions among loci change 

the net effect of the tension between m and s (termed the diversification coefficient δ by Yeaman 

& Otto 2011), and therefore the critical migration (i.e. gene flow) threshold mcrit above which 

locally adapted alleles are lost (Bürger & Akerman 2011; Yeaman & Whitlock 2011; 

Aeschbacher & Bürger 2014). Because adaptation with gene flow favours large effect alleles, 

multilocus phenotypes should be based on few large effect alleles or a group of small effect 

alleles in tight linkage that de facto act as a single large effect locus (Griswold 2006; Yeaman & 

Otto 2011). Although tight genetic architectures are favoured, less-linked architectures can still 

persist, transitorily or stably, especially when selection is strong. Yeaman and Whitlock (2011) 

addressed the role of genetic architectures in maintaining multilocus adaptive phenotypes with 

gene flow using individual-based evolutionary simulations, and explored the effects of gene 

flow, selection, recombination, mutation, and effect size on architectures that would develop 

after long periods of evolution. In summary, simulations indicate that 1) the number of loci 

contributing to divergence, and the distance among them tends to decrease with increasing gene 

flow, 2) the number of loci contributing to divergence decreases with increasing recombination, 

and effect size tends to increase, 3) clusters of loci experiencing a benefit of linkage tend to be 

spread over larger distances with stronger selection, 4) individual mutations of small effect tend 
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to cluster in groups of loci with larger effect, and 5) the effect of mutation rate depends on effect 

size. Therefore, genetic architectures based on clusters of few loci of large effect are favoured 

when adaptation occurs with gene flow, as suggested by empirical work on hybridization in 

sunflowers (Rieseberg et al. 1999) and Drosophila (Noor et al. 2001), and inferred by previous 

two-locus theory on selection-migration-recombination (Lenormand & Otto 2000 and references 

therein). Bürger & Akerman (2011) and Akerman & Bürger (2014) supported these predictions 

using different models and assumptions, and additionally emphasized the importance of 

suppression of recombination in the maintenance of adaptive polymorphisms (Kirkpatrick & 

Barton 2006).  

Most theoretical work revolves around island and continent-island models of migration 

and gene flow, and fewer studies have focused on adaptation with gene flow in continuous space. 

Although the balance between selection and gene flow remains the strongest determinant of 

whether an adaptive variant will be maintained in a population, in continuous space, such as 

along clines, gene flow decreases with distance among individuals, and this difference can affect 

the migration-selection balance. Endler (1976) summarized the main factors promoting 

maintenance of differentiation with gene flow along a cline: selection gradients or ecotones, 

short clines, dominance, selective differences among morphs but low competitive advantage of 

one morph over another, and assortative mating. Early single-locus models (reviewed in 

Felsenstein 1976) often considered one aspect of genetic architecture, dominance, but neglected 

the relationship of a locus with its genomic background. Barton (1983) used a multilocus 

approach for the first time and found that with n number of loci under selection, linkage among 

loci strengthens selection and its opposition to gene flow by a factor of √𝑛, which is in line with 

predictions based on island and continent-island models. 
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2.5.2 Genomic mechanisms maintaining adaptation despite gene flow 

To understand how clusters of adaptive loci are maintained despite gene flow, the mechanisms 

underpinning their evolution, which are based on protection from the disrupting effects of 

recombination, are fundamental to identify. These mechanisms can be classified into four main 

categories (Yeaman 2013): i) linkage with an already diverged locus, ii) increased resistance to 

gene flow following secondary contact, iii) competition among genetic architectures, and iv) 

competition among genomic architectures (including mechanisms that reduce or suppress 

recombination, see below). As previously discussed, linkage with an already diverged locus can 

favour the establishment of new advantageous mutations if they occur in the vicinity of a site 

already under selection (Bürger & Akerman 2011; Yeaman & Whitlock 2011; Feder et al. 

2012b). Distance between loci is pivotal because it affects both the probability of establishment, 

through linkage, and the probability of resistance to gene flow, given that the rate of 

recombination increases with distance between loci (Fig. 2.4b). However, linkage disequilibrium 

(LD) depends on more than just distance between loci and can vary greatly across species, 

populations, and across regions of one individual genome (Reich et al. 2001; Flint-Garcia et al. 

2003). For example, in certain regions of the genome LD in sticklebacks can extend to distances 

longer that 20 Mb (Hohenlohe et al. 2012), whereas in the	collared (Ficedula albicollis) and the 

pied flycatchers (F. hypoleuca) average genome-wide LD is 17 Kb, with peaks of LD 

corresponding to areas of high differentiation (Kawakami et al. 2014). Assuming equivalent 

phenotypic outcomes, selection will favour combinations of alleles that are more tightly linked 

(genetic architecture) because of their higher resistance to introgression of unfavourable alleles 

(Yeaman & Whitlock 2011; Fig. 2.4b). Similarly, genomic architectures that bring advantageous 
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alleles together and are intrinsically characterized by low recombination rates will be favoured 

by selection (Kirkpatrick & Barton 2006).  

In a simple single-trait single-locus scenario, the fate of an adaptation depends mostly on 

the tension between gene flow and selection (and drift), and recombination is not involved (Fig. 

2.4c). If one locus controls pleiotropically several traits, the association among traits cannot be 

broken by recombination, and phenotypic differences are inherited as a single fixed module (see 

Solovieff et al. 2013 for a review on pleiotropy; Fig. 2.4c). Many studies have focused on the 

maladaptive effects of antagonistic pleiotropy that occur when a single locus controls two or 

more phenotypic traits with opposing fitness effects, thus hindering adaptation (e.g., Otto 2004). 

If the co-varying traits lie on the same adaptive axis though (i.e. the slope of the ellipse 

describing the G-matrix is positive), pleiotropy can be beneficial in that it can even accelerate 

the adaptive response to selection. Adaptive pleiotropy was observed in Arabidopsis thaliana at 

the locus FRI (FRIGIDA), which is involved in local adaptation to drought by controlling 

flowering time, growth rate and water use efficiency (Lovell et al. 2013). Whether pleiotropy is 

antagonistic or adaptive, the association among the traits the gene controls cannot be broken by 

recombination, and the maintenance of a complex pleiotropic phenotype in a population follows 

predictions of single-locus theory (Lenormand 2002).  

Supergenes are the most compelling example of genetic architectures resembling the 

behaviour of a pleiotropic gene. Although their existence has long been debated, the recent 

molecular characterization of supergenes proved them important in both adaptation and 

speciation (reviewed in Schwander et al. 2014; Thompson & Jiggins 2014). A supergene is 

fundamentally a cluster of adaptive loci that is inherited as though it was a single locus, and 



	
	

33 

whose polymorphism is maintained in a population via negative frequency-dependent selection 

and/or spatially and temporally heterogeneous selection. 

Thanks to the rapid and constant development of genomic methods, empirical studies in 

the area of speciation and adaptation with gene flow are perhaps ahead of theoretical predictions, 

and are offering precious insights into the genomic mechanisms and architectures that maintain 

adaptation with gene flow. In particular, these studies are unraveling the mechanisms that reduce, 

or suppress, recombination, including 1) cold spots of recombination, 2) chromosomal 

rearrangements, and 3) epigenetic modifications (Fig. 2.4d).  

 

Cold spots of recombination. Recombination rates are not even across genomes and depend on 

many factors. Cold spots are regions in the genome where the recombination rate is lower than 

average. What determines variation in recombination rates across the genome? First, 

recombination rates are a function of chromosome length, in that shorter chromosomes usually 

experience more recombination events per base pair than longer ones (Kaback et al. 1992; Kong 

et al. 2002). Second, recombination varies with genome sequence: recombination is lower in 

heterochromatic regions, areas of high GC content and stretches of polyA/polyT, and it is 

positively correlated with CpG fraction (Kong et al. 2002). Third, position on the chromosome 

matters. Heterochromatic regions are found in centromeres and telomeres and are characterized 

by low gene content, AT-rich sequences and high density of interspersed repeats. Centromeres in 

particular are apparently areas of low recombination and as such resistant to gene flow (Fig. 

2.4d). For example, levels of introgression between the two subspecies of European rabbit 

(Oryctolagus cuniculus cuniculus and O. c. algirus) were investigated using four X-linked loci: 

two centromeric and two telomeric (Geraldes et al. 2006). High linkage disequilibrium, low 
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levels of variability, and little introgression between subspecies characterized the centromeric 

loci, whereas the telomeric loci showed opposite characteristics, suggesting reduced 

recombination and resistance to gene flow in proximity to the X chromosome centromere. 

Further support is provided by the two African malaria mosquito species Anopheles gambiae and 

A. coluzzii (previously known as M and S forms), where gene flow is high despite apparent 

reproductive isolation. Turner et al. (2005) used genome-wide markers to identify the genomic 

areas of high differentiation potentially involved in reproductive isolation between the two 

species. They found only three differentiated regions between the two genomes, each containing 

fixed differences and no shared variation: of these, two lay in the proximity of centromeres. 

Other cold spots of recombination are gene-poor regions, which often occur in proximity to 

centromeres (Fig. 2.4d). 

 

Chromosomal rearrangements. According to underdominance models, karyotypic differences 

are a major driver in speciation due to infertility or inviability of hybrids that inherit 

chromosomes differing in number or structure (White 1978).  Rieseberg (2001) reviewed 

evidence undermining this view, including the observation that many chromosomal 

rearrangements, such as paracentric inversions, do not reduce fitness in hybrids, and proposed 

that chromosomal rearrangements promote differentiation more often by reducing gene flow 

through the suppression of recombination. This led to the development of the so called ‘genic 

model’ of speciation due to the emphasis given to the genes affected by the chromosomal 

arrangement rather than the arrangement per se. Chromosomal rearrangements reducing 

recombination include inversions, reciprocal translocations, fusions and fissions. 
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Chromosomal inversions could be easily investigated using cytological methods well 

before PCR and other genetic methods were developed. Extensive work conducted on 

Drosophila since the beginning of the 20th century, where several inversions were detected in 

many species, showed the importance of inversions in adaptation and promoted the development 

of several theories on the establishment and maintenance of inversions and inversion 

polymorphisms (reviewed in Hoffmann et al. 2004; Hoffmann & Rieseberg 2008). The first 

indication of a role for inversions in adaptation came from the observation of seasonal changes in 

inversion polymorphism clines in Drosophila (Dobzhansky 1943). Later work reported the 

repeated and independent evolution of inversion polymorphism clines on three continents 

(Krimbas and Powell 1992). Additionally, research on Drosophila revealed that sympatric 

species show more differences involving inversions than do allopatric species (Noor et al. 2001), 

supporting that inversions play an important role in maintaining genetic differentiation in the 

face of gene flow. In reef fishes (Martinez et al. 2015) and estrildid finches (Hooper & Price 

2015) chromosomal rearrangements fix faster in lineages with higher dispersal potential and 

gene flow, which is consistent with the prediction that gene flow favours fixation of 

chromosomal rearrangements that create and maintain associations among locally adapted loci 

(Kirkpatrick & Barton 2006). The reduction of recombination associated with inversions is what 

links inversions to adaptation with gene flow (Fig. 2.4d). However, low levels of recombination 

could still occur because recombination is really suppressed only in heterozygotes, and double 

crossovers and gene conversions that could potentially modify linkage disequilibrium among loci 

within an inversion, although rare, can occur (Andolfatto 2001). Factors other than reduced 

recombination can help explain the role of inversions in facilitating maintenance of genetic 

differences (Feder & Nosil 2009). Inversions can be important 1) when phenotypic differences 



	
	

36 

are due to the break point rather than the sequence itself; 2) when they capture many 

advantageous alleles together; and 3) when gene flow following secondary contact is recent. 

Lastly, the apparent importance of inversions could be biased by the ease with which they are 

detected with cytological and genomic methods compared to other mechanisms.  

While our focus is to understand the genomic mechanisms maintaining local adaptation 

with gene flow, and we provide evidence for an important role of inversions, Kirkpatrick and 

Barton (2006) addressed the relationship between inversions and local adaptation in the reverse 

manner, that is they investigated the mechanisms maintaining inversion polymorphisms. In their 

study, local adaptation seems the most plausible scenario among many examined. Most of the 

alternative scenarios focused on the balance among the fitness effects on the co-adapted alleles 

captured within an inversion (e.g., Dobzhansky 1947, 1951, 1970; Haldane 1957; Wasserman 

1968), while other hypotheses were based on frequency-dependent and/or fluctuating selection 

(Wright & Dobzhansky 1946; Lewontin & White 1960; Alvarez-Castro & Alvarez 2005). 

Nonetheless, however it is investigated, the tight relationship between inversions and adaptation 

is widely and strongly supported.  

Compared to the extensive literature on inversions, little is known about other 

chromosomal rearrangements such as fusions. For simplicity we group all the chromosomal 

rearrangements that bring together previously unlinked loci and reduce recombination rates 

among them as ‘fusions’ (as in Guerrero & Kirkpatrick 2014); these include Rb translocations, 

end-to-end fusions, tandem fusions, reciprocal translocations, and fusions in holocentric 

chromosomes. Fusions are different from inversions in that recombination is reduced not only in 

heterozygotes but also in homozygotes, and they are the chromosomal rearrangements that are 

more likely to cause sterility in F1 hybrids. If local adaptation favours the reduction of 
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recombination rates, fusions should be favoured as much as inversions, if not more. Guerrero and 

Kirkpatrick (2014) addressed this question using population genetics simulations based on a two-

locus continent-island model and a two-locus two-deme model. Their results are slightly 

different depending on the model used: under a continent-island model fusions evolve when 

recombination in heterozygotes is weaker than selection, whereas under a two-deme model 

fusions are always favoured to spread. The maintenance of fusions and fusion polymorphisms 

depends on recombination rates in homozygotes and heterozygotes, and on linkage 

disequilibrium among loci. As with inversions, the maintenance of fusions seems to be favoured 

by local adaptation, and local adaptation in turn could be maintained despite gene flow due to the 

lower recombination rates found in fusions. 

In contrast, chromosomal rearrangements that increase recombination rates, such as 

chromosomal fissions, can be favoured in stressful or variable environments (Fig. 2.4a). This has 

been observed in at least two study systems, each involving a different chromosomal 

rearrangement: Rb translocation polymorphisms in grasshoppers (Dichroplus pratensis) and 

chromosomal fissions in blind mole rats (Spalax spp.). In South American acridid grasshoppers 

Rb translocation polymorphisms are frequent in central, stable and highly productive 

environments, and decline to monomorphism towards the southern extreme of the range, which 

is characterized by harsh, highly seasonal and variable habitats (Bidau & Martí 2002; Bidau et 

al. 2012). Several hypotheses have been suggested to explain this pattern, including the central-

marginal hypothesis that predicts lower diversity at the margins of species’ distributions 

(Kirkpatrick & Barton 1997). In D. pratensis translocation monomorphism at the range margin 

arguably allowed higher recombination rates, which in turn provided higher probabilities to draw 

an advantageous combination of loci for the local variable environmental conditions (Bidau & 
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Martí 2002; Fig. 2.4a). In fact, with decreasing frequency of Rb translocations, variability in 

several morphological traits increases and, with it, the chances to express a fit phenotype. In the 

blind mole rat, increasing numbers of chromosomes resulting from chromosomal fissions are 

correlated with ecological stress, in terms of aridity and climatic unpredictability, and have 

evolved independently in different geographic regions along environmental clines (Nevo et al. 

1994; Nevo 2013). Although based on a different mechanism, an increase in recombination rates 

could potentially contribute to adaptation in the blind mole rat. Experimental tests and detailed 

information on levels of gene flow, the type of environmental heterogeneity and epistasis are 

necessary to reliably predict when recombination is beneficial (Lenormand & Otto 2000; Bürger 

& Akerman 2011). 

 

Epigenetic modifications. Among the many mechanisms reducing recombination, epigenetic 

modifications such as DNA methylation, histone modifications and noncoding RNAs are the 

least understood, partly because the study of epigenetics only formally began in the early 1970s 

(Holliday 2006). Different organisms exhibit different levels of DNA methylation, from little or 

none in D. melanogaster to very high levels in many plant genomes (Deaton & Bird 2011). 

Therefore plants are good candidates to investigate epigenetics and its role in recombination 

reduction. In the plant model species Arabidopsis thaliana epigenetic modifications, especially 

DNA methylation, can explain differences in recombination in different parts of the genome 

(Mirouze et al. 2012; Yelina et al. 2012; Fig. 2.4d), or why centromeres are more resistant to 

recombination (reviewed in Henderson 2012; Fig. 2.4d). However, to the best of our knowledge, 

no study has addressed the specific role of epigenetic modifications in maintaining clusters of 

adapted alleles in the presence of gene flow. Although not focused on the maintenance of 
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adaptation with gene flow, a recent study on migratory behaviour in the trout Oncorhynchus 

mykiss showed that a combination of epigenetic modifications and changes in sequence could 

explain phenotypic differences between migratory and non-migratory individuals even though 

the genes underpinning such differences are not found in clusters (Baerwald et al. 2015; Table 

2.2). These findings suggest that epigenetic modifications may have an important role in 

adaptation with gene flow, other than reducing recombination among adaptive loci. 

 

2.5.3 Empirical evidence 

Empirical studies on the genomics of adaptation followed a similar trend as the theory, although 

at a faster pace, moving from a few candidate genes, through hundreds of thousands of genome-

wide markers (e.g., RNA-seq, RAD-seq), to whole genome sequencing and resequencing. 

Increasing genomic coverage allows analysis of the relationship among genes and genetic 

architecture, to test theoretical predictions and finally to understand the genomic mechanisms 

initiating and maintaining adaptation with gene flow: as previously discussed, the position in the 

genome, the distance among loci, and recombination rates are important factors in the evolution 

of adaptation, and increasing genomic coverage helps unravel their relative roles. Due to 

decreasing costs of sequencing, the study of the genomics of adaptation has flourished in recent 

years, and with it more and more studies are addressing the role of gene flow in adaptation at the 

genomic level (Tables 1 and 2). 

Marine organisms provide good systems to investigate the genomics of adaptation with 

gene flow. Physical barriers to gene flow are minimal within ocean basins: larvae are often 

passively dispersed by currents, communal areas of spawning and/or foraging facilitate gene 

flow among organisms from different geographic origins, and the effect of genetic drift is 
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negligible because marine organisms generally have large population sizes. On the other hand, 

marine organisms often occupy wide geographical ranges and are therefore exposed to strong 

differences in environmental selective pressures.  The purple sea urchin (Strongylocentrotus 

purpuratus), for example, is a highly dispersing marine invertebrate that occupies a wide 

latitudinal cline in the Pacific Ocean. Genome-wide scans (Pespeni et al. 2010) and analyses of 

putative adaptive genes along the cline (Pespeni & Palumbi 2013) showed that allele frequencies 

vary with temperature, indicating that spatial or temporal balancing selection has an important 

role in promoting and maintaining local adaptation despite high levels of gene flow (Table 2.2). 

Similar results were found in the Atlantic herring (Clupea harengus; Limborg et al. 2012), where 

spatially varying selection seems to maintain local adaptation despite high dispersal and gene 

flow likely occurring in communal feeding areas. However, in the European eel (Anguilla 

anguilla), spatially varying selection expected across subarctic and subtropical waters does not 

seem to counteract the homogenizing effect of gene flow (Pujolar et al. 2014): although selection 

is strong and acts within a single generation, panmixia at the spawning grounds nullifies any 

adaptation evolved in the previous generation. Pujolar et al. (2014) tested theoretical predictions 

regarding migration-selection balance and genetic architecture (Yeaman & Whitlock 2011) and 

found that loci putatively under selection were randomly scattered across the genome, a pattern 

that is consistent with panmixia and selection acting on single generations. Scattering of loci 

under selection across the genome rather than clustering however can also be observed when 

gene flow is low but selection is very strong, as in populations of Arabidopsis lyrata adapted to 

serpentine soils (Turner et al. 2010; Table 2.2). 

An extreme case of adaptation with gene flow occurs when two or more morphs that 

mate randomly are maintained in a single population, and supergenes are the underlying genetic 
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architecture of the adaptive trait. In the butterfly Heliconius numata for example, the supergene 

that controls wing mimicry seems to be maintained by both tight linkage among modules and a 

series of inversions that suppress recombination and thus prevent the expression of the 

maladapted combinations that would not be cryptic (Joron et al. 2011; Jones RT et al. 2012; 

Table 2.2).  

Empirical studies indicate that inversions are a common mechanism to maintain 

associations among adaptive alleles despite gene flow, and not only in supergenes (Hoffmann et 

al. 2004; Hoffmann & Rieseberg 2008; Schwander et al. 2014; Table 2.2). Although inversions 

are common, the loci captured by inversions are mostly yet to be determined, and hence the 

physiological mechanisms underpinning local adaptation are often unknown. An example of a 

well-characterized inversion, although associated with sexual selection and speciation rather than 

adaptation, is provided by Poelstra et al. (2014), who used whole genome resequencing to study 

hybridization between two crow subspecies (Corvus (corone) corone and C. (corone) cornix) 

that came into secondary contact after differentiating in separate glacial refugia. The interesting 

question is how the subspecies maintained phenotypic differences in colouration despite gene 

flow and lack of neutral genetic differentiation in the hybrid zone. The authors found a genomic 

region where fixed differences in genes mostly involved in pigmentation and visual perception 

were tightly linked, most likely due to an inversion in the region, corroborating a role for colour-

mediated sexual selection (Poelstra et al. 2014).  

The direct contribution of an inversion to local adaptation was determined for the first 

time using a field experiment and QTL mapping in the monkeyflower (Mimulus guttatus), even 

though the genes captured by the inversion were not characterized (Lowry & Willis 2010; Table 

2.2). In North America, perennial and annual ecotypes of the monkeyflower evolved in response 
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to differences in soil moisture. Twyford and Friedman (2015) demonstrated that high gene flow 

between ecotypes homogenized the collinear part of the genome, except in a chromosomal 

inversion responsible for the two life-history strategies. Similarly, several inversions potentially 

involved in adaptation with gene flow were repeatedly found among marine-freshwater 

population pairs of threespine sticklebacks (Gasterosteus aculeatus) using whole genome 

resequencing (Jones FC et al. 2012; Table 2.2). One of the inversions identified in this study 

contains a voltage-gated potassium channel gene, KCNH4. This gene is potentially involved in 

the transition between marine and freshwater environments, and its transcription seems to be 

affected by the inversion orientation and breakpoint. These studies provide empirical evidence 

for two mechanisms that render inversions important in local adaptation: capture of two or more 

adapted, but not necessarily co-adapted, alleles together (Kirkpatrick & Barton 2006), or change 

in phenotype due to inversion breakpoints rather than differences in sequence (Feder & Nosil 

2009).  

 

2.6 Future directions 

In 1984 Endler wrote ‘A major problem in this subject [natural selection] is that there is 

multiplicity of meanings for the same terms, and the same term means different things to 

different people.’ (Endler 1986). After more than 30 years we find that this still holds true. For 

example, although we did our best to guide the reader through the many uses of ‘migration’ in 

the scientific literature, it is evident that some confusion could be avoided, especially considering 

that gene flow, dispersal, and migration (as in the movements that many animals undertake 

seasonally or periodically), are different phenomena that can co-occur in the same study system.  
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Several aspects of the genomics of local adaptation with gene flow will see or need a 

better understanding in the near future.  

a) Regarding the role of gene flow in the origin of adaptation we encourage the adoption of 

a genomic approach in studying adaptation from new mutations, and in assessing levels 

of standing genetic variation. For example, candidate gene approaches, where relatively 

short regions of the genome associated with an adaptive trait are analyzed, can potentially 

give an either incomplete or incorrect picture of the process of adaptation. Also, assessing 

genome-wide levels of standing genetic variation with a distinction of putatively neutral 

and putatively adaptive variation could be used as a monitoring tool to study and predict 

the effect of environmental change on levels of standing genetic variation. 

b) We have addressed here for the first time that the strength of selection against gene flow 

can depend on the genomic architecture of adaptive traits. In the future we will develop a 

quantitative model expanding on the hypotheses here presented and, at the same time, 

hope for empirical studies explicitly addressing selection on gene flow and the role of 

genetic architectures. 

c) With increasing computational resources, more complex models and simulations that 

include more parameters and span entire chromosomes and genomes could be run in the 

near future. One potential improvement of theoretical models entails the inclusion of LD: 

even though currently available models stress the importance of recombination and 

distance among loci in the establishment and maintenance of adaptive alleles in a 

population (Bürger & Akerman 2011; Yeaman & Whitlock 2011; Feder et al. 2012b), the 

explicit parameterization of LD calculated from genomic data could help understand the 

role of genetic and genomic architectures in adaptation. 
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d) We found that in some genomic studies of adaptation gene flow was present but hardly 

discussed, even when it seemed to exert a non negligible role in the pattern observed. We 

warn that to neglect the role of gene flow could cause a misinterpretation of results. 

e) Despite widespread evidence for a role of chromosomal rearrangements in adaptation 

since the beginning of the 20th century, the genes potentially underlying adaptations 

within these regions remain poorly characterized (but see Poelstra et al. 2014). Unveiling 

the contents of rearranged genomic regions would deepen our understanding of how 

genes get ‘captured’ together, and of the relationship between adaptive and non-adaptive 

genes therein. We encourage research in this direction, even though we are aware that 

this is happening as we write. 

f) In contrast to the wealth of studies on chromosomal rearrangements, such as inversions, 

that suppress recombination, little is known about the effects of increased recombination, 

which, as we have discussed, can be beneficial in stressful environments. Studies 

addressing this gap are needed.  

g) The study of epigenetics is relatively new but an area of active research as suggested by a 

special issue of Molecular Ecology (2016) on ‘Epigenetic Studies in Ecology and 

Evolution’. To comprehend its role in the genomics of local adaptation with gene flow 

we need a better understanding of epigenetic effects on recombination rates and on the 

evolution of adaptive traits. 

 

2.7 Conclusions and broader implications 

Theoretical models and empirical evidence show that gene flow does not always disrupt 

adaptation. The main determinants of whether a new beneficial allele is established and 
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maintained are strength of selection and gene flow, but the genetic architecture of a trait and the 

genomic landscape can decisively alter the migration-selection balance. Gene flow can even 

enhance adaptation by augmenting genetic variation, especially if selection is spatially and/or 

temporally variable.  

Understanding how adaptation with gene flow occurs can help predict how organisms 

will cope with ongoing and future environmental change. When faced with environmental 

change organisms can move to better conditions, adjust in the short term via phenotypic 

plasticity, or evolve genetic adaptations. Ultimately, genetic change is what grants long-term 

survival in populations facing a changing environment. Because the extent of phenotypic 

plasticity can have a genetic component, genetic change is also important for short-term 

responses to environmental fluctuations. Dispersal as a strategy to escape local unfavourable 

conditions can re-connect populations and species differentiated in allopatry, potentially causing 

gene flow among them and thus affecting patterns of local adaptation. Therefore, the interplay of 

genetic variation and gene flow is fundamental when predicting the potential of a species to 

adapt. This is particularly important for species conservation in relation to anthropogenic change: 

habitat alteration, climate change, direct introductions and modification of reproductive barriers 

can change barriers to gene flow by either creating new obstacles or destroying existing ones 

(reviewed in Crispo et al. 2011). Hamilton & Miller (2015) recently discussed examples where 

hybridization and introgression between populations and species facilitated an adaptive response 

to environmental change, arguing that human-mediated gene flow may be a practice that 

conservation managers need to consider, especially in a climate change scenario. Based on 

existing knowledge however, predicting how increasing and decreasing gene flow will affect 

local adaptation and the potential to evolve in response to environmental change is not easy. 
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Nevertheless, the development of more sophisticated simulation-based studies and a focus on 

gene flow in research on the genomics of adaptation would provide valuable insights into 

adaptation and speciation, and therefore conservation as well.   
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2.8 Box 1. Glossary 

Conditionally neutral selection: when two alleles do not confer fitness advantage in one 

environment but differ in their fitness effect in another environment. 

CpG fraction: regions of the genome characterized by CpG sites, which are sites where the 

nucleotide cytosine is followed by the nucleotide guanine on a linear genetic sequence.  

End-to-end fusions: fusions of chromosomes from their telomeric ends. 

Environmentally antagonistic selection: given environment A and environment B where allele 

a is locally adapted in environment A and allele b is locally adapted in environment B, selection 

is environmentally antagonistic when allele a confers higher fitness than allele b in environment 

A, and allele b confers higher fitness than allele a in environment B.  

Epistasis: interactions between different genes. The phenotypic effect of one allele at one gene 

depends on the effect of another allele at a second gene. 

Fusions in holocentric chromosomes: fusions of chromosomes that result in a chromosome that 

lacks a defined centromere and the whole length functionally acts as a centromere. 

G-matrix: matrix of additive genetic variances and covariances that describes the evolutionary 

trajectory of phenotypic traits based on their genetic relationships. 

Gene flow: the movement, and eventual establishment, of alleles from one genetic pool to 

another that occur after successful mating. Gene flow follows migration (see definition), but not 

necessarily. 

Gene swamping: the substitution of a locally adapted allele with a maladaptive allele from an 

immigrant individual that occurs when gene flow is stronger than selection. 

Genetic architecture: the genetic basis of a trait and the interactions among alleles underlying 

the trait (dominance, epistasis, pleiotropy, polygeny). 
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Genomic architecture: genomic arrangements that characterize a trait (chromosomal 

rearrangements such as inversions, fusions, fissions, etc…, and position in the genome)  

Large-effect and small-effect alleles: alleles that have a high and low effect on fitness, 

respectively. Effect size can also refer to the contribution of an allele to a trait, independent from 

its fitness effect. In this review we always refer to the fitness effect of a locus. 

Migration: we refer to migration as the act of moving and dispersing by individuals or gametes. 

Migration could also refer to the heritable ability or propensity to disperse (sensu Billiard & 

Lenormand 2005). A more appropriate term to use for ‘migration’ as we mean it in this review 

would be ‘dispersal’, as the ecological meaning of ‘migration’ is the seasonal movement of 

animals from one location to another generally followed by a return migration. Nonetheless, we 

use the term ‘migration’ to maintain continuity with the large body of quantitative and 

population genetics studies that span over a century of evolutionary theory.  

Phenotypic plasticity: ability of an individual to adjust its phenotype in response to changes in 

the environment, without genetic changes. 

Pleiotropy: one or more variants in one gene affect several traits, either directly or indirectly 

(see Solovieff et al. 2013) 

QTL: quantitative trait locus is a portion of the genome that correlates with variation at a 

polygenic phenotypic trait. A QTL can contain the gene underlying the trait, or be genetically 

linked to it. 

RAD-seq: restriction site associated DNA sequencing is a genomic method to genotype DNA 

fragments associated with restriction sites that are cut using enzymatic digestion.  
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Rb translocations: Robertsonian (Rb) translocations are chromosomal rearrangements formed 

by the fusion of the long arms of acrocentric chromosomes (chromosomes where the centromere 

is situated in proximity of the telomere) 

Reciprocal translocations: reciprocal exchange of portions of chromosomes. 

RNA-seq: genomic method to sequence the RNA fragments expressed in a certain tissue at a 

given moment in time.  

Supergene: ‘a genetic architecture involving multiple linked functional genetic elements that 

allow switching between discrete complex phenotypes maintained in a stable local 

polymorphism’ (Thompson and Jiggins 2014). 

Tandem fusions: fusions on two chromosomes where the end of a chromosome fused with the 

end or the centromere of another chromosome.  



2.9 Box 2. The malaria mosquito as a model of genomics of adaptation with gene flow 

The evolution of insecticide resistance in the African malaria mosquitos provides an exemplary 

system to study genomics of adaptation with gene flow. Not only is it the best documented case 

of adaptive introgression, but it also shows the potential interplay between different sources of 

adaptive variation (Fig. 2.2). The insecticide-resistance mutation Vgsc-1014F kdr arose as a new 

mutation in A. gambiae (Box Fig. 2.1a) adding to the standing genetic variation in the species 

(Box Fig. 2.1b). Thanks to its selective advantage, the mutation then steadily increased in 

frequency in several populations, at a rate that depended on the local use of insecticides (Tripet 

et al. 2007; Box Fig. 2.1b). The mutation eventually introgressed from A. gambiae to A. coluzzii 

in an area of sympatry, and then spread to other populations of A. coluzzii through gene flow 

(Norris et al. 2015).  

The short generation time of mosquitos in combination with strong human-induced 

selection allowed researchers to follow evolution in real time in a natural system, to observe the 

progress of adaptive introgression, and to understand how reproductive isolation between young 

species can be overcome. A. gambiae and A. coluzzii were recently recognized as different 

species, and although short bouts of hybridization occur, reproductive isolation is strong due to 

fitness reduction in hybrids (Lee et al. 2013). Whole genome sequences across a temporal 

transect indicated when introgression occurred, and when the fitness effect of kdr overcame the 

hybrid disadvantage and allowed backcrossing to A. coluzzii (Norris et al. 2015; Box Fig. 2.1c). 

Continuous backcrossing into the parental population eventually eroded differences between the 

two species (Box Fig. 2.1d), including even the island of divergence that contains kdr. The only 

exception to this pattern was the kdr mutation and surrounding sequence (Norris et al. 2015; Box 

Fig. 2.1e). Although it is based on the study of adaptive introgression in Anopheles mosquitos, 
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we believe that Box Fig. 2.1 could be generalized to other cases of adaptive introgression, for 

example warfarin resistance in the house mouse (Song et al. 2011; Liu et al. 2015). 

 

Box Figure 2.1 Graphical representation of the process of adaptive introgression. Each line 

represents a DNA copy. Orange lines represent the recipient species DNA (e.g. Anopheles 

coluzzii), purple lines the donor species DNA (e.g. A. gambiae), red squares the ancestral allele, 

and blue squares the derived adaptive allele (e.g. insecticide-resistant mutation kdr). Letters 

indicate the different steps of the process of adaptive introgression. a) A new beneficial mutation 

arises in the donor species; b) gene flow occurs between the donor and the recipient species c) 

creating hybrids. d) Hybrids backcross with the recipient parental species e) until all donor 

species DNA is lost and only the beneficial mutation is retained.  
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Figure 2.1 Genetic architecture and selection on migration versus gene flow. a) Red individuals 

adapted to local conditions in the red environment b) migrate to the blue environment, where 

selection against them is high, regardless of the genetic architecture (dominance) of their 

phenotype. c) If locally adapted blue individuals mate with surviving immigrants d) selection on 

F1 progeny, and therefore on gene flow, depends on the genetic architecture of the locally 

adaptive trait. 
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Figure 2.2 Sources of adaptive variation and potential interactions among them. New mutations 

are the ultimate source of adaptive variation. They can either promote adaptation directly or 

contribute beneficial alleles to the pool of standing genetic variation in the same population, or in 

another population or species, which could potentially be transferred and be beneficial in another 

population (adaptive introgression). Introgressed adaptive alleles with a high fitness benefit can 

be quickly brought to fixation or be maintained within the pool of standing genetic variation. 
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Figure 2.3 Effect of gene flow on local adaptation in a) temporally stable versus b) temporally 

fluctuating environments as inferred by evolutionary simulations (Blanquart et al. 2013). Each 

point represents the difference in fitness between local and migrant individuals. Panel b) shows 

that in temporally variable environments intermediate levels of gene flow maximize local 

adaptation. Figure reproduced with permission of F. Blanquart and co-authors. 
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Figure 2.4 The role of recombination in the genomics of local adaptation with gene flow. In a) 

and b) coloured boxes represent different environments, black vertical lines individual genomes, 

coloured horizontal lines different alleles. The allele is locally adaptive when it matches the 

colour of the environment it is found in. a) High recombination rates and gene flow can be 

beneficial in temporally variable environments. High recombination among diverse loci 

increases the chances that some individuals in a population will have a combination that results 

in the survival of the population as a whole. b) In a simple continent-island model 

(continent=green box, island=pink box), where local adaptation in the island is based on two loci 

(pink), the spread of a maladaptive allele (green) from the continent to the island depends on the 

distance between the two adaptive alleles in the island, which in turn affects recombination rates 

between continent and island alleles. c) If the genetic basis of the trait is a single locus, 

recombination cannot disrupt adaptation. d) Mechanisms that reduce recombination among 

clusters of locally adapted alleles. Chromosomes are shaded based on relative levels of 

recombination (blue=low, red=high).
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Table 2.1 Examples of studies in which the origin of adaptation is identified, and the role of 

gene flow is addressed. 
Species Trait Source Reference 

Deer mouse Peromyscus 
maniculatus  
  

Cryptic colouration New mutation à standing 
genetic variation 

Linnen et al. 2009, 2013 
 

White Sands lizards 
Sceloporus cowlesi and 
Aspidoscelis inornata 
 

Cryptic colouration New mutation Laurent et al. 2015  

Fruit fly  
Rhagoletis pomonella 
 

Diapause  Standing genetic variation Feder et al. 2003, 2005 

Yellow monkeyflower 
Mimulus guttatus 
 

Morphology and 
phenology 

Standing genetic variation Monnahan et al. 2015 

Threespine stickleback 
Gasterosteus aculeatus 
 

Marine vs. freshwater 
ecotypes 

Standing genetic variation Jones FC et al. 2012 
 

Malaria mosquito  
Anopheles coluzzii  

Insecticide resistance Adaptive introgression Clarkson et al. 2014; 
Norris et al. 2015  
 

Domestic mouse  
Mus musculus domesticus  
 

Rodenticide resistance Adaptive introgression Song et al. 2011; Liu et al. 
2015 
 

Human Homo sapiens High altitude adaptation Adaptive introgression 
 

Huerta-Sánchez et al. 2014 
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Table 2.2 Representative studies on the genomics of adaptation with gene flow. ‘pops’ stands for 

populations; ‘genomic mechanism’ refers to the mechanism that maintains local adaptation 

despite gene flow. 

Species Trait Genetic basis Within or 
between pops? 

Genomic 
mechanism  Reference 

Steelhead/rainb
ow trout 

Oncorhynchus 
mykiss 

Migratory vs. 
non-migratory 

Multiple loci 
across genome 

Within and 
between pops 

Sequence and 
epigenetics 

Baerwald et al. 
2015 
 

Malaria 
mosquito     A. 
gambiae S form 

Adaptation to 
aridity 

Several 
candidate genes 
associated with 
inversions 

Clinal variation 
in inversions 
frequency 

Inversion Cheng et al. 
2012 

Purple sea 
urchin 
Strongylocentrot
us purpuratus 

Adaptation to 
temperature 

Several 
candidate genes 

Clinal variation  Selection > 
migration 

Pespeni et al. 
2010; Pespeni & 
Palumbi 2013  

Arabidopsis 
lyrata 

 

Adaptation to 
serpentine soils 

Several 
candidate genes 

Between pops Selection > 
migration 

Turner et al. 
2010 
 

Butterfly  
Heliconius 
numata 

Batesian 
mimicry 

Supergene Within and 
between pops 

Inversions and 
tight linkage 

Joron et al. 2011 
 

Yellow 
monkeyflower  
Mimulus 
guttatus 

Different life-
history strategies 
in response to 
soil moisture 

Unknown Between pops Inversion Lowry & Willis 
2010; Twyford 
& Friedman 
2015 

Threespine 
stickebacks 
Gasterosteus 
aculeatus 

Marine vs. 
freshwater 
adaptation 

Several traits Between pops Inversions 
Selection > 
migration 

Jones FC et al. 
2012 
 

Arabidopsis 
thaliana 

Drought 
resistance 
strategies 
(flowering time, 
growth rate, 
water use 
efficiency) 
 

Locus FRIGIDA Between pops Pleiotropy Lovell et al. 
2013 
 

Deer mouse 
Peromyscus 
maniculatus  

Cryptic 
colouration 

Epistasis 
between Mc1r 
and Agouti 
 

Within pops Selection > 
migration 
Epistasis  

Linnen et al. 
2009, 2013  

Lizard 
Sceloporus 
cowlesi 

Cryptic 
colouration 

Single mutation 
in Mc1r + more 
unknown loci 

Between pops Selection > 
migration 
Dominance? 
 

Rosenblum et al. 
2004, 2010; 
Laurent et al. 
2015 

Snail  
Cepaea 
nemoralis 

Cryptic 
colouration 

Unknown Within pops Tight linkage 
Supergene? 

Richards et al. 
2013 
 

Stick insect 
Tinema cristinae 

Cryptic 
colouration  

2 loci, unknown 
function 

Within pops Tight linkage 
Epistasis 

Comeault et al. 
2015 
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Chapter 3 Outlier analyses to test for local adaptation  

to breeding grounds in a migratory arctic seabird 

3.1 Abstract 

Investigating the extent (or the existence) of local adaptation is crucial to understanding how 

populations adapt. When experiments or fitness measurements are difficult or impossible to 

perform, new genomic techniques allow us to investigate local adaptation through comparison of 

allele frequencies and outlier loci along environmental clines. The thick-billed murre (Uria 

lomvia) is a highly philopatric colonial arctic seabird that occupies a significant environmental 

gradient, shows marked phenotypic differences among colonies and has large effective 

population sizes. To test whether thick-billed murres from five colonies along the Eastern 

Canadian Arctic coast show genomic signatures of local adaptation to their breeding grounds, we 

analyzed geographic variation in genome-wide markers mapped to a newly assembled thick-

billed murre reference genome. We used outlier analyses to detect loci putatively under 

selection, and clustering analyses based on 2220 genome-wide single nucleotide polymorphisms 

(SNPs) and 137 outlier SNPs. We found no evidence of population structure among colonies 

using all loci but found population structure based on outliers only, where birds from the two 

northernmost colonies (Minarets and Prince Leopold) grouped with birds from the southernmost 

colony (Gannet), and birds from Coats and Akpatok were distinct from all other colonies. 

Although results from our analyses did not support local adaptation along the latitudinal cline of 

breeding colonies, outlier loci grouped birds from different colonies according to their non-

breeding distributions, suggesting that outliers may be informative about adaptation and/or 

demographic connectivity associated with their migration patterns or non-breeding grounds.   
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3.2 Introduction 

Natural selection is multidimensional in that selective forces can vary both spatially and 

temporally. For example, conspecific populations that are exposed to different environments 

(e.g., along clines) can experience different selection regimes. Individuals can also experience 

different selective pressures within a lifetime across different environmental patches and 

different seasons. In migratory species, conditions at the breeding vs. non-breeding grounds can 

be very different and expose organisms to different sources of mortality. If ‘local habitat’ is 

defined as the conditions at a given point in time and space (Kawecki & Ebert, 2004), do 

breeding or non-breeding local habitats exert the stronger selection on migratory species? 

Atlantic salmon (Salmo salar) populations from different rivers, for example, are adapted to 

local conditions at natal sites (Dionne et al., 2007, 2008). The conditions experienced during 

reproduction and early growth could exert the strongest selection on a population and define the 

local habitat to which populations are adapted. 

Although the most definitive tests of local adaptation require common-garden or 

reciprocal transplant experiments and fitness estimates to partition environment and genetic 

effects (Barrett & Hoekstra, 2011; Savolainen et al., 2013), these experiments are often difficult 

to perform due to logistics, ethics and the life history characteristics of many species. An 

alternative approach to study local adaptation in natural populations is to compare phenotypic 

differences or allele frequencies along environmental gradients or across heterogeneous 

environments (Savolainen et al., 2013; Edwards et al., 2015). For example, clinal variation in 

colour in the European barn owl (Tyto alba) and tawny owl (Strix aluco) seem to be maintained 

by environmental selection (Antoniazza et al., 2010; Karell et al., 2011), and clinal variation in 

allele frequencies in functional genes has been associated with various ecological factors, such as 
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altitude (Bonin et al., 2006; McKracken et al., 2009), latitude (de Jong et al., 2013) and 

photoperiod (Bradshaw & Holzapfel, 2008). In recent years, several studies have highlighted the 

utility of genome-wide scans to investigate mechanisms of population divergence and local 

adaptation (e.g. resolution of species boundaries in Lake Victoria cichlids, Wagner et al., 2013; 

parallel adaptation in salmonid fishes, Miller et al., 2012; burrowing behaviour in oldfield mice 

Peromyscus polionotus, Weber et al., 2013). An exponential increase in the number of 

genotyped loci and coverage of the genome over previous methods has also increased power to 

detect loci that deviate from a neutral model of evolution (i.e. outlier loci) and potentially 

underlie adaptation. Outlier analyses have allowed the detection of loci putatively under 

selection, which revealed fine differentiation patterns in otherwise homogenous populations and 

species (Hess et al., 2013; Keller et al., 2013; Milano et al., 2014). 

The thick-billed murre (Uria lomvia) provides a useful model for studying local 

adaptation. It is a long-lived colonial seabird with a wide distribution in arctic and sub-arctic 

regions of the northern hemisphere. In the summer, during the breeding season, thick-billed 

murres nest on coastal cliffs. After chicks fledge, thick-billed murres migrate south toward ice-

free areas. As a migratory species with a wide distribution, thick-billed murres experience spatial 

and temporal variation in environmental conditions. We hypothesize that thick-billed murres are 

adapted to local conditions at the breeding grounds because selection should act most strongly 

during the breeding time due to 1) the energy demands of breeding, 2) high resighting rates at the 

breeding colonies suggesting high overwinter survival (Smith & Gaston, 2012), and 3) a 

correlation between breeding success and environmental conditions around the colony during the 

breeding period at the Coats colony (Smith & Gaston, 2012).  
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Several studies and observations of morphological and behavioural differences support 

our hypothesis. Murres from different colonies differ in body size (Gaston et al., 1984; 

Nettleship & Birkhead, 1985): murres from Akpatok Island, for example, are significantly 

smaller than murres from other colonies (G.J. Robertson, personal observation). Diet differs 

among breeding colonies in relation to local environmental conditions, especially sea ice 

(Provencher et al., 2012): in the high Arctic, Arctic cod (Arctogadus glacialis) is the prominent 

prey item, whereas capelin (Mallotus villosus) and sandlance (Ammodytes spp.) are more 

common at lower latitudes. Birds from different colonies also differ in migration routes and 

strategies, and wintering grounds (Gaston et al., 2011; McFarlane Tranquilla et al., 2013): while 

murres from the Minarets (Baffin Island) move rapidly to their wintering grounds after breeding, 

murres from Coats Island remain in Hudson Bay until forming ice pushes them south.  

Thick-billed murres are also exposed to environmental differences at their breeding areas, 

including differences in photoperiod, air and sea surface temperature, and timing of spring ice 

break-up and fall freeze-up (see Appendix A). Some of these environmental factors have either 

direct or indirect fitness effects. Sea ice, for example, can impact murres’ fitness in several ways. 

Timing of sea ice break-up and freeze-up affects breeding phenology, thus directly affecting 

reproductive success (Gaston et al., 2005). Sea ice affects migration strategies and routes 

because murres do not fly over ice (or land), and different migration strategies likely have 

different energy requirements (Gaston et al., 2011). Sea ice extent affects prey availability 

(Provencher et al., 2012). Temperature also affects murres’ survival: a combination of warm 

days and mosquito attacks caused dehydration and heat stroke in murres from Coats Island in 

some years (Gaston et al., 2002).  
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Significant adaptive differences among thick-billed murres from different colonies are 

likely, and not only because their range spans a significant environmental gradient. Adaptation is 

predicted to evolve faster in large populations compared to small ones (Lanfear et al., 2014), but 

murres have large genetically effective population sizes (Birt-Friesen et al., 1992). Gene flow 

can hamper adaptation (reviewed in Tigano & Friesen, 2016), but gene flow among thick-billed 

murres from different colonies is probably very low because of their strong philopatry (Gaston et 

al., 1994; Steiner & Gaston, 2005). However, seabird species judged to be philopatric from band 

returns often have little population structure as inferred from either traditional genetic markers 

(reviewed in Friesen, 2015) or thousands of genome-wide markers (Dierickx et al., 2015). 

Previous studies based on mitochondrial and microsatellite markers indicated that population 

structure is lacking within the Atlantic Ocean in thick-billed murres (Birt-Friesen et al., 1992; 

Tigano et al., 2015). Additionally, thick-billed murres presumably occupied their current range 

in the Atlantic only since retreat of the Pleistocene glaciers less than 10,000-15,000 years ago 

(Tigano et al., 2015). Therefore, thick-billed murres provide a good system to investigate local 

adaptation because the factors that might confound the signatures of selection in the genome, 

such as genetic drift or population structure, are minimized, and the time of divergence between 

colonies is known. 

In this study, we used double digest restriction-site associated DNA sequencing 

(ddRADseq; Peterson et al., 2012) and outlier analyses to test whether thick-billed murres 

adapted to local conditions at their breeding grounds within the past 10,000-15,000 years, and 

investigated whether adaptive variation, if present, is clinal along the latitudinal range. To align 

and map RAD markers and thus improve accuracy in locus building and variant calling, we 

assembled a draft reference genome of the thick-billed murre. To identify the genetic basis of 
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phenotypic differences among colonies is not the aim of our study. Rather we seek to investigate 

whether selection occurs during the breeding period, and hypothesize that patterns of 

differentiation among colonies are consistent with local adaptation at the breeding grounds. From 

a conservation perspective, estimating the rate of past evolutionary change will help us to 

understand the potential of thick-billed murres to adapt to future environmental change.  

 

3.3 Methods 

3.3.1 Sample collection and DNA extraction 

Among the colonies distributed along the Canadian Atlantic coast, we selected five colonies 

along a latitudinal cline that includes birds from the extremes of the distribution (Gannet and 

Prince Leopold, ~20° latitudinal difference), known migratory behaviour (Gannet, Coats, 

Minarets, Prince Leopold), and morphometric distinctiveness (Akpatok; Fig. 3.1). We used 

previously collected blood samples from breeding adults from each colony (Birt-Friesen et al., 

1992; Environment and Climate Change Tissue Archive; Fig. 3.1, Table 3.1). We also included 

samples of four common murres (Uria aalge), the sister species of the thick-billed murre, as an 

outgroup to test for the presence of hybrids (Taylor et al., 2012). We purified DNA for library 

preparation using standard protease k/phenol-chloroform extraction protocols and ethanol 

precipitation with resuspension in DNAse-free water (Sambrook et al., 1989). 

 

3.3.2 Whole genome sequencing 

We sequenced the whole genome of a female thick-billed murre from Coats Island. Genomic 

libraries were prepared and sequenced at the Genome Quebec Innovation Centre (McGill, 

Montreal). Short-insert paired-end libraries were prepared using Illumina Truseq DNA Sample 
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Prep Kit v2 targeting inserts of 320 bp. To improve scaffolding, long-insert libraries of three 

different insert sizes (2 kb, 5 kb and 10 kb) were prepared with Illumina Nextera Mate Pair 

Sample Preparation Kit. All libraries were sequenced in three lanes of Illumina HiSeq2500 with 

100 bp paired-end sequencing. We trimmed short-insert paired-ends reads from the 3’ end until a 

minimum phred score of 30 was reached, filtered for a minimum read length of 50 and adapter-

clipped using TRIMMOMATIC v.0.30 (Bolger et al., 2014). The fraction of paired reads surviving 

the trimming step was above 95% for all three read sets. We preprocessed long-insert paired-

ends reads using NEXTCLIP v.0.7 (Leggett et al., 2014). Only read pairs that contained the 

adaptor in at least one of the reads were retained. The proportion of usable pairs was between 34 

and 36% for all read sets. We assembled the preprocessed reads to create a first set of consensus 

sequences using the assembler implemented in RAY v.2.3.0 (Boisvert et al., 2010). After 

reviewing assembly statistics and coverage statistics for various k-mer sizes, K=31 was chosen 

for the definitive assembly. Contigs were merged in scaffolds with SSPACE v.3.0 (Boetzer et al., 

2010), using the reads from the mate-pair libraries. We calculated the k-mer coverage 

distribution and inferred mean base coverage using the formula  

cbase = ck-mer × L/(L – K + 1) 

where cbase is the base coverage, ck-mer is the k-mer coverage, L is the read length and K is the k-

mer size. 

 

3.3.3 RAD library preparation  

We prepared RAD libraries using the ddRADseq protocol as described in Peterson et al. (2012). 

Briefly, we digested 500 ng of DNA from each sample using the restriction enzymes SpH1 and 

EcoR1. We ligated each sample to adapters barcoded with a set of eight sequences (8 bp long) 
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that differed by at least two base positions to maximize assignment probability. We pooled 

uniquely barcoded samples and extracted 300-350 bp fragments using a Pippin Prep (Sage 

Science, Inc., Beverly, MA, USA). To add Illumina indices with a unique sequence for each 

pooled library, and to increase concentrations of sequencing libraries we amplified a total of 26-

190 ng of pooled, size selected DNA using high-fidelity PCR for 16 cycles (KAPA Hot Start 

Long Range PCR kit; KAPA Biosystems, Wilmington, MA, USA). We cleaned PCR products 

with AMPure beads (Beckman Coulter, Inc., Brea, CA, USA) and pooled libraries in equimolar 

amounts. We sequenced 93 samples using one lane of Illumina HiSeq2500 paired-end 150 bp 

sequencing from a rapid run flowcell at the Genome Quebec Innovation Centre.  

We used GENEIOUS v.6.1.5 (http://www.geneious.com, Kearse et al., 2012) to 

demultiplex raw sequence reads and trim the restriction site sequence at the 5’ end of each read. 

We then processed the demultiplexed reads using the program PROCESS_RADTAGS in STACKS 

v.1.06 (Catchen et al., 2011; Catchen et al., 2013) to remove sequences with either low quality 

scores or uncalled bases. We aligned processed reads to the thick-billed murre reference genome 

using BOWTIE2 v.2.1.0 (Langmead & Salzberg, 2012) and discarded reads that had more than 

one match to the genome. We analyzed aligned reads using the programs REF_MAP.PL and 

POPULATIONS in STACKS (Catchen et al., 2011; Catchen et al., 2013). We called SNPs using a 

maximum-likelihood statistical model implemented in REF_MAP.PL requiring a minimum of two 

identical reads to create a stack. We generated input files (STRUCTURE and GENEPOP format) for 

downstream analyses with the program POPULATIONS. Loci included in the final dataset had at 

least 10X depth of sequencing and were present in at least 90% of the individuals in each of the 

five colonies included in this study. To test for presence of common murre X thick-billed murre 

hybrids, we repeated the analysis including the four samples of common murres with the same 
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settings. This dataset included only one SNP per locus, retrieved in STACKS using the option “–

write_single_snp”. 

We calculated global and population diversity and F-statistics for each SNP using 

GENODIVE (Meirmans & Van Tienderen, 2004) and STACKS respectively. Major allele 

frequencies, percentage of polymorphic sites and π indicate the general level of genetic diversity 

in a population. FIS is the inbreeding coefficient and positive values indicate non-random mating 

or cryptic population structure. FST is a measure of population differentiation based on 

differences in allele frequencies.  

 

3.3.4 Outlier analyses 

We applied further filtering to our SNP dataset by discarding loci that had minor allele 

frequencies <5% in at least one population to minimize detection of false positives in subsequent 

outlier analyses, and we intersected lists of loci from each colony to minimize the occurrence of 

missing values in the final dataset. Then, we created 10 subsets of data representing each of the 

10 possible colony pairs. To detect loci putatively under selection we performed outlier analyses 

for each pairwise comparison using two different approaches: the Bayesian method implemented 

in the program BAYESCAN v.2.1 (Foll & Gaggiotti, 2008) and the FDIST2 program (Beaumont & 

Nichols, 1996) implemented in LOSITAN (Antao et al., 2008). BAYESCAN uses a logistic 

regression model to partition FST coefficients into a population-specific component (beta) and a 

locus-specific component (alpha). A positive value of alpha at a given locus suggests positive 

selection. Estimated model parameters were obtained by running the analysis using 20 pilot runs, 

each consisting of 5,000 iterations, followed by 100,000 iterations with a burn-in of 50,000 

iterations. LOSITAN uses coalescent simulations to generate a null distribution of FST values, 
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controlling for the corresponding expected heterozygosity value. The loci that lie outside the 

expected range under a neutral model of evolution are considered candidates for selection. We 

ran LOSITAN using 50,000 simulations, a ‘neutral’ forced mean FST, confidence interval of 99% 

and false discovery rate of 10%.  

 

3.3.5 Clustering analyses 

We first tested whether latitude was a good proxy for variation in environmental variables 

(Appendix A, Table A1). PCA of environmental variables showed that PC1 explained 88.5% of 

the variation, and was highly correlated with latitude (r=-0.97, P<0.01, Fig. A1). Given the 

strong correlation between environmental variables and latitude, if murres from different 

colonies are adapted to conditions at their breeding grounds, grouping individuals based on 

genetic loci putatively under selection should show individuals from similar latitudes more 

closely associated than individuals breeding at more distant latitudes. We first investigated 

genetic differentiation between common and thick-billed murres to test for hybrids. We then 

performed clustering analyses to test whether the loci putatively under selection grouped 

individual thick-billed murres differently from the complete dataset (as in e.g., Milano et al., 

2013; Keller et al., 2014). We analyzed two separate datasets - one that included all loci and one 

that included only outlier loci - using two different clustering methods.  We used a discriminant 

analysis of principal components (DAPC; Jombart et al., 2010) using the R package ‘adegenet’, 

and the program STRUCTURE v.2.3.2 (Pritchard et al., 2000) to analyze each of the two datasets. 

DAPC partitions genetic variation into between-group and within-group components to identify 

groups for which the within-group component of variation is minimized, and provides a 

graphical representation of the relatedness between groups. Additionally, DAPC is able to 
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discriminate between complex population structure models, including hierarchical and stepping-

stone models (Jombart et al., 2010), and is therefore suitable to test for clinal variation in allele 

frequencies. We performed a DAPC and retained the number of principal components for each 

dataset that resulted in the greatest power of discrimination but avoided over-fitting. STRUCTURE 

is based on a Bayesian algorithm that clusters individuals to minimize deviations from Hardy-

Weinberg equilibrium. We ran the program 20 times for each number of clusters (K) between 1 

and 6 using prior population information, with a correlated allele frequency model, and a burn-in 

of 50,000 generations followed by 500,000 generations. We used the same settings to analyze the 

dataset that included common murres. The most likely number of genetic populations was 

calculated using Evanno’s ΔK (Evanno et al., 2005) with STRUCTURE HARVESTER (Earl et al., 

2012). We averaged membership probabilities among runs using CLUMPP v.1.1 (Jakobsson & 

Rosenberg, 2007), and displayed results using DISTRUCT v.1.1 (Rosenberg, 2004). 

We adopted a randomization approach to test whether selecting the most differentiated 

loci among populations to investigate population structure at a fine scale is a circular approach, 

and whether outlier loci were informative of real population differentiation. We created a 

randomized genotype dataset by randomly reassigning population labels to each of the thick-

billed murre samples as outlined in Campagna et al. (2015). Then we ran outlier analyses on this 

dataset using LOSITAN and used outlier loci to investigate population structure in STRUCTURE. 

We compared these results with results from the original dataset. If the approach to detect fine 

scale population structure using outlier loci were circular, we would expect to detect population 

structure based on outlier loci from both the original and the randomized dataset. Otherwise, if 

population structure were found only in the original dataset, outlier loci would represent real 

genetic differences among colonies.  
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3.3.6 Annotation of outlier loci 

To investigate the identity of the outlier loci we conducted BLAST (Altschul et al., 1990) 

searches of the sequences flanking each outlier SNP using the NCBI nucleotide collection 

database. The search was restricted to ‘Aves’ and had an e-value cut-off of 10-10. We also 

associated gene ontology (GO) annotation terms to all outlier SNPs using the Gene Ontology 

database (Gene Ontology Consortium 2000; Carbon et al., 2009). Enrichment analyses to 

compare representation of GO terms between all loci and only outliers were not performed due 

to the low number of outlier loci annotated using BLAST (see Results). 

 

3.4 Results 

3.4.1 Whole genome assembly 

The total assembly length was ~1.2 Gb, similar to other bird genomes (Jarvis et al., 2014), and 

average k-mer coverage was ~40X (See Table A2 for assembly statistics). RAY reported peak 

coverage at 20X, but it was mislead by the first peak of higher coverage (two peaks are expected	

because of heterozygous sites; Fig. A2). This is likely due to high levels of genomic 

heterozygosity (Zheng et al., 2013). Average base coverage was 57X. 

 

3.4.2 RAD sequence data quality and processing 

Seven of 100 samples were excluded at various stages of library preparation due to low DNA 

quality or concentration. We obtained 95 075 938 paired-end 150 bp long reads, which 

represents more than 1 million paired reads per individual on average. Quality of reads was very 

high across libraries as indicated by an average phred quality score of 36. After demultiplexing, 

the number of reads was particularly low for three samples, which we then excluded from 
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downstream analyses. The final dataset included 86 thick-billed murres (Table 3.1) plus four 

common murres. 

 Processed reads aligned to the reference genome with an average overall rate of 93%. An 

average of 96% of mapped reads were retained after filtering for multiple hits, and were used for 

downstream analyses. We built a catalogue of 110 292 loci. After filtering in POPULATIONS to 

include only loci that were polymorphic and present in at least 90% of the individuals from each 

of the five colonies, we obtained a dataset of 7032 SNPs distributed across 1248 loci, with an 

average depth of sequencing per SNP for each individual of 164X. 

 

3.4.3 Genetic diversity 

Most diversity indices had similar values among colonies (Table 3.2). The average major allele 

frequency (P) was 89.9%, frequency of polymorphic sites was 2.6%, and frequency of private 

alleles was 0.16%. No variation was found among colonies in observed heterozygosity (Table 

3.2). Colonies differed significantly only in their inbreeding coefficients FIS, with Gannet having 

the highest value, and Coats the lowest, and the difference between these extreme values was 

highly significant (one-tailed t-test, P=0.0055). FIS calculated across all loci and all colonies was 

significantly greater than 0 (0.049, P<<0.001, tested using GENODIVE with 10,000 permutations). 

The global FST was not different from 0, with the highest FST for an individual SNP being 0.112 

and most loci showing low levels of differentiation. Pairwise FST estimates between colonies 

were not different from 0 for any comparison (Table 3.2). However, locus-specific FST estimates 

between pairs of colonies ranged up to 0.307. The low global FST value is not surprising given 

that this estimate represents the average divergence between populations relative to the total 

diversity sampled, and populations are highly variable.  
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The SNP dataset that included samples of both thick-billed (n=86) and common murres 

(n=4) contained 2279 loci. Average FST between these two species was high and significantly 

different from 0 (FST=0.435, P<<0.001).  

 

3.4.4 Outlier analyses 

The filtering step based on minor allele frequencies eliminated all private alleles from the 

dataset, in that they all occurred at frequencies below 0.05. BAYESCAN did not detect any outlier 

loci. Generally, BAYESCAN is more conservative than other methods of outlier detection and its 

statistical power decreases with a small number of populations and with weak selection (Narum 

& Hess, 2011; De Mita et al., 2013). The number of outlier SNPs identified by LOSITAN ranged 

from 14 to 28 among runs. Akpatok showed the highest number of outliers when compared to 

Prince Leopold (28 SNPs) and Minarets (24 SNPs) respectively. The 137 SNPs identified among 

all runs were distributed among 111 loci, and 38 SNPs were indicated as potentially under 

positive selection in two or more pairwise comparisons, indicating either that populations may be 

diverging in parallel (Keller et al., 2013) or that these loci are located in areas of low 

recombination (Burri et al., 2015).  

With the dataset including only outliers from LOSITAN, estimates of FST between colony 

pairs were between 0.035 and 0.054, and all estimates were significantly different from 0 (all P < 

0.0001; Table 3.2).  

 

3.4.5 Clustering analyses 

STRUCTURE assigned common and thick-billed murres to separate clusters with 100% confidence 

even with the very conservative settings of an admixture model with no prior population 
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information (Fig. A3). We observed the same results using DAPC (data not shown). We found 

no evidence of hybrids among murres included in our study.  

Results from STRUCTURE and DAPC were highly concordant when applied to thick-billed 

murres only. When all loci were included, STRUCTURE failed to detect any population structure 

(data not shown). Similarly, the DAPC showed a high degree of overlap among colonies (Fig. 

3.2a). However, results from analyses that included only loci potentially under positive selection 

were very different. Both STRUCTURE and DAPC grouped the southernmost colony, Gannet, with 

the two northernmost colonies, Minarets and Prince Leopold, whereas individuals from Coats 

and Akpatok clustered separately from each other and from any other colonies (Fig. 3.2b, 2d). 

The graphical results were supported by Evanno’s ΔK, which indicated highest support for three 

distinct populations (Fig. 3.2c). ΔK also showed a peak at K=5, indicating that individuals are 

more similar within colonies than among colonies and suggesting hierarchical population 

structure (Fig. 3.2b, 2d). Interestingly, two individuals from Akpatok were assigned to the 

Minarets population by STRUCTURE and overlapped with individuals from Minarets in the DAPC 

as well. Because these two individuals could represent migrants from Minarets into Akpatok, we 

excluded them from the dataset and repeated the DAPC. When those two samples were removed 

from the analyses, Akpatok separated more strongly from the other colonies, making the DAPC 

results match the STRUCTURE results (Fig. A4). LOSITAN identified a total of 252 outlier SNPs 

from the randomized dataset, but both STRUCTURE and the DAPC failed to detect population 

structure in this dataset, thus indicating that the apparent distinctiveness of the colonies is not an 

artefact of the analyses. 
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3.4.6 Annotation of outlier loci 

Nine of the 111 outlier loci were successfully annotated. Of these, three loci were identified as 

unknown genes, genes of unknown function or microsatellite sequences. Six loci were assigned 

GO terms, which included immune response, synaptic transmission, cellular processes and 

membrane proteins (Table A3). 

 

3.5 Discussion 

3.5.1 Genetic structure and inbreeding 

Overall we found no differentiation among thick-billed murres from five colonies along the 

Atlantic Canada coast based on 2220 SNPs. Presence of even subtle population structure did not 

receive support from any of our analyses, including estimates of colony pairwise FSTs (Table 

3.2), and clustering analyses based on either STRUCTURE or DAPC (Fig. 3.2a). Note that FST can 

be deflated by high genetic diversity, which is observed in our dataset (see details below). These 

results are consistent with previous analyses of mitochondrial and microsatellite data, which also 

failed to detect population structure in the Atlantic Ocean (Birt-Friesen et al., 1992; Tigano et 

al., 2015). Lack of population structure in marine organisms, including seabirds, is often 

observed due to apparent lack of barriers to gene flow and/or large population sizes (Gagnaire et 

al., 2015; Friesen, 2015). In some cases, the use of a high number of markers can increase 

resolution: in the black-footed albatross (Phoebastria nigripes) for instance, genotyping of 

thousands of genome-wide markers revealed weak but significant population structure among 

colonies in Japan and Hawaii, where previous results from traditional genetic markers were 

contradictory (Dierickx et al., 2015). However, in other studies where mtDNA and microsatellite 
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data failed to detect population structure, the use of thousands of markers did not detect genetic 

differentiation, even among species (e.g., Campagna et al., 2015). 

Genetic statistics were very similar among colonies, with the exception of FIS (Table 3.2). 

In population genetics, positive values of FIS indicate that mates are more closely related than 

random individuals within a population. While all other F-statistics were similar among colonies 

in the present study, FIS was significantly greater than 0 in all colonies and was highest at 

Gannet. Positive values of FIS also suggest cryptic population structure. If within-colony 

relatedness of thick-billed murres decreases with increasing colony size (Friesen et al., 1996; 

Ibarguchi et al., 2011), then the high inbreeding coefficient at Gannet could be explained by its 

population size: two to three orders of magnitude smaller than other colonies included in this 

study (Gannet < 1000 breeding pairs, Coats ~ 30,000, and Akpatok, Minarets and Prince Leopold 

> 100,000; Gaston et al. 2012).  

 

3.5.2 Outlier analyses: selection or demography? 

Outlier analyses can be powerful tools to detect loci that are under selection, especially when 

levels of background genomic differentiation are low (e.g., Hess et al., 2013; Keller et al., 2013; 

Milano et al., 2014). However, several factors can limit the power of these methods, or confound 

the interpretation of results (Narum & Hess, 2011; De Mita et al., 2013; Lotterhos & Whitlock, 

2014; Edwards et al., 2015). BAYESCAN did not detect outlier loci in our dataset. BAYESCAN 

could lose power with low number of populations and/or weak selection. The strength of 

selection was not known a priori, but several results indicate that local selection might be weak: 

we did not identify fixed differences between colonies; private alleles represented only a small 

fraction of the variant sites and occurred at low frequency (all below 0.05); locus-specific FST 
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between colonies never exceeded 0.307; and although structuring based on the outlier loci 

identified with LOSITAN was indicated by STRUCTURE when we used the admixture model, clear 

separation between colonies was evident only when we used the no admixture model, which is 

more powerful at detecting weak structure (see below). The genomic architecture of traits under 

selection can also give the appearance of weak selection. If a trait is polygenic, the selection 

coefficient s will be divided among the SNPs that contribute to that trait, so that the more 

polygenic a trait is the lower s will be on each SNP, thereby hindering the ability to identify loci 

under selection (Yeaman 2015). 

LOSITAN provides a more robust method than BAYESCAN when the number of 

populations screened is low, or when populations deviate from the island model of migration on 

which LOSITAN is based (Beaumont & Nichols, 1996; Narum & Hess, 2011; De Mita et al., 

2013). We therefore used the outlier loci identified from LOSITAN to investigate local adaptation. 

Analyses of environmental variation during the breeding period showed that temperature, 

precipitation, sea ice coverage, and timing of ice freeze-up and break-up vary greatly and clinally 

among colonies. Presumably, if birds were locally adapted to their breeding grounds, birds from 

colonies that experience more similar conditions should be more similar at loci putatively under 

selection. STRUCTURE analyses based only on outlier loci found the highest statistical support for 

three genetic populations: (1) a group that included samples from Gannet, Minarets and Prince 

Leopold, (2) Coats and (3) Akpatok. Similarly, birds from Gannet, Minarets and Prince Leopold 

clustered together in the DAPC, whereas birds from Coats and Akpatok clustered separately 

from the rest of the colonies. The fact that the southernmost colony (Gannet), which is 

climatically the most different from the rest of the colonies, grouped together with the two 
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northernmost colonies (Minarets and Prince Leopold) in both clustering analyses rejects our 

hypothesis of local adaptation to the breeding grounds along a latitudinal cline.  

We tested if random processes drove the pattern of differentiation among colonies by 

analyzing a randomized dataset. For example, in southern capuchino seedeaters (genus 

Sporophila), this approach revealed that putatively differentiated loci were not informative of 

true differentiation among species because the same pattern could be obtained from a 

randomized dataset (Campagna et al., 2015). In our case, however, outlier loci identified from 

the randomized dataset failed to indicate any structuring. These results not only support that the 

pattern of differentiation based on the original dataset was not random, but also that analyzing 

outlier loci to investigate fine patterns of differentiation is a suitable approach if accompanied by 

rigorous randomization tests.  

The pattern of differentiation observed at outlier loci could be driven by selection 

occurring during the non-breeding period, or due to demographic processes. Results from 

STRUCTURE and the DAPC are consistent with non-breeding distributions of thick-billed murres 

from different colonies, as inferred from data from geolocators (McFarlane Tranquilla et al., 

2013). Non-breeding distributions of birds from Prince Leopold, Minarets and Gannet overlap 

considerably off the coast of Newfoundland, whereas distributions of non-breeding birds from 

Coats overlap only with birds from Prince Leopold, and only by ~20% (McFarlane Tranquilla et 

al., 2013). If we also consider the temporal pattern of migration, birds from Coats and Prince 

Leopold overlap only in January, and not in November or April (Gaston et al., 2011; MacFarlane 

Tranquilla et al., 2013), the latter of which is a critical time since it is closest to the return to the 

breeding grounds. Birds from Coats differ from those from other colonies included in this study 

in that they spend nearly eight months in Hudson Bay - oceanographically a very different 
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system from Davis Strait and the Labrador and Newfoundland shelves, where birds from other 

colonies spend most of their non-breeding period (Gaston et al., 2011). Unfortunately no data on 

non-breeding distributions are available for birds from Akpatok. Environmental conditions 

during the winter might be a strong selective force promoting adaptation in this and other 

seabirds. In thick-billed murres from Coats, while breeding success was associated with 

environmental conditions near the colony during the breeding period, annual adult survival was 

most correlated with environmental conditions on the non-breeding grounds (Smith & Gaston, 

2012). Additionally, energy expenditure appears to increase during the winter in thick-billed 

murres and dovekies (Alle alle), a smaller alcid, mainly due to air temperature and wind speed 

(Fort et al., 2009). These results combined suggest that although environmental conditions at the 

breeding grounds affect the survival of chicks, selection during the non-breeding period might be 

stronger than during the breeding period, which would explain the pattern of differentiation at 

outlier loci. However, the environmental conditions that thick-billed murres experience during 

the non-breeding period vary greatly in time and space (McFarlane Tranquilla et al., 2015), and 

pinpointing the main selective agents during this period would be difficult. In general, thick-

billed murres seem to be able to cope with a variety of environmental conditions (McFarlane 

Tranquilla et al., 2015). The ability to adjust to a variable environment could be enabled by 

phenotypic plasticity, high levels of standing genetic variation or both. We did observe high 

levels of standing genetic variation (although we do not know whether this variation has adaptive 

value) but levels of phenotypic plasticity are virtually unknown in this species. Either of these 

could hinder the fixation of genetic differences (Crispo, 2008; Pritchard et al., 2010). While 

spatially varying selection can promote local adaptation (Tigano & Friesen, 2016), temporal 
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variation in selection can favour generalist genotypes and phenotypic plasticity over local 

adaptation (Kawecki & Ebert, 2004).  

However, the fact that birds from colonies that migrate to the same areas are more 

genetically similar could be explained by gene flow due to higher demographic connectivity at 

the non-breeding grounds among these birds. Although thick-billed murres are highly 

philopatric, immature birds may migrate back to the breeding grounds following birds from a 

different colony rather than the natal one. This would explain the two samples from Akpatok that 

were assigned to Minarets, and the clustering of birds from Gannet, Minarets and Prince 

Leopold, whose non-breeding grounds overlap considerably. The role of gene flow is also 

supported by the observation that birds from Coats, which overlap minimally with birds from 

other colonies at the non-breeding grounds (Gaston et al., 2011), differ the most from the rest of 

the birds included in this study. These considerations indicate either that even a little gene flow is 

sufficient to homogenize genetic variation and disrupt local adaptation if selection is weak, or 

that band returns underestimate the extent of current gene flow among colonies. 

The pattern of differentiation among colonies based on FST outliers also corresponds to 

the recolonization history of thick-billed murres (Dyke 2004). The timing of ice retreat following 

the last glacial maximum at the five locations included in this study matches their genetic 

relationship: ice retreated first along the cost, i.e. from Gannet and Minarets, which overlap the 

most in the DAPC, followed by Prince Leopold, which overlaps partially with Gannet and 

Minarets. Ice retreat in the Hudson Bay occurred later, from east to west, at Akpatok first and 

then at Coats.  

The rate of evolutionary change generally is the result of the interaction between 

selection, gene flow and genetic drift. Population genetic theory predicts that genetic drift is 
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reduced in organisms characterized by large effective population size and high genetic variation. 

Thick-billed murres feature both these characteristics: each of the colonies screened in this study 

contains hundreds to hundreds of thousands breeding pairs (Gaston et al., 2012); and genetic 

variation is high, as indicated by the high heterozygosity in the whole genome sequence, high 

frequency of polymorphic sites, absence of fixed differences among colonies, and previous 

analyses of neutral markers (Tigano et al., 2015). Thick-billed murres show higher nucleotide 

diversity than most species for which these data are available (Shultz et al. 2016 and references 

therein). Compared to black-footed albatrosses for example, thick-billed murres have an order of 

magnitude higher nucleotide diversity and number of polymorphic sites (Dierickx et al., 2015). 

Even though the role of genetic drift is presumably minimal in our study system, selection and 

gene flow can generate the same pattern. Genomic and migration data from additional colonies 

could help testing the relative roles of selection and gene flow.  

Our results add to increasing evidence that the rate of evolutionary change can vary along 

the genome. Whole genome analyses are starting to show that this heterogeneous genomic 

landscape is due not only to locally varying gene flow-selection balance but also to varying 

recombination rates across the genome, based on the observation that areas of differentiation 

seem often to be localized in areas of low recombination (Burri et al., 2015; Tigano and Friesen, 

2016). In the future, higher genomic coverage will allow us to test the role of recombination in 

maintaining few differentiated loci against a homogeneous genomic background in this study 

system. 

Due to the small proportion (~5%) of outlier loci assigned with GO terms, neither 

enrichment analyses nor any other inference regarding the biological function of outlier loci was 

possible. However, the low assignment rate could indicate that 1) outlier loci may be located in 
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regulatory regions or other regions of functional importance that are under selection but are not 

annotated; 2) several genes of small effect may have not been detected due to low sensitivity of 

outlier detection methods (Yeaman 2015); 3) some of the outlier loci are false positives with 

respect to selection, and indicate demographic connectivity rather than selection; or 4) other 

genes potentially involved in local adaptation may not have been sequenced.  

Although lack of population structure in seabirds and other marine organisms is very 

common (e.g. Friesen, 2015), the use of a limited number (<100) of highly divergent loci can 

help identify population structure (Funk et al., 2012). For example, this approach successfully 

identified the geographic origin for several species of fish of economic importance (Nielsen et 

al., 2009, 2011; Hess et al., 2011), and the strength of migratory connectivity in a passerine 

(Ruegg et al., 2014). Although our data are limited to five colonies and more genetic and spatial 

data would be necessary for a robust test, our study represents a first indication for an association 

between genetic differentiation and non-breeding distribution in a natural population of birds.  

 

3.6 Conclusions 

Lack of population structure despite high philopatry is observed in many other seabird species 

(reviewed in Friesen, 2015). However, we observed a clear and consistent pattern of 

differentiation among colonies across analyses based on outlier loci: outlier loci do not vary with 

latitude of breeding colonies as hypothesized, but rather seem to group birds from different 

colonies according to their non-breeding distribution, although it is not clear whether this 

association is due to selection and/or demographic connectivity. In addition to the inherent 

limitations of outlier analyses, our study highlighted additional challenges in detecting signatures 

of local adaptation in natural populations, especially when the same pattern of differentiation can 
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be driven by multiple factors such as gene flow, genetic drift, recombination rate, and 

demographic history. Nonetheless, we showed that if we consider the demographic histories and 

evolutionary scenarios of the focal species, the limitations of the methods to detect outlier loci, 

and alternative hypotheses explaining differentiation patterns, outlier analyses could also be used 

to investigate demographic processes in populations of species that are demographically 

independent but not yet not genetically differentiated (Gagnaire et al., 2015). Although with five 

colonies we did not have enough power for more rigorous tests (e.g., genotype-environment 

association tests), the results from this study are promising in sight of future studies including 

more colonies from throughout the Atlantic. Ultimately, a candidate gene approach or whole-

genome resequencing to detect loci under selection may be required to test hypotheses on 

adaptation in this and other species displaying only weak signals of spatial variation (Edwards et 

al., 2015).  
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Figure 3.1 Map showing colony locations. 
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Figure 3.2 Plots of clustering analyses. A) DAPC results for all loci and B) only outliers; C) plot 

showing Evanno’s ΔK with 2 peaks corresponding to K=3 and 5; D) Barplots of STRUCTURE 

results for K=3, which received highest support from Evanno’s ΔK. 
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Table 3.1 Sampling sites, initial and (final) sample size (n), geographical coordinates, and 

abbreviations. 
Colony n Latitude Longitude Abbreviation 
Gannet Islands 18 (15) 53°42’ N 56°12’ W Gannet 
Akpatok Island 20 (19) 60°32’ N 68°32’ W Akpatok 
Coats Island 19 (14) 62°57’ N 82°00’ W Coats 
The Minarets (Baffin Island) 20 (19) 66°56’ N 61°44’ W Minarets 
Prince Leopold Island 19 (19) 74°01’ N 90°02’ W Prince Leopold 
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Table 3.2 Summary genetic statistics for all populations split into those calculated for only 

nucleotide positions that are polymorphic in at least one colony (top, ‘Variant positions’), as well 

as all nucleotide positions across all restriction-site associated DNA (RAD) sites regardless of 

whether they are polymorphic or fixed (bottom, ‘All positions’). These statistics include the 

average number of individuals genotyped at each locus (N), the number of variable sites unique 

to each population (Private), the number of polymorphic (top) or total (bottom) nucleotide sites 

across the data set (Sites), percentage of polymorphic loci (% poly), the average frequency of the 

major allele (P), the average observed heterozygosity per locus (Hobs), the average nucleotide 

diversity (π), and the average Wright’s inbreeding coefficient (FIS). 
 N Private Sites % poly P Hobs π FIS 
Variant positions 
Gannet 14.85 261 7005 66.78 89.9% 0.144 0.155 0.034 
Akpatok 18.63 314 7003 70.76 90.0% 0.144 0.152 0.028 
Coats 13.95 197 6998 64.98 90.0% 0.149 0.153 0.016 
Minarets 18.86 321 6994 71.39 89.8% 0.146 0.154 0.023 
Prince Leopold 18.92 379 6992 72.51 89.9% 0.147 0.154 0.025 
Average 17.05 294.4 6998.4 69.28 89.9% 0.146 0.153 0.025 
All positions 
Gannet 14.88 261 185277 2.52 99.6% 0.005 0.006 0.0013 
Akpatok 18.72 314 185273 2.67 99.6% 0.005 0.006 0.0011 
Coats 13.97 197 185268 2.45 99.6% 0.006 0.006 0.0006 
Minarets 18.90 321 185260 2.69 99.6% 0.006 0.006 0.0009 
Prince Leopold 18.52 379 185266 2.73 99.6% 0.005 0.006 0.0009 
Average 17.08 294.4 185268.8 2.62 99.6% 0.006 0.006 0.0010 
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Table 3.3 Colony pairwise FST values when all loci are included (above diagonal) and when only 

outlier loci are included (below diagonal).  
 Gannet Akpatok Coats Minarets PLI 

Gannet - -0.002 -0.001 0 0.001 
Akpatok 0.045* - 0 -0.001 -0.001 
Coats 0.044* 0.052* - 0.001 0.001 
Minarets 0.038* 0.043* 0.054* - 0 
Prince Leopold 0.035* 0.045* 0.044* 0.036* - 
* Significantly different from 0 (P<<0.001) 
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Chapter 4 Potential to adapt to emerging diseases in an arctic seabird: 

gene loss and variability in toll-like receptor genes 

4.1 Abstract 

Increases in temperature due to climate change are predicted to occur worldwide, but most 

intensely in arctic regions. One of the predicted effects of climate change in the Arctic is an 

increase in pathogen abundance and diversity, but little is known about the potential of arctic 

species to adapt to emerging diseases. Standing genetic variation is the most ready available 

source of adaptive variation, and given the speed and magnitude of predicted change, standing 

variation will be crucial for arctic species to adapt to changing conditions. To assess the potential 

to adapt to emerging diseases in a widespread arctic seabird, the thick-billed murre (Uria 

lomvia), we screened genetic variation at five toll-like receptor genes involved in innate immune 

response at each of five colonies along a wide latitudinal cline. Our results suggest that thick-

billed murres lost a TLR2 gene copy when compared to most other birds. Across genes, we found 

no differentiation among colonies and no support for a decrease in standing genetic variation 

with increasing latitude. Selection analyses and differences in haplotype and peptide diversity 

suggest differences in local selective regimes at most genes, with evidence for negative, 

balancing and/or positive selection at several codons. We report high genetic diversity overall, 

consistent with genome-wide levels of genetic variation. Our results suggest that, despite living 

in cold arctic environments, thick-billed murres do not show low levels of standing genetic 

variation at genes related to immune response, and that their potential to adapt to emerging 

diseases will be mostly determined by the rate and magnitude of climate change in future years. 
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4.2 Introduction 

Infectious diseases are a strong selective agent and are causing population declines worldwide 

(Harvell et al. 2002). Temperature, precipitation and humidity are major ecological factors 

determining pathogen abundance, virulence and diversity (Guernier et al. 2004; Dionne et al. 

2007; Burge et al. 2013), and disease susceptibility seems to increase with latitude (Guernier et 

al. 2004). Because of the tight relationship between climate variables and disease susceptibility, 

climate change is predicted to facilitate the spread of infectious diseases (Harvell et al. 2002). In 

recent years, several studies have supported this prediction and new models aiming to predict 

future changes in disease susceptibility have been developed (reviewed in Altizer et al. 2013). 

For example, climate projections indicate that tropical corals will be more susceptible to diseases 

due to higher thermal stress and pathogen virulence (Maynard et al. 2015). 

In the Arctic, pathogen abundance is relatively low mainly due to cold temperatures and 

geographic isolation (Hueffer et al. 2011; Van Hemert et al. 2014). However, global climate 

change is increasing pathogen abundance and diversity at higher latitudes through two 

phenomena: first, increasing temperatures in the Arctic are making environmental conditions 

more favourable for the survival and spread of pathogens (Kutz et al. 2009); and second, climate 

change is causing northward shifts in host species distributions (Hickling et al. 2006; Hitch & 

Leberg 2007), thus increasing contact with arctic species, which are limited in their northern 

distribution. Risks associated with interspecific interactions rise exponentially when the species 

involved are migratory, especially in birds. In fact, migratory birds represent important long-

distance vectors of pathogens to the Arctic. For example, recent studies of the avian malaria 

parasite Plasmodium not only reported infected birds above the Arctic Circle (Hellgren 2005), 
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but also proved that malaria transmission occurs at these latitudes, and predicted that climate 

warming will increase exposure of naïve birds to novel pathogens (Loiseau et al. 2012).  

How will arctic species that historically had little exposure to abundant or diverse 

pathogens cope with emerging diseases? Will they be able to adapt? The most ready source of 

adaptation is standing genetic variation (Barrett & Schluter 2008; Tigano & Friesen 2016). 

Standing genetic variation in a population constitutes a pool of alleles that can potentially prove 

beneficial in different selection regimes in time or space. This pool of alleles also has the 

advantage of potentially being tested in the past or elsewhere, which makes it readily usable 

when environmental changes occur (Barrett & Schluter 2008), and hence enhances the adaptive 

potential of a population. Additionally, when multiple selection pressures, such as different 

pathogens, co-occur at a given time and place, balancing selection can maintain genetic variation 

in an individual (e.g. through heterozygosity) or population (Ferrer-Admetlla et al. 2008; 

Gulisija & Kim 2015). An association between pathogen diversity and temperature is supported 

by studies on the Major Histocompatibility Complex (MHC), involved in the adaptive immune 

response: for example, MHC diversity increases with temperature at natal sites in natural 

populations of Atlantic salmon (Salmo salar; Dionne et al. 2007), and is low in polar bears 

(Ursus maritimus), which have historically been exposed to a low pathogen load typical of arctic 

environments (Weber et al. 2013). Assessing levels of standing variation in immune response 

genes is pivotal to understanding the potential of species to adapt to emerging diseases (Vásquez-

Carrillo et al. 2014), especially in the Arctic (Weber et al. 2013). 

The MHC has been studied extensively in model organisms and natural populations (e.g., 

Aguilar et al. 2004; Charbonnel & Pemberton 2005; Galaverni et al. 2013; Vásquez-Carrillo et 

al. 2014). Less is known about the evolution of the innate immune response, especially in natural 
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populations. Toll-like receptor genes (TLRs) represent an important gene family in pathogen 

resistance and innate immunity. TLRs constitute a highly conserved gene family (Roach et al. 

2005) encoding two types of receptors: extracellular transmembrane glycoproteins responsible 

for the recognition of pathogen-associated molecular patterns (PAMPs), and receptors in 

intracellular organelle membranes (Kawai & Akira 2010). Extracellular TLRs consist of three 

domains: an extracellular domain involved in PAMP recognition, a transmembrane domain, and 

an intracellular Toll/interleukin-1 receptor (TIR) domain for dimerization and signal transduction 

(Werling et al. 2009). Analogous to the PBR of MHC genes, the extracellular domain of TLRs is 

expected to be under strong selection for the recognition and binding of antigens (Alcaide & 

Edwards 2011). Recent studies on TLRs have investigated the evolutionary forces and 

demographic events shaping diversity at these genes, focusing on the effect of drift, and 

population expansions and bottlenecks (Grueber et al. 2012, 2013; Hartmann et al. 2014; 

Gonzalez-Quevedo et al. 2015); few studies have investigated intraspecific variation across 

populations (Tschirren et al. 2012; Gonzalez-Quevedo et al. 2015; Quéméré et al. 2015), and 

even these had a limited range.   

The thick-billed murre (Uria lomvia) is an arctic colonial seabird with a worldwide polar 

distribution. Information on prevalence, distribution, and diversity of pathogens affecting thick-

billed murres and other arctic seabirds is limited, and even less is known about the effects of 

pathogens on fitness (Muzaffar 2009). Similarly to polar bears (Weber et al. 2013), arctic 

seabirds should be exposed to fewer pathogens than their temperate counterparts. In fact, a 

review of parasites and diseases in the family Alcidae, to which murres belong, suggests that the 

more temperate common murres (U. aalge), sister species of thick-billed murres, are affected by 

a greater variety of parasites and diseases (Muzaffar & Jones 2004). Effects of climate change on 
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parasitism and diseases have already been observed in thick-billed murres. At the colony at 

Coats Island (Nunavut, Canada) mosquitos have advanced their phenology by 20-30 days in ~20 

years causing prolonged stress on the birds and, in combination with other stressors, an increase 

in mortality (Gaston et al. 2002; Gaston & Elliott 2013). Another study reported significant 

changes in helminth assemblages over a 40-year period, potentially associated with changes in 

diet and climate (Muzaffar 2009). Given that arctic regions will experience the highest increase 

in temperature (IPCC 2013), thick-billed murres are expected to be exposed to new pathogens 

and higher pathogen loads, and for longer periods, in the near future. However, in contrast to 

polar bears, thick-billed murres form large assemblages during the breeding season, and contact 

with other species during both the breeding and non-breeding periods is frequent. Gregarious 

behaviour in thick-billed murres increases chances of this species to contract and spread diseases 

within and among species. 

In this paper we screen variation at TLR genes in Atlantic thick-billed murres across ~20° 

latitude. Considering the relationships among environmental variables, pathogens and variation 

at immune response genes (Dionne et al. 2007; Weber et al. 2013), and that summer 

temperatures can be a strong determinant of disease outbreaks (e.g., Laaksonen et al. 2010), we 

predicted that thick-billed murres from colonies at higher latitudes with lower temperatures and 

precipitation should have lower genetic diversity at immune response genes than those at lower 

latitudes. Our main aim was to test the hypothesis that genetic variation at TLR genes decreases 

with latitude, which represents a proxy for temperature, precipitation (Chapter 3; Appendix A) 

and pathogen abundance and diversity (Guernier et al. 2004), and to detect genetic signatures of 

different selection regimes across colonies. We also aimed to estimate levels of adaptive standing 

variation at TLR genes, and to assess the potential of thick-billed murres to adapt to poleward 
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expansion of pathogens associated with climate change. Genome-wide variation is high in thick-

billed murres (Chapter 3), and despite a general lack of population structure, a few loci are 

differentiated among Canadian colonies, including an MHC locus (Tigano et al. 2015; Chapter 

3). That evolutionary rates are not even across the genome is now widely recognized (e.g., 

Hodgkinson & Eyre-Walker 2011), and immune response genes are expected to evolve faster 

than other genes in response to selection imposed by continuously evolving pathogens and 

parasites (Downing et al. 2010). By comparing variation at TLR genes with estimates of 

genome-wide genetic variation from a previous study based on restriction-site associated (RAD) 

markers (Chapter 3), we can also compare evolution rates at the genome level vs. genes of 

functional importance.  

 

4.3 Methods  

4.3.1 Sampling and TLRs genotyping 

DNA was extracted from blood or kidney tissue previously sampled from 100 breeding thick-

billed murres from five Canadian colonies (Fig. 4.1) using a standard protease K/phenol-

chloroform protocol (Sambrook et al. 1989). We intially targeted seven TLR genes: TLR1La, 

TLR1Lb, TLR2, TLR4, TLR5, TLR15, and TLR21, focusing on the extracellular leucine-rich 

repeats (LRRs) region of each gene. TLR1 and TLR2 are known to have duplicated in birds 

(Alcaide & Edwards 2011). While we amplified the two duplicated genes in TLR1 (TLR1La and 

TLR1Lb) separately, for TLR2 we first used general primers that are expected to coamplify 

TLR2A and TLR2B with the aim to redesign primers specific for each gene for the thick-billed 

murre in a second step (as in Grueber et al. 2012). We used published primers (Alcaide & 
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Edwards 2011; Grueber et al. 2012; Grueber & Jamieson 2013; Table 4.1) and added an M-13 

tail to each forward and reverse primer to facilitate sequencing.  

Gene fragments were PCR amplified in 50 µL reaction volumes containing 1x 

concentration of Multiplex PCR Master Mix (Qiagen, Venlo, Netherland), 0.2 µmol each of 

forward and reverse primers, and 0.01 – 20 ng DNA. The protocol consisted of an initial 

denaturation of 15 min at 95°C and 40 cycles of 40 s at 94°C, 75 s at 56°C, 90 s at 72°C and a 

final elongation phase of 10 min at 72°C. PCR products were sequenced in both directions using 

Sanger sequencing at the Génome Québec Innovation Center (McGill University, Montreal). We 

checked whether we amplified the correct target genes by performing BLAST searches. We 

confirmed and aligned sequences using a Clustal-W multiple alignment algorithm in Geneious 

v.6.1.5 (Biomatters, 2013). Low quality bases were trimmed at either end so that final sequence 

lengths for each gene were the same across individuals. Heterozygous sites denoted by 

overlapping peaks of similar height in the chromatograms were assigned International Union of 

Pure and Applied Chemistry (IUPAC) nucleotide ambiguity codes. For sequences with multiple 

heterozygous sites, we performed haplotype assignments in DnaSP v5.10.01 (Rozas et al. 2003) 

using the PHASE algorithm (Stephens et al. 2001) for 100 iterations after burn-in of 100. We 

retained only haplotypes that had all heterozygous sites successfully resolved (>95% confidence 

level).   

Sequences of both TLR1La and TLR1Lb, suggested to be a result of a gene duplication, 

showed triallelic single nucleotide polymorphisms (SNPs) in single individuals, which indicates 

that primers failed to distinguish the two genes. To separate these loci more consistently we used 

a two-step approach. First, we designed internal locus-specific primers in the regions of highest 

differentiation for each of the two genes respectively (Table 4.1). However, non-overlapping 
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fragments thus amplified were short. To increase fragment length we blasted obtained sequences 

against the reference genome of the thick-billed murre to design primers yielding longer 

sequences (Chapter 3; Table 4.1). While we successfully amplified the targeted fragment of 

TLR1Lb, every attempt to increase fragment size of TLR1La failed.  

 

4.3.2 Statistical analyses 

We calculated indices of genetic diversity for each of the five colonies, including number of 

segregating sites, number of haplotypes, nucleotide diversity, haplotype diversity and haplotype 

frequencies. We tested for deviations from Hardy-Weinberg equilibrium (HWE) for each SNP 

for each of the six colonies using Arlequin v.3.5.1.2 (Excoffier & Lischer 2010). We tested for 

significance using Fisher’s exact tests based on 1,000,000 steps in a Markov chain following 

100,000 dememorization steps. We translated phased haplotypes by aligning thick-billed murre 

sequences to chicken and other available avian TLR sequences. We counted the number of 

synonymous and non-synonymous mutations and calculated peptide diversity and frequencies for 

each of the colonies in Arlequin. 

 

4.3.3. Differentiation among colonies 

We used two approaches to test whether individuals from different colonies were differentiated 

at TLR genes: first, we ran exact tests of population differentiation based on haplotype and 

peptide frequencies; second, we estimated FST from nucleotide and amino acids sequences 

between pairs of colonies and tested for significance by randomization using 10,000 

permutations. All analyses were run in Arlequin.  
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We tested for significant differences among colonies in nucleotide, haplotype and peptide 

diversity using a one-way ANOVA followed by Tukey HSD Post-hoc tests. Additionally, we 

tested for correlations between latitude of breeding colonies and haplotype and peptide 

diversities at each of TLR1Lb, TLR2, TLR4, and TLR5 (TLR1La was excluded from these 

analyses, see results), using a Pearson’s chi-squared test in the statistical software R (R Core 

Team 2015).  

 

4.3.4 Detection of selection  

We used several methods to test whether each of the TLR genes was under selection, and 

whether this was positive (i.e. increasing frequency of a beneficial allele), negative (i.e. purging 

of changes that are deleterious) or balancing (i.e. maintaining polymorphism at a locus within a 

population). The ratio of non-synonymous (dn) to synonymous (ds) mutations ω indicates 

whether a gene is under selection: estimates of ω exceeding one are indicative of positive 

selection whereas estimates below one are indicative of negative selection. We calculated overall 

ω per gene using the single likelihood (SLAC) method from the package HyPhy (Kosakovsky 

Pond & Muse 2005), available on the web server Datamonkey (Kosakovsky Pond & Frost 2005). 

Tajima’s D tests whether a given DNA sequence is evolving neutrally (D = 0) or non-randomly 

due to different evolutionary and demographic processes (D ≠ 0). We calculated Tajima’s D for 

each gene at the whole sequence level and per individual codon using DnaSP. We considered 

values of Tajima’s D significant if > 1.5 (Tajima 1989). 

Both ω and Tajima’s D present several limitations in detecting signatures of positive 

selection in that 1) ω has little power when the signature of positive selection is restricted to one 

or few sites and thus likely to be diluted across the gene (Murrell et al. 2012), and 2) deviations 
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from neutrality indicated by Tajima’s D may be due to causes other than positive selection, 

including demographic expansions or contractions. Therefore, we used three additional 

approaches to test for selection at the codon level as implemented in the package HyPhy: SLAC, 

random-effect likelihood (REL) and mixed-effects models of episodic diversifying evolution 

(MEME; Murrell et al. 2012). SLAC counts dn and ds changes at each codon and tests whether ds 

differs from dn (i.e. dN-dS ≠ 0). REL allows substitution rate to vary along the gene and uses 

Bayesian statistics. In MEME ω can vary along the gene and across the phylogeny, which makes 

this method suitable in particular for detecting footprints of episodic diversifying selection. 

These methods also differ in power and false discovery rate: while SLAC and MEME are very 

conservative, REL is more sensitive but is prone to high false discovery rate. Therefore we used 

a significance threshold of P = 0.1 (as per default settings) for SLAC and MEME results, and 

considered results from REL significant for Bayes factors > 100 (corresponding to posterior 

probability > 0.99 or P<0.01).  

All methods require a model of nucleotide substitutions and the reconstruction of 

ancestral states. We inferred the model of nucleotide substitution for each gene for subsequent 

analyses from the data using the HyPhy package. Because model inference can be inaccurate for 

genes with low numbers of sequences, we also ran all analyses using the HKY85 model 

(Hasegawa et al. 1985) and retained only the sites indicated as under selection across the two 

runs. Because recombination can affect selection models we tested recombination breakpoints 

using the program GARD (Kosakovsky Pond et al. 2006) from the package HyPhy. For genes 

that did not show evidence of recombination, phylogenies were reconstructed using neighbour 

joining (Saitou & Nei 1987); otherwise phylogenies were built in GARD taking recombination 

into account. Because of low differentiation among colonies (see Results), all selection analyses 
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were performed on all sequences grouped together. By doing so, we cannot test directly the type 

of selection acting on the genes at each of the colonies but we can identify the codons under 

selection across individuals and integrate this information with results of other analyses, such as 

indices of genetic diversity and deviations from HWE, to infer whether selection pressures differ 

among colonies. 

Finally, we searched for LRR motifs in each of the genes using LRRfinder (Offord et al. 

2010) to test whether sites under selection were located in areas involved in pathogen 

recognition. 

  

4.4 Results 

4.4.1 Genetic variation and diversity 

We amplified 3309 bp of coding sequence across five TLR genes (TLR1La, TLR1Lb, TLR2, 

TLR4, and TLR5) in 100 individual thick-billed murres from five colonies. Gene ontology was 

confirmed for each gene using BLAST searches. Primers for TLR15 and TLR21 did not yield 

PCR products for thick-billed murres at any temperature tested. Newly designed primers to 

discriminate TLR1La and TLR1Lb successfully amplified target sequences yielding a total of 96 

and 906 bp, respectively. Sequences of TLR1La and TLR1Lb were gene specific and did not 

show any evidence of coamplification. Although the primers used for TLR2 were expected to 

coamplify TLR2A and TLR2B, only one gene copy was amplified in thick-billed murres. We 

phased haplotypes with high confidence for all genes but TLR1Lb. In this gene a few rare 

mutations did not have high assignment scores. We therefore performed all subsequent analyses 

on two TLR1Lb datasets: one including all haplotypes, and the second with only haplotypes that 

were phased with high confidence. Results of genetic diversity and HWE for the two datasets 
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were not statistically different so we report results based on all haplotypes. Results from 

selection analyses differed between datasets so we report only sites that were indicated to be 

under selection in both datasets (see ‘Tests of selection’ section below). 

We detected 66 SNPs across the five genes (Table 4.2), of which 60% on average were 

non-synonymous. In comparison with other genes, TLR2 had the highest number of SNPs and 

haplotypes in proportion to its length, and the lowest proportion of non-synonymous changes. 

About 50% of haplotypes of each gene were private, occurring only at one colony (Table 4.2).  

Several SNPs deviated from HWE (Table 4.3). In TLR1Lb only site 593 showed 

significant heterozygote deficit at Akpatok (P < 0.05), while five more sites exhibited marginally 

significant (P < 0.10) heterozygote deficits but always only at one colony. Three polymorphic 

sites (299, 516 and 526) in TLR2 showed significant heterozygote excess across colonies: site 

299 deviated from HWE at all colonies (P < 0.05) except Minarets (P > 0.10); site 516 deviated 

at Gannet, Coats (P < 0.05), and Akpatok (P < 0.10); site 526 deviated at all colonies (P < 0.10 at 

Coats and P < 0.05 at the rest of the colonies). Overall, Gannet, Akpatok and Coats had three 

sites each showing heterozygote excess (P < 0.10), Prince Leopold had two sites (P < 0.05), and 

Minarets only one (P < 0.05). One polymorphic site in TLR4 (241) deviated from HWE at two 

colonies: it showed heterozygote excess at Prince Leopold (P < 0.10), and heterozygote deficit at 

Gannet (P < 0.05). Two sites in TLR5 showed heterozygote deficit: site 127 at Prince Leopold 

and Gannet (P < 0.10) and site 192 at Prince Leopold only (P < 0.05). All mutations showing 

deviations from HWE were non-synonymous, with the exception of sites 258 in TLR1Lb and 516 

in TLR2 (Table 4.3). 
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4.4.2 Differentiation across colonies 

Although we report estimates of genetic diversity for TLR1La (Table 4.2), sequences of these 

genes were too short for meaningful comparison in diversity or selection analyses. No estimates 

of colony pairwise or global FST based on either haplotype or peptide sequences were 

significantly different from 0 for any of the examined TLRs. Exact tests of population 

differentiation were significant only between Minarets and Prince Leopold when based on 

peptide frequencies at TLR5 (P<0.05). 

 Nucleotide diversity did not differ across colonies at any of the genes examined (Fig. 

4.2). Haplotype diversity differed among colonies at all genes (P<0.01; Fig. 4.2), whereas 

peptide diversity differed among colonies at TLR1Lb (P<0.01), TLR4 (P<0.001) and TLR5 

(P<0.001), but not at TLR1La and TLR2 (Fig. 4.2). In particular, haplotype diversity at TLR1La 

was lower at Price Leopold compared to all other colonies (P<0.05), and at Gannet compared to 

Coats (P<0.01); at TLR1Lb Minarets had the lowest haplotype diversity (P<0.01) of all, and 

Prince Leopold showed lower values than Gannet (P<0.05); TLR2 was significantly higher at 

Akpatok than at Gannet (P<0.01), Minarets (P<0.05), or Prince Leopold (P<0.01; Fig. 4.2), 

whereas haplotype diversity at TLR4 was significantly lower at Minarets than at the rest of the 

colonies (P<0.001; Fig. 4.2b). Haplotype diversity at TLR5 was different for all pairwise 

comparisons (P<0.05) with the exception of Gannet vs. Prince Leopold (P>0.05): haplotype 

diversity decreased with increasing latitude from Gannet to Minarets (Akpatok vs. Coats, 

P<0.05; all other comparisons, P<0.001), whereas Prince Leopold had higher diversity when 

compared to Akpatok, Coats and Minarets (P<0.001; Fig. 4.2). The only statistically significant 

difference in peptide diversity at TLR1Lb was between Minarets and Prince Leopold (P<0.01). 

Peptide diversity at TLR4 was generally higher at Akpatok and Coats compared to the rest of the 



	
	

115 

colonies (Fig. 4.2): it was significantly different in all comparisons (P<0.001) except Gannet vs. 

Minarets, Gannet vs. PLI, and Akpatok vs. Coats (P>0.05). At TLR5, with the exception of 

Prince Leopold having the highest peptide diversity of all colonies (including Gannet; P<0.001), 

peptide diversity followed the same trend as for haplotype diversity, i.e. diversity decreased with 

increasing latitude (Fig. 4.2). 

No correlation between latitude and either nucleotide, haplotype or peptide diversity was 

significant for any gene. However, haplotype and peptide diversity at TLR5 showed a steady 

decline (Fig. 4.2) from Gannet, the southernmost colony, to Minarets, but increased abruptly at 

PLI, the northernmost colony (Fig. 4.2). When Prince Leopold was removed from the dataset, 

the association between haplotype diversity in TLR5 and latitude was significant (P < 0.01). 

 

4.4.3 Tests of selection 

With only four different haplotypes and three different peptide sequences, TLR1La was excluded 

from selection analyses. Estimates of ω and Tajima’s D, overall and per codon, varied across 

genes. On average across codons, ω was > 1 in only TLR4 (1.81), and < 1 in TLR1Lb, TLR2 and 

TLR5 (0.65, 0.81 and 0.62 respectively). Tajima’s D was not significantly different from 0 in any 

gene overall, but showed significantly high values at three codon sites in TLR1Lb (92, 163 and 

198), two sites in TLR2 (100 and 176), three sites in TLR4 (64, 72 and 175) and two sites in 

TLR5 (43 and 64), indicating potential balancing selection. All codons with high Tajima’s D 

values entailed amino acid changes, with the exclusion of codons 92 in TLR1Lb and 72 in TLR4, 

where the mutations were synonymous. 

 Tests of recombination identified a recombination breakpoint in TLR1Lb, which was 

taken into account in subsequent selection analyses. Tests for selection indicated that TLR2 had 
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the highest proportion of codons under selection (6.9%), followed by TLR1Lb (2.6%), TLR4 

(1.4%) and TLR5 (1.0%; Table 4.3). Despite using conservative significance thresholds, the REC 

method indicated the highest number of codons under either positive or negative selection in all 

genes compared to other methods. REC identified six codons under negative selection in 

TLR1Lb, ten codons under negative selection and four under positive selection in TLR2, four 

codons under positive selection in TLR4, and two codons under positive selection and one codon 

under negative selection in TLR5 (Table 4.3). SLAC supported results from REC for only one 

codon in TLR1Lb under negative selection, three codons in TLR2 (two under positive and one 

under negative selection) and one codon under negative selection in TLR5 (Table 4.3). The two 

codons in TLR2 concordantly indicated as under positive selection by SLAC and REC were 

identified by MEME as under episodic diversifying selection (Table 4.3). All codons under 

positive selection were affected by amino acid changes, whereas the codons under negative 

selection contained only synonymous mutations. Most sites (71%) indicated as under selection 

were located in LRR as suggested by analyses in LRRfinder (Table 4.3). 

  

4.5 Discussion  

Ours is the first study examining genetic variation at TLRs in either a seabird, or an arctic 

animal. We found evidence for gene loss in TLR2; no differentiation but significant differences 

in genetic diversity among colonies; and evidence for selection at several sites. Below we discuss 

results in detail and their implications for the adaptive potential of thick-billed murres. 
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4.5.1 Gene loss 

TLR2 primers were expected to coamplify TLR2A and TLR2B but we found no evidence of 

duplication of TLR2 in thick-billed murres. Although the primers we used may have amplified 

only one of the two duplicated genes, several lines of evidence support gene loss: the thick-billed 

murre TLR2 showed high similarity with the portion that is conserved between TLR2A and 

TLR2B in other species (Alcaide & Edwards 2011) and the PCR product was half of the length 

expected (612 bp vs. ~1250 bp; Alcaide & Edwards 2011); the number of polymorphic sites was 

consistent with genome-wide levels of polymorphism (2.6%; Chapter 3); and BLAST searches 

against the thick-billed murre reference genome found only one match, suggesting that TLR2 is 

not duplicated in the thick-billed murre. Alcaide & Edwards (2011) previously reported lack of 

duplication in TLR1 and TLR2 in the emu (Dromaius novaehollandiae) based on detection of a 

single gene copy, and suggested two alternative hypotheses: either the duplication occurred after 

the split between paleognaths (tinamous and ratites, including the emu) and neognaths (all other 

living birds), or one of the genes was lost in ratites. In all other birds examined, TLR2 is 

duplicated. Therefore, gene loss is the most likely hypothesis to explain the lack of duplication in 

TLR2 in the thick-billed murre. 

 

4.5.2 Standing genetic variation and selection at TLRs  

Levels of standing genetic variation were variable among TLR genes in Atlantic thick-billed 

murres. When compared to the rest of the genes examined, TLR2 had the highest nucleotide, 

haplotype and peptide diversities, and highest numbers of polymorphic sites, haplotypes, 

peptides, and private haplotypes and peptides (Table 4.2). TLR2 also showed the most 

widespread and strong signature of balancing selection across the gene: three codons showed 
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evidence of positive selection by one or more inference methods, and exhibited significant 

heterozygote excess at three or more colonies, and two of these codons also had high positive 

Tajima’s D values (Table 4.2). Two codons had support for positive selection from all models 

(SLAC, REL and MEME) and were found in LRRs regions, and one (codon 100) of these 

showed high values of Tajima’s D and consistent heterozygote excess across colonies. The other 

codons showing heterozygote excess and positive Tajima’s D values were located outside the 

LRRs area. Even though evidence of selection at these sites is likely due to linkage 

disequilibrium with codon 100 (data not shown), TLR2 generally showed a pervasive signature 

of selection. Balancing selection at this gene could compensate for the loss of the duplicated 

gene copy. Most other sites in other genes were found to be under selection only when the REL 

model was used, and these results should be interpreted with caution given that this model, 

although most sensitive, is also more prone to false positives. However, while TLR1Lb seemed 

dominated by negative selection, TLR4 seemed mostly shaped by positive selection, as suggested 

by both selection analyses at the codon level under the REL model and at the whole sequence 

level based on estimates of ω. TLR5 had the lowest nucleotide diversity and number of sites 

under selection. 

Differences among colonies in genetic diversity indices in TLR2 were significant in only 

three pairwise comparisons of haplotype diversity, and no difference was found in peptide 

diversity. Balancing selection maintains high genetic variation, but by doing so, it prevents 

fixation of alleles and hinders differentiation. A similar pattern was observed in TLR1Lb, i.e. 

higher genetic diversity but little to no difference in diversity among colonies, even though we 

did not find support for balancing selection in this gene. In TLR4 and TLR5, genetic variation 

was lower but differences in haplotype and peptide frequencies were significant in most pairwise 
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comparisons. TLR5 in particular, which was characterized by the lowest diversity overall, 

showed the strongest differences in diversity among colonies and was the only gene where a 

significant difference in allele frequency was detected, although only between Minarets and 

Prince Leopold. Accordingly, support for balancing selection as a major force shaping genetic 

diversity in TLR4 and TLR5 was weak: the number of codons under positive selection was low 

compared to TLR2; only one codon among those under selection at each of the two genes had 

high positive Tajima’s D; and none of the two codons deviated significantly from HWE across 

colonies.  

Comparing overall levels of standing genetic variation in thick-billed murres with other 

species is difficult because of varying sample sizes and a limited number of studies. However, 

while nucleotide diversity at TLR1Lb and TLR2 seems similar to other widespread species 

(Alcaide & Edwards 2011; Grueber et al. 2012), TLR4 shows levels of nucleotide diversity more 

similar to bottlenecked populations (Grueber et al. 2012; Gonzalez-Quevedo et al. 2015). 

Meaningful comparisons for TLR1La and TLR5 are not possible due to the shortness of 

sequences of the former and scarcity of data for the latter from other studies. Surprisingly, 

especially considering the functional importance of TLR genes, no study reports levels of 

standing genetic variation at the peptide level.  

In this study, we show that nucleotide diversity does not vary among colonies at any of 

the genes, but haplotype and peptide diversity vary in five and three genes respectively; and 

patterns of variation differ between haplotype and peptide diversity within the same gene (Table 

4.2). Variation in nucleotide diversity across populations can be used as a null model to test for 

deviations from a neutral model of evolution at functional genes: in our case, if selection on 

TLRs did not act differently among colonies, the pattern of variation in haplotype and/or peptide 
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diversity should match the pattern in nucleotide diversity among colonies. Conversely, in a 

neutral model of evolution or when differences among colonies in nucleotide diversity are due to 

demographics or evolutionary forces other than selection, such as drift, differences in haplotype 

and/or peptide diversity among colonies should match differences in nucleotide diversity. For 

example, in the Bertherlot’s and tawny pipits (Anthus berthelotii and A. campestris), where drift 

is the main evolutionary force shaping TLRs variation (Gonzalez-Quevedo et al. 2015), 

haplotype diversity seems to be strongly correlated with nucleotide diversity across genes (r 

ranging from 0.35 to 0.99 according to gene), while in our dataset haplotype diversity was 

correlated with nucleotide diversity only at TLR5 (r=0.89) but not at TLR1Lb, TLR2 or TLR4 (r 

ranging from -0.13 to 0.32).  

Differences in haplotype and peptide frequencies among colonies could be indicative of 

different selective pressures across the range, especially given the similarity among colonies in 

nucleotide diversity. Although patterns of geographic variation of haplotype and peptide 

diversity were slightly different, here we will discuss further only differences in peptide diversity 

because of its relevance to functional variation and adaptation. Peptide diversity at TLR4 was 

significantly higher at Akpatok and Coats compared to the rest of the colonies, whereas peptide 

diversity at TLR5 declined with latitude from Gannet to Minarets and increased again at Prince 

Leopold, the northernmost colony (Table 4.2). Overall, genetic diversity did not decrease with 

latitude as initially hypothesized. In addition to significant differences in peptide diversity among 

colonies in TLR4 and TLR5, balancing selection at TLR2 was strongest at Gannet, Akpatok and 

Coats compared to Minarets and Prince Leopold, corroborating that murres from different 

colonies may be exposed to different selective pressures, even though the selective agents, 

diseases and parasites, are not known. However, low nucleotide diversity, limited evidence for 
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codons under selection, and a strong correlation between nucleotide and haplotype diversity, 

suggest that selection might not be a major driver of TLR5 evolution, and that other factors, 

including random distribution of genetic variation, must explain differences in haplotype and 

peptide diversity among colonies at this gene. Previous studies have found evidence for negative, 

balancing and positive selection according to species and TLR examined (Grueber et al. 2014 

and references therein). In one single species we found that different modes and strength of 

selection (negative, balancing and positive) can affect different genes. Differences in genetic 

diversity and selection acting on different genes confirm that TLRs evolve independently from 

one another (Roach et al. 2005), probably because of pathogen recognition specificity. In the 

chicken (Gallus gallus), the two isoforms of TLR1 and TLR2, respectively, dimerize to activate 

the inflammatory response to bacterial lipoproteins and peptidoglycan (Higuchi et al. 2008), 

whereas TLR4 and TLR5 respond to lipopolysaccharide and flagellin, respectively, of gram-

negative bacteria (Keestra et al. 2008). The fact that TLR5 is highly conserved among animals 

(Keestra et al. 2013) could explain the lower diversity in this gene in thick-billed murres and the 

scarce evidence for selection in this study. Lower diversity in TLR5 in comparison with other 

TLRs is observed in the New Zealand robin (Petroica australis rakiura) and the house finch 

(Haemorhous mexicanus), but not in other passerines and lesser kestrels (Falco naumanni; 

Alcaide & Edwards 2011; Grueber et al. 2012, 2015).  

 Lack of correlation between indices of genetic diversity and latitude indicates that 

environmental conditions during the breeding period are not the main driver of TLR evolution in 

the thick-billed murre. Also, differences in genetic diversity across genes and colonies suggest 

that there might not be a single major evolutionary driver. Genetic variation at one colony could 

be affected by colony size and density, in addition to a variety of factors that vary spatially and 
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temporally, such as pathogen diversity and abundance, environmental conditions and levels of 

interspecific contact. While historical exposure to low temperatures and pathogen load seemed to 

explain low variation at MHC loci in polar bears (Weber et al. 2013), this does not seem to be 

the case for thick-billed murres, also living in arctic environments. A substantial difference in the 

biology of the two species is the degree of intra- and interspecific contact that populations 

experience, which could explain why thick-billed murres exhibit levels of standing genetic 

variation comparable to common, temperate bird species. Nonetheless, analyses of pathogens 

and their effect on fitness at each of the colonies included in this study would provide important 

insights into what affects genetic diversity at TLRs in the thick-billed murre and other seabirds. 

We did not find evidence of population differentiation based on either FST estimates or 

differences in allele frequencies (with the exception of Minarets vs. Prince Leopold based on 

TLR5 peptide frequencies). The proportion of polymorphic sites in this study is consistent with 

genome-wide estimates of genetic variation (Chapter 3). Population differentiation could be 

deflated by the high proportion of variation shared among colonies, as a result of spatially and 

temporally varying selection and/or retained ancestral variation following recent recolonization 

from a common ancestral glacial refugium (Tigano et al. 2015). Given the large population size 

of thick-billed murres, the effect of drift on TLRs is presumably weak (Chapter 3). However, 

other factors could affect the distribution of genetic diversity. Gene flow among colonies of 

thick-billed murres might have been underestimated due to observations of strong philopatric 

behaviour. In fact, one potential factor hindering differentiation could be introgression of alleles 

from other populations. Higher diversity at TLR5 in birds from Prince Leopold could be 

explained by gene flow from colonies in the Arctic Ocean. To test these hypotheses, variation at 
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neutral markers and TLRs should be screened in more colonies of thick-billed murres from other 

Atlantic and Arctic colonies.  

4.5.3 Potential to adapt to emerging diseases in the Arctic 

Our predictions of declining genetic variation at immune response genes with latitude were not 

supported by empirical data in the thick-billed murre. Even though differences in genetic 

variation exist among colonies, and many codon sites are indicated to be under selection, factors 

other than temperature at the breeding grounds must affect evolution of TLRs in this species and 

will likely determine their potential to adapt to emerging diseases. For example, increases in 

contact with more temperate species might represent the main challenge in the future. Results 

from this study suggest that levels of standing genetic variation in the colonies examined should 

not compromise their potential to adapt to emerging diseases, even though this will be likely 

determined by the rate of climate change and its consequences. TLRs proved to be relatively 

easy genes to genotype in comparison with MHC loci. Nonetheless, analyses of MHC loci would 

provide insight into faster evolving genes of the adaptive immune response and complement 

findings from this study based on TLR genes, which represent the pillars of the innate immune 

response.    
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Figure 4.1 Map showing sampling locations. 
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Figure 4.2 Diversity indices (π=nucleotide diversity, Hd=haplotype diversity, Pd=peptide 

diversity) for each of three TLR genes at each of five thick-billed murre colonies. Bars represent 

standard deviations (all values are in Table 4.2).  
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Table 4.1 PCR primers for TLR genes and sources. 
Gene Primer Sequence Reference 

TLR1La avTLR1LaF M13F-GATGGAATGAGCACTTCAGA Alcaide & Edwards 2011 
 avTLR1LaR M13R-CTTCGTCTGCGTCCACTG Alcaide & Edwards 2011 
 tbmuTLR1LaF M13F-TTTTCTCACAATGCCCTGAC This study 
 tbmuTLR1LaR M13R-TCAGTGATTTCATACGGCTG This study 
TLR1Lb PcaTLR1LBF M13F-TCAGACTGTATGGCACTCATCC Grueber et al. 2013 
 PcaTLR1LBR M13R-TCAGCAGCAGAGCTGTCAC Grueber et al. 2013 
 tbmuTLR1LbF M13F-TATGCTGTGTCCTTCATCTG This study 
 tbmuTLR1LbR M13R-TGCAAGATTAATGTCTCCAGT This study 
 tbmuTLR1Lb_longF M13F-ATTTTTCAGACTGTATGGCACTCA This study 
 tbmuTLR1Lb_longR M13R-GCTTCGTCTGCGTCCACT This study 
TLR2 avTLR2F M13F-AGGGACCTTCTGCACTCTG Alcaide & Edwards 2011 
 avTLR2R M13R-AGGAGACAAAAGCGTCGTAG Alcaide & Edwards 2011 
TLR4 avTLR4F M13F-GAGACCTTGATGCCCTGAG Alcaide & Edwards 2011 
 AplTLR4R M13R-CCTGCCATCTTGAGCACTTG Grueber et al. 2013 
TLR5 avTLR5F M13F-GTAATCTTACCAGCTTCCAAGG Alcaide & Edwards 2011 
 avTLR5R M13R-GCTGGAGTTCATCTTCATC Alcaide & Edwards 2011 
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Table 4.2 Diversity indices for each functional polymorphic TLR gene at each of six colonies. 

Sample sizes (n), nucleotide diversity (π), number of polymorphic sites (sites), haplotype 

diversity (Hd), number of haplotypes (Hap) and private haplotypes in brackets, peptide diversity 

(Pd), and number of peptides (Pep) and private peptides in brackets. 
 Colony n π (SD)* Sites Hd (SD)** Hap  Pd (SD)** Pep  

TLR1La Gannet 20 106.17 (80.71) 2 53.46 (3.11) 3 (0) 51.15 (1.95) 2 (0) 
 Akpatok 20 106.57 (80.92) 3 54.10 (4.72) 4 (1) 52.18 (3.96) 3 (1) 
 Coats 20 106.24 (80.85) 2 56.63 (3.28) 3 (0) 51.21 (2.06) 2 (0) 
 Minarets 20 106.57 (80.92) 2 56.03 (3.40) 2 (0) 51.15 (1.96) 2 (0) 
 Prince Leopold 20 104.43 (79.78) 2 50.13 (2.93) 3 (0) 50.13 (2.93) 2 (0) 
 Total 100  3  4 (1)  3 (1) 

TLR1Lb Gannet 20 44.82 (25.37) 14 89.87 (3.83) 19 (5) 82.56 (5.45) 14 (1) 
 Akpatok 20 49.03 (27.43) 20 86.92 (4.74) 19 (5) 82.05 (5.36) 13 (2) 
 Coats 20 45.64 (25.77) 19 87.05 (4.16) 17 (3) 82.18 (4.71) 12 (1) 
 Minarets 20 46.47 (26.18) 15 79.87 (5.74) 13 (3) 79.23 (5.58) 11 (2) 
 Prince Leopold 20 43.29 (24.62) 18 85.64 (3.91) 13 (2) 85.64 (3.91) 13 (2) 
 Total 100  23  36 (18)  22 (10) 

TLR2 Gannet 20 46.51 (27.79) 11 93.46 (2.58) 21 (3) 81.15 (3.93) 9 (0) 
 Akpatok 20 52.37 (30.69) 14 95.90 (1.52) 23 (7) 83.21 (3.23) 9 (2) 
 Coats 20 48.91 (28.98) 11 94.36 (2.24) 22 (5) 84.49 (4.00) 11 (1) 
 Minarets 19 45.37 (27.27) 10 93.46 (2.26) 19 (4) 82.93 (4.17) 10 (1) 
 Prince Leopold 20 54.17 (31.58) 10 93.21 (2.66) 22 (7) 83.72 (3.65) 11 (2) 
 Total 99  18  49 (25)  18 (6) 

TLR4 Gannet 20 31.09 (18.87) 7 78.21 (4.55) 7 (1) 67.18 (3.88) 4 (0) 
 Akpatok 18 28.84 (17.80) 6 79.68 (3.40) 7 (1) 76.96 (3.02) 6 (2) 
 Coats 20 31.09 (18.87) 7 77.05 (5.21) 9 (4) 75.51 (4.85) 8 (4) 
 Minarets 19 29.55 (18.13) 6 68.42 (6.79) 6 (0) 64.30 (5.68) 4 (0) 
 Prince Leopold 20 31.46 (19.05) 7 75.13 (3.64) 6 (1) 69.87 (2.31) 4 (1) 
 Total 97  9  13 (7)  11 (7) 

TLR5 Gannet 20 18.08 (12.27) 7 82.44 (3.66) 9 (3) 73.97 (4.37) 7 (2) 
 Akpatok 19 14.39 (10.38) 6 72.69 (4.61) 7 (1) 68.71 (4.51) 5 (0) 
 Coats 20 14.63 (10.49) 5 67.82 (5.41) 8 (0) 65.13 (5.38) 6 (0) 
 Minarets 19 13.51 (9.92) 6 61.45 (6.09) 5 (1) 58.46 (6.19) 4 (1) 
 Prince Leopold 20 15.95 (11.18) 6 80.90 (3.56) 9 (2) 79.62 (3.27) 8 (2) 
 Total 98  13  16 (7)  12 (5) 

* × 104 

** × 102 
*/** Standard deviations for nucleotide, haplotype and peptide diversity in brackets 
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Table 4.3 Results of selection tests for each functional and polymorphic gene. S/N=synonymous 

or non-synonymous mutation, whether the site is under positive or negative selection under one 

or more models of evolution (SLAC, REC, and MEME indicated by dots), whether the site 

deviates significantly from HWE (excess or deficit indicated by + and − and number of colonies 

where it deviates with P<0.1), significant positive values of Tajima’s D (indicated by dots), and 

whether the codon is found in a LRRs region (indicated by dots).  
Gene Site  

(codon) 
Site 

(nucleotide) 
S/N Selection SLAC REC MEME HWE 

deviation 
D LRRs 

TLR1Lb 86 258 S -  �    � 
 92 276 S - � �  − (1) � � 
 161 483 S -  �    � 
 224 670/672 N +   �   � 
 226 678 S -  �    � 
 259 777 S -  �    � 
 290 870 S -  �    � 

TLR2 25 75 S -  �    � 
 37 109 N + � � �   � 
 39 117 S -  �    � 
 43 129 S -  �    � 
 57 171 S -  �    � 
 75 225 S -  �    � 
 100 299 N + � � � + (4) � � 
 129 387 S -  �     
 172 516 S -  �  + (3)   
 176 526 N +  �  + (5) �  
 184 550/552 N/S - � �     
 185 555 S -  �     
 194 580 N +  �     
 203 609 S -  �     

TLR4 81 241 N +  �  − (1) / + (1)   
 175 524 N +  �   � � 
 195 584 N +  �    � 
 226 677 N +  �    � 

TLR5 43 127 N +  �  − (2) � � 
 263 789 S - � �    � 
 274 821 N +  �    � 
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Chapter 5 Improved assembly of a highly heterozygous genome: 

The thick-billed murre (Uria lomvia) genome and its annotation 

5.1 Abstract  

Thanks to a dramatic reduction in sequencing costs followed by a rapid development of 

bioinformatics tools, genome assembly and annotation has become accessible to many 

researchers in recent years. Among tetrapods, birds have genomes that display many features that 

facilitate their assembly and annotation, such as small genome size, low number of repeats, and 

highly conserved genomic structure. However, we found that high genomic heterozygosity could 

have a great impact on the quality of the genome assembly of the thick-billed murre (Uria 

lomvia), an arctic colonial seabird. In this study, we test the performance of three genome 

assemblers, RAY/SSPACE, SOAPDENOVO2, and PLATANUS, in assembling the highly 

heterozygous genome of the thick-billed murre. Our results show that PLATANUS, an assembler 

specifically designed for heterozygous genomes, outperforms the other two approaches and 

produces a highly contiguous (N50=15.8 Mb) and complete genome assembly (93% based on 

BUSCO genes presence). Additionally, we annotate the thick-billed murre genome using a 

homology-based approach that takes advantage of the genomic resources available for birds and 

other taxa. Our study will be useful for those researchers approaching genome assembly and 

annotation of highly heterozygous genomes, or genomes of species of conservation concern, 

and/or who have with limited financial resources.   

 

5.2 Introduction 

Until recently, de novo genome assembly was only feasible for large, well-funded consortia. 

Sequencing costs were prohibitively high for most small and medium sized research groups, the 
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bioinformatic tools necessary for genome assembly were generally inaccessible, and the skills 

required were not common in the toolbox of evolutionary biologists. In the last few years, 

dramatically declining sequencing costs, spurred by rapid development of new sequencing 

technologies, has made whole genome assembly and annotation of non-model organisms 

affordable and feasible for many more researchers (Shendure & Ji 2008; Ekblom & Wolf 2014; 

Ellegren 2014). An exponential increase in availability of whole genome sequences has fostered 

big steps towards the understanding of how the genome works and evolves, and especially of the 

factors affecting its evolution, such as sexual and natural selection, gene flow, recombination and 

drift, and their role in speciation and adaptation (Jones et al. 2012; Ellegren et al. 2012; Zhao et 

al. 2013; Poelstra et al. 2014; Soria-Carrasco et al. 2014; Burri et al. 2015; Comeault et al. 2015; 

Corbett-Detig et al. 2015; Tigano & Friesen 2016; Toews et al. 2016b; Van’t Hof et al. 2016). 

The dramatic decrease in sequencing costs has been accompanied by a proliferation of 

computational methods for genome assembly and annotation, and finding the appropriate 

computational tools for a given project remains a challenge for researchers. Although several 

articles guide researchers through different approaches and programs (Earl et al. 2011; Baker 

2012; Yandell & Ence 2012; Bradnam et al. 2013; Ekblom & Wolf 2014), identifying the most 

efficient approach is a case by case endeavour. Three of the most important variables to consider 

for choosing the most appropriate approach for a particular assembly project are the financial 

resources available, the questions to be addressed, and the features of a particular species 

genome. Ideally, every researcher should aim for a high quality, high coverage genome assembly 

with scaffold sizes approaching chromosome sizes. If high coverage (>50X) cannot be attained 

due to financial constraints, reduced-representation genomic approaches that do not strictly 

require a reference genome, such as RAD-seq (e.g., Peterson et al. 2012), RNA-seq (Ekblom & 
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Galindo 2011), or sequence capture (Grover et al. 2012), can still be a viable option to address 

many questions in evolutionary biology (Ekblom & Wolf 2014). However, even a draft-quality 

genome assembly can help address questions that cannot be tackled with reduced-representation 

approaches. For example, comparative genomic analyses of 48 bird genomes enlighted many 

aspects of avian evolution, including phylogenetic relationships among avian families, genome 

structure and evolution of adaptive traits, and were based on a combination of high (>50x) and 

low coverage (24X-39X) genome assemblies (Jarvis et al. 2014; Zhang et al. 2014a). However, 

given the increasing evidence of the importance of genomic architectures such as structural 

variants in speciation and adaptation (Tigano & Friesen 2016), high quality assemblies are 

necessary to understand the factors driving genome evolution. The quality of a genome assembly 

depends largely on characteristics of a genome such as size, proportion of repeats, genome 

duplications and levels of heterozygosity; because these factors vary so widely across taxa, an 

approach that yields a good quality assembly in one species might not be suitable in another 

species (Baker 2012). A high sequencing effort does not translate necessarily into a high quality 

assembly. High genomic heterozygosity, for example, can result in fragmented assemblies with 

inflated total sizes, even when the genome is sequenced at high coverage (Pryszcz & Gabaldón 

2016). Genomic heterozygosity has been a long-lasting problem for genome assembly because 

most genome assemblers were developed for haploid organism (e.g., bacteria and yeasts) or 

species with low effective population sizes, such as inbred lines (Vinson et al. 2005 and 

references therein). Now that assembling a genome is becoming an accessible opportunity to 

address important questions in ecology and evolution in wild non-model species, an increasing 

number of researchers will face the complications deriving from high genomic heterozygosity for 

genome assembly. 
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Raw genome assemblies are rarely useful to biologists: annotation of protein-coding 

genes and other functional elements is crucial to making sense of a new genome. Despite its 

importance, genome annotation remains computationally challenging (Yandell & Ence 2012). 

An annotation based on sequencing RNA from a variety of tissues (and in some cases from 

different life stages) of the target species would be advisable to capture and characterize the 

entire transcriptome (Saha et al. 2002). This approach would add to whole genome sequencing 

costs, and is often not a viable option for researchers studying species of conservation concern, 

or species where individuals cannot be sacrificed for tissue collection.  

Here, we discuss these issues in the context of a new genome assembly for the thick-

billed murre (Uria lomvia), an arctic colonial seabird with unique adaptations to the arctic 

environment. Similar to penguins, murres are adapted to extreme cold temperatures and are able 

to dive to ~200 m (Croll et al. 1992), but unlike penguins, murres maintain their ability to fly. 

Thick-billed murres belong to the family Alcidae, which includes 23 extant species that radiated 

adaptively presumably following the evolution of deep diving ability (Weir & Mursleen 2013). 

The thick-billed murre genome assembly and annotation is useful to investigate demographic and 

evolutionary processes within the species, the genomic basis of extreme adaptations such as deep 

diving and cold adaptation, convergent evolution with penguins, and the adaptive radiation of the 

Alcidae. In a previous study, we assembled a draft reference genome to map RAD markers and 

to retrieve sequences of genes involved in the innate immune response to investigate local 

adaptation and differentiation among individuals from different Atlantic colonies (Chapters 3 

and 4). Despite having a high sequencing coverage (>60X), our previous genome assembly was 

highly fragmented due to high genomic heterozygosity and overconservative quality filters 

(Chapter 3). While this low quality assembly was sufficient for our previous studies (Chapter 3 
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and 4), a high quality, annotated genome is necessary for investigating patterns of genetic 

differentiation at the whole genome level, and the genomic architecture of traits that are relevant 

for speciation and adaptation in this species and other alcids.  

Although bird genomes display many characteristics that should facilitate genome 

assembly, such as small size, conserved ploidy, and fewer repetitive elements and chromosomal 

rearrangements when compared to other tetrapods (Toews et al. 2016a), the case of the thick-

billed murre confirms that high genomic heterozygosity can compromise genome assembly 

quality. For the annotation of the thick-billed murre genome we can take advantage of the 

detailed annotations available for other avian genomes, which allow us to use a homology-based 

annotation approach and thus to compensate for the lack of transcriptome data in this species. In 

this study we explore different genome assembly approaches to improve the thick-billed murre 

reference genome: we test the efficiency of SOAPDENOVO2, a commonly used assembler, and 

PLATANUS, a program specifically developed to assemble highly heterozygous genomes. We 

compare assembly results with a previous assembly performed with RAY and SSPACE (Chapter 

3). We also outline a genome annotation protocol that utilizes existing genome annotations in 

birds and other taxa, thereby circumventing the need for RNA-seq data. Our study will be useful 

to researchers that are working with species with high heterozygosity or of conservation concern, 

and/or that have limited financial resources.  

 

5.3 Methods 

5.3.1 Sample collection and DNA extraction 

We collected a blood sample from the brachial vein of a breeding female thick-billed murre and 

stored it in ethanol in a portable freezer until transportation to Queen’s University, Canada, 
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where it was archived at -80° C. We extracted DNA from approximately 20 µl of blood using a 

standard protease K/phenol-chloroform protocol with ethanol precipitation (Sambrook et al. 

1989) followed by resuspension in DNAse-free water to eliminate traces of phenol and other 

reagents that could interfere with sequencing. We checked DNA quality by running 10 µl of 

DNA solution on a 2% agarose gel and visualized a unique clear band of high molecular weight 

indicating high DNA integrity and lack of RNA. We estimated DNA concentration using a 

QuBit 2.0 Fluorometer (Invitrogen, Carlsbad, CA). Sex of the sample had been determined 

previously genetically using P2/P8 primers (Griffiths et al. 1998). 

 

5.3.2 Library preparation 

Library preparation and sequencing were performed at the Genome Quebec Innovation Center 

(McGill University, Montreal). In addition to quantification and visual assessment of quality, 

DNA integrity was assessed by fractioning genomic DNA on a 0.75% pulsed-field agarose gel 

using a Galileo 1214 Mini Gel Unit and a Pippin Pulse Electrophoresis Power Supply (Sage 

Science Inc., Beverly, MA). We prepared four genomic libraries: one short-insert paired-end 

library (320 bp) and three mate pair long-insert libraries (2, 5 and 10 kb). The short-insert library 

was generated using the KAPA HTP Library Preparation Kit for Illumina platforms (Kapa 

Biosystems, Wilmington, MA) following the manufacturer’s recommendations.  Fragments of 

size 320 bp were selected using SPRIselect beads (Beckman Coulter, Brea, CA). Long-insert 

libraries were prepared with the Nextera Mate Pair Sample Prep Kit (Illumina Inc., San Diego, 

CA) following the manufacturer’s recommendations. Mate-pair fragments of 2, 5 and 10 kb were 

selected by excising bands of targeted sizes from 0.5% agarose gels. Short-insert and mate pair 

libraries were quantified using the Quant-iT™ PicoGreen® dsDNA Assay Kit (Life 
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Technologies. Carlsbad, CA) and the Kapa Illumina GA with Revised Primers-SYBR Fast 

Universal kit (Kapa Biosystems). Average size fragment was determined using a LaChip GX 

(PerkinElmer, Waltham, MA) instrument. All libraries were sequenced in three lanes of Illumina 

HiSeq2500 with 100 bp paired-end sequencing.  

 

5.3.3 Genome assembly 

The previous assembly using RAY and SSPACE (RAY hereafter) was highly fragmented 

(126,704 scaffolds) presumably due to overly stringent quality filtering and high genomic 

heterozygosity (Chapter 3). To improve the quality of the genome assembly we tested two 

additional genome assemblers: SOAPDENOVO2 (Luo et al. 2012; SOAP hereafter) and 

PLATANUS (Kajitani et al. 2014). SOAP, as with many other assemblers, is based on de Brujin-

graph-based algorithms (Luo et al. 2012). PLATANUS builds on the same algorithms to improve 

the performance of the assembler in heterozygous and repetitive regions, for example by 

allowing variable k-mers, i.e. all the possible subsequences of length k from a read. ALLPATHS 

(Butler et al. 2008) is a commonly used assembler but we could not test it because our data 

lacked overlapping paired-end reads required by this assembler. First, we used TRIMMOMATIC 

v.0.36 (Bolger et al. 2014) to remove Illumina adapters and low quality bases from the beginning 

and end of each read, and retained only reads longer than 50 bp. We ran SOAP with k-mer sizes 

varying from 23 to 31 and retained the assembly with the highest N50 (assembly contiguity) 

value, i.e. the weighted median statistic such that 50% of the entire assembly is contained in 

scaffolds equal to or larger than this value. To close gaps in the SOAP assembly, we used 

GAPCLOSER, which is distributed with SOAP, and GAPFILLER (Boetzer et al. 2012). We ran 

PLATANUS using default settings (PLATANUS automatically selects the most appropriate k-mer 
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and estimates insert sizes) for each of the three programs in the PLATANUS pipeline: assemble to 

build contigs, scaffold to build scaffolds using long-insert mate pair reads, and gap_close to close 

gaps in the final assembly. We excluded scaffolds shorter than 500 bp from each of the two 

assemblies and calculated assembly statistics for RAY (Chapter 3), SOAP, and PLATANUS 

assemblies using the Python script ASSEMBLATHON_STATS.PL from the Korf Lab at UC Davis 

(http://korflab.ucdavis.edu/). We used the N50 value to compare assembly contiguity among 

assemblies. Finally, we assessed assembly completeness for each of the three assemblies by 

testing for presence of 3023 near-universal single-copy orthologs in vertebrates with BUSCO 

v.1.22 (Simão et al. 2015) using pre-computed metaparameters from the chicken (Gallus gallus) 

in AUGUSTUS (Stanke & Morgenstern 2005). We retained the PLATANUS assembly for 

downstream analyses and genome annotation (see Results).  

 

5.3.4 Coverage depth and heterozygosity 

To estimate the degree of genomic heterozygosity we used two approaches. First, we calculated 

the k-mer (k=32) coverage depth using paired-end reads in PLATANUS and plotted the frequency 

distribution. The difference in height between the two peaks in the k-mer frequency distribution 

is indicative of the level of genomic heterozygosity. Simulations showed that with increasing 

heterozygosity the left-hand peak, representing heterozygous regions, increases while the right-

hand peak, representing homozygous regions, decreases (Kajitani et al. 2014). For example, 

genomic heterozygosity greater than 1% elevates k-mer coverage at the heterozygous regions 

over coverage at the homozygous regions (Kajitani et al. 2014). Second, to obtain a direct 

measure of heterozygosity, we called variants across the whole genome to estimate the 

proportion of polymorphic sites. We mapped raw reads to the PLATANUS assembly with BWA 
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MEM (Li & Durbin 2009) using default settings and removed PCR duplicates with the 

MarkDuplicates function in PICARD TOOLS v.	1.141 (https://github.com/broadinstitute/picard). 

We merged bam files and filtered reads that were not properly paired with SAMTOOLS v.1.2 (Li 

et al. 2009). We called variants using the mpileup command in SAMTOOLS and the call 

command in BCFTOOLS (Li et al. 2009) and filtered variants that had coverage depth higher than 

200 using the vcfutils.pl program distributed with SAMTOOLS. Finally, we calculated base 

coverage depth using the function genomeCoverageBed in BEDTOOLS v.2.26.0 (Quinlan & Hall 

2010). 

 

5.3.5 Genome annotation 

We annotated protein-coding genes in the thick-billed murre genome using the de novo genome 

annotation pipeline MAKER v.2.31.8 (Cantarel et al. 2008) . MAKER identifies and masks 

repeats, runs gene model predictors such as SNAP (Korf 2004) and AUGUSTUS, uses ESTs 

(expressed sequence tags) and protein sequences to create ab initio gene predictions and merges 

evidence into final annotations. MAKER can be used in an iterative fashion. For the thick-billed 

murre genome annotation we ran MAKER twice. In the first run, we used gene prediction 

models from the chicken with the gene prediction models implemented in SNAP and 

AUGUSTUS. We used the chicken-trained models that we generated in SNAP, and as 

distributed in AUGUSTUS. In the absence of EST sequences from closely related organisms, we 

downloaded complete protein sequences of 10 species including human (Homo sapiens), mouse 

(Mus musculus), lizard (Anolis carolinensis), chicken (Gallus gallus), rock dove (Columba livia), 

hooded crow (Corvus cornix cornix), collared flycatcher (Ficedula albicollis), northern fulmar 

(Fulmarus glacialis), zebra finch (Taeniopygia guttata), and turkey (Meleagris gallopavo) from 
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the NCBI database and used them as protein input evidence. We used the gene models produced 

in the first MAKER run to retrain both SNAP and AUGUSTUS, and performed a second 

MAKER run using these retrained gene models. Repeats were annotated with REPEATMASKER 

(Smit et al. 2013-2015) but were not masked. 

 

5.4 Results 

5.4.1 Genome assembly 

We obtained over 596 million paired-end reads across all libraries (119 billion bases; Table 1). 

After trimming and quality filtering, 56% of long-insert reads from each of the three mate-pair 

libraries (23% more than the RAY assembly in Chapter 3) and 95% of paired-end reads were 

retained on average (Table 1).  

 We identified 27 as the optimal k-mer size for genome assembly with SOAP, in that 27 

yielded the highest N50 (55 kb; Table 2). Although the N50 and length of the longest scaffold 

were improved compared to the RAY assembly, the SOAP assembly was overall more 

fragmented, as indicated by the higher number of scaffolds longer than 500 bp and lower mean 

scaffold size (Table 2). In addition to being very fragmented, this assembly presented a high 

number of gaps, accounting for 25.66% of the total genome sequence. We attempted to fill gaps 

with two different programs, GAPCLOSER and GAPFILLER, but such a high proportion of gaps 

rendered gap closing computationally prohibitive. 

 While SOAP proved not to be efficient in assembling our particular dataset, PLATANUS 

performed well: the final genome assembly comprised 9,327 scaffolds, two orders of magnitude 

fewer than the other assemblies; N50 increased by three orders of magnitude (from 34 kb in 

RAY and 55 kb in SOAP to 15.5 Mb); and the proportion of gaps was 2.2%, lower than both 
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RAY and SOAP (Table 2). The total size of scaffolds of the PLATANUS assembly was 3% and 

9% respectively smaller than the others (Table 2). 

BUSCO indicated varying levels of completeness according to the approach adopted: the 

RAY assembly contained 78% of the total vertebrate BUSCO genes, of which 60% were 

complete and 18% were fragmented; the SOAP assembly contained 62% of the genes, of which 

45% were complete and 17% were fragmented; the PLATANUS assembly contained 93% of the 

genes, of which 86% were complete and 7% were fragmented (Fig. 5.1).  

 

5.4.2 Coverage and heterozygosity 

In the frequency plot of k-mer coverage depth from the PLATANUS assembly (Fig. 5.2a), the peak 

denoting heterozygous regions (the first peak) was higher than the peak denoting homozygous 

regions (the second peak), indicating high genomic heterozygosity. These results were consistent 

with previous analyses based on the RAY assembly (Chapter 3). Mean k-mer coverage depth 

was 14X. We called a total of 8.7 million variants, indicating that 0.7% of the genome is 

heterozygous and supporting the high degree of genomic heterozygosity indicated by k-mer 

analyses. Mean base coverage depth was 68X, while the mode of the coverage depth distribution 

was 73X (Fig. 5.2b). In the distribution of base coverage depth, a second lower peak at 35X 

coverage indicated heterozygous sites (Fig. 5.2b). 

 

5.4.3 Genome annotation 

The final annotation set contained 16,751 coding genes, in line with other bird species annotated 

so far (Zhang et al. 2014a). 
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5.5 Discussion 

In this study we compared the performance of three programs, RAY, SOAP and PLATANUS, in 

assembling the highly heterozygous genome of the thick-billed murre. Contiguity and 

completeness are two factors of paramount importance in assembly quality. We used N50 as an 

estimate of contiguity, and proportion of BUSCO genes present in the assembly as a measure of 

completeness (Fig. 5.1; Table 5.2). Additionally, we generated a suite of other assembly statistics 

that are informative of quality and help understand the limitations of each assembler. We had 

hypothesized that the RAY assembly was highly fragmented due to a combination of the low 

proportion of mate pair reads surviving the filtering step and the high degree of heterozygosity of 

the thick-billed murre genome. SOAP and PLATANUS assemblies were both based on a higher 

number of mate pair reads compared to the previous RAY assembly, but results were very 

different. Compared to RAY, SOAP produced an assembly with a 62% higher N50, a 61% lower 

L50 (i.e. the number of the longest sequences that contain 50% of the genome length), and a 

124% longer longest scaffold. If we relied on these measures, which are highly correlated, we 

could have erroneously concluded that the SOAP assembly was much improved. However, all 

other metrics indicated that the quality of this assembly was overall poor: 1) an increase of 48% 

in the number of scaffolds indicated that this assembly was even more fragmented than the RAY 

one (Table 2); 2) more than a quarter of the total genome length comprised gaps in sequence 

(Table 2); and 3) the overall proportion of BUSCO genes was low and indicated a low degree of 

genome completeness (Fig. 5.1).  

 All assembly statistics consistently indicated that PLATANUS outcompeted the other 

approaches tested in this study, including measures of contiguity and completeness: N50 was 

three orders of magnitude higher than in the other assemblies; a high level of completeness was 
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indicated by BUSCO gene presence analyses; and the high proportion of reads mapped back to 

the genome (98%) indicated that only a small portion of the genome was not included in the 

PLATANUS assembly. Not only did the PLATANUS assembly represent a great improvement over 

RAY and SOAP, but also its quality was similar to or higher than most avian genomes 

assembled to date, including those sequenced at depths higher than 100X (Shapiro et al. 2013; 

Poelstra et al. 2014; Zhang et al. 2014a). Although overly stringent quality filters probably 

affected the quality of the RAY assembly, our analyses suggest that the qualities of RAY and 

SOAP assemblies were greatly affected by high genomic heterozygosity, as inferred by high 

fragmentation (high number of scaffolds) and inflated assembly size (Table 2; Pryszcz & 

Gabaldón 2016). 

 Less stringent quality filters, albeit still conservative, compared to the previous assembly 

(Chapter 3) resulted in a higher mean base coverage depth, from an estimated 57X to 68X, which 

is considered a high depth of sequencing. Our results suggest that additional sequencing to 

increase coverage depth would have not improved substantially the quality of the assembly of the 

thick-billed murre. Furthermore, the number of sequencing errors increases proportionally with 

increasing coverage, so excessive coverage can affect the quality of the final assembly (Ekblom 

& Wolf 2014) and render the assembly process more computationally demanding in terms of 

memory and run time. Even though ‘one size fits all’ does not apply to genome assembly, the 

approach we describe is cost-effective and can yield a high quality assembly. Our results provide 

independent empirical evidence that PLATANUS is likely to be a successful approach for 

heterozygous genomes or birds, and possibly other taxa. According to the target species and 

financial resources, other approaches to improve the assembly of a heterozygous genome are 

available. For example, long reads obtained with Pacific Biosciences (PacBio) technology (10 kb 
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on average and up to 60 kb) can help assemble problematic regions, such as highly repetitive 

and/or heterozygous regions, and close gaps in the assembly (English et al. 2012). Other 

methods, including creation of inbred lines, creation of homozygous doubled-haploid clones, and 

fosmid-based hierarchical sequencing, have been used to facilitate assembly of heterozygous 

genomes, but are often costly and/or unsuitable for non-model organisms (Zhang et al. 2012, 

2014b; Kajitani et al. 2014). 

 The proportion of polymorphic sites in the thick-billed murre genome was 0.7%, which is 

consistent with, albeit lower than, the degree of heterozygosity expected from simulations and 

analyses of k-mer coverage (Kajitani et al. 2014). The degree of heterozygosity of the genome of 

a single individual can provide important information both for selecting the most appropriate 

assembly approach, and for understanding what constitutes high levels of heterozygosity. 

Generally, a genome is considered highly heterozygous when heterozygosity exceeds 0.5%. For 

example, the Pacific oyster (Crassostrea gigas; Zhang et al. 2012) and the Australian dragon 

lizard (Pogona vitticeps; Georges et al. 2015) genomes are considered highly heterozygous, with 

proportions of polymorphic sites of 1.3% and 0.85%, respectively. The thick-billed murre shows 

the highest heterozygosity among bird species for which information is available: the proportion 

of polymorphic sites is 0.3% in the collared flycatcher (Ellegren et al. 2012), 0.2% in emperor 

and Adélie penguins (Aptenodytes forsteri and Pygoscelis adeliae; Li et al. 2014), and 0.07% 

and 0.06% in peregrine and saker falcons (Falco peregrinus and F. cherrug; Zhan et al. 2013). 

Additionally, genomic heterozygosity is a measure of standing genetic variation and provides 

insights into the evolutionary history and evolutionary potential of a species. For example, 

although these results are not comparable with estimates based on a single genome, a high 

number of polymorphic sites (7% of the genome) across six individual three-spine sticklebacks 
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(Gasterosteus aculeatus) from a marine population supports the idea that high levels of standing 

genetic variation can be a major factor promoting rapid adaptation in the transition between 

marine and freshwater environments (Feulner et al. 2012). The degree of heterozygosity of a 

genome can also help recontruct demographic histories: changes in effective population size 

across large time scales (up to millions of years) from single diplod genomes have been inferred 

using coalscent models, such as the pairwise sequentially Markovian coalescent (PSMC) model 

(Li & Durbin 2011) for many species (e.g., Zhao et al. 2013; Nadachowska-Brzyska et al. 2015). 

 Another convenient characteristic of birds for genome assembly and annotation is the 

high degree of synteny, i.e. the localization of two loci on the same chromosome across species, 

and similar numbers of chromosomes across divergent species (Ellegren 2010). These features, 

combined with high-quality annotations available for other avian species, allows homology-

based annotations in species that lack transcriptome data, such as in our case. Using protein-

coding gene sequences available for other birds and other vertebrates, we were able to annotate 

16,751 coding genes, a number that is similar to or higher than most avian genomes annotated to 

date (Zhang et al. 2014a).  

 

5.6 Conclusions 

Despite the many characteristics that make birds amenable for genomic studies (Toews et al. 

2016a), our analyses show that high genomic heterozygosity can negatively affect the quality of 

genome assembly, as has been shown in other taxa (Dehal et al. 2003; Vinson et al. 2005; Zhang 

et al. 2012; Kajitani et al. 2014). By using an assembler that is optimized for highly 

heterozygous genomes we generated a high quality annotated assembly of the thick-billed murre 

genome. We believe that many available genomes, of birds and other taxa, could be improved 
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without additional sequencing if only the degree of genomic heterozygosity was considered in 

the choice of assembly approach. The thick-billed murre genome, the first to be sequenced and 

annotated from the family Alcidae, will foster studies on the extreme adaptations of these 

‘penguins of the North’. 
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Figure 5.1 Histogram showing the proportion of BUSCO genes retrieved from three assemblies 

of the thick-billed murre genome. 
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Figure 5.2 Plots showing the distribution of coverage depth. a) The plot shows the distribution 

of k-mers of size 32 bp, as inferred by PLATANUS, which provides an estimate of the degree of 

genomic heterozygosity. b) The base depth of sequencing from which average and modal 

coverage can be inferred (68X and 73X respectively). 
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Table 5.1 Number of reads before and after trimming and quality filtering. 
Library Number of raw paired reads Number of paired reads  

after filtering 
Short-insert library (320 bp) 417,074,504 396,462,213 (95.06%) 
2 kb 45,975,847 26,407,825 (57.44%) 
5 kb 46,150,295 26,048,928 (56.44%) 
10 kb 87,432,286 47,625,513 (54.47%) 
Total Mate pair libraries 179,558,428 100,082,266 (55.74%) 
Total  596,632,932 496,544,479 (83.22%) 
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Table 5.2 Comparison of summary statistics from the three genome assemblers tested. 
 RAY  SOAP PLATANUS  
Number of scaffolds 126,704 188,593 9,327 
Total size of scaffolds 1,219,920,265 1,295,909,605 1,179,358,714 
Longest scaffold 1,267,403 2,839,014 57,205,012 
Mean scaffold size 9,628 6,871 126,446 
N50 scaffold length 33,965 55,074 15,847,591 
L50 scaffold count 8,254 5,016 23 
GC content 42.29% 42.39% 42.31% 
Gaps (stretches of Ns) 5.25% 25.66% 2.20% 
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Chapter 6 The genomic basis of an adaptive colour polymorphism  

in Atlantic common murres 

 

Colour polymorphisms associated with adaptive differences between morphs can provide a 

window into understanding how adaptations are maintained despite high gene flow. We 

investigated the genomic basis of a colour polymorphism associated with cold adaptation in 

Atlantic common murres. Using whole genome resequencing, we identified a 60 kb genomic 

area of high differentiation between bridled and unbridled common murres. We showed, 

for the first time, that a complex copy number variant in a non-coding region could act as a 

‘supergene’ and maintains genetic differences despite random mating between morphs by 

suppressing recombination locally. We also identified candidate genes for colour 

polymorphism and cold adaptation, shedding light into the molecular mechanisms of 

adaptive thermogenesis in birds, which is poorly understood. 

 

A central aim of evolutionary biology is to understand how diversity among and within species is 

maintained. Colour polymorphisms have been long studied to address central questions regarding 

sexual and natural selection. Colour polymorphisms can affect fitness directly, e.g. via sexual 

selection or predation avoidance, or indirectly, if the genes controlling the colour polymorphism 

are associated by either linkage or pleiotropy with genes underlying one or more traits that are 

the direct target of selection (McKinnon & Pierotti 2010).  

Atlantic common murres (Uria aalge) display colour dimorphism during the breeding 

season (Fig. 6.1): the bridled morph exhibits white plumage around the eye and down the 

auricular grove, whereas the more common unbridled morph has a completely black head. This 
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dimorphism offers a unique opportunity to investigate the role of natural selection in maintaining 

phenotypic morphs despite high gene flow, because other factors known to play an important 

role in other species, such as aposematism, mimicry and sexual selection can be excluded in this 

study system (Kristensen et al. 2014). To definitively identify a trait as adaptive its effect on 

fitness and its genotype must be characterized (Barrett & Hoekstra 2011). Bridling seems to be 

associated with cold adaptation: the frequency of bridling correlates with sea surface 

temperature, with higher frequencies reported for colder temperatures at the breeding colonies 

(Birkhead 1984); and survival analyses indicate that with warmer temperatures survival increases 

in unbridled birds while it decreases in bridled birds (Reiertsen et al. 2012), indicating that the 

dimorphism is maintained by fluctuating selection. Bridling is a simple Mendelian trait with 

unbridled being dominant to bridled (Jefferies & Parslow 1976), but the genes generating 

bridling and how these genes affect thermal adaptation are unknown.  

Unless the two traits are controlled by a single gene, gene flow is expected to disrupt the 

association between bridling and cold adaptation if recombination is not reduced or suppressed 

(Tigano & Friesen 2016). To identify the genomic basis of bridling and cold adaptation we 

sequenced the whole genome of 10 bridled and 10 unbridled common murres from the colony at 

Hornøya, Norway, where the frequency of bridling is ~30% (Fig. 6.1), at an average coverage of 

7.8X (6.2-12.0X) using Illumina 2x150 bp paired-end reads. We calculated genome-wide 

differentiation across 23,028 50 kb moving windows using FST and identified two windows on 

scaffold 72 with extreme FST values (0.55 and 0.51) that are in the 99.9th  quantile of the genome-

wide FST distribution (average FST=0.09; Fig. 6.2A). To test whether the genotype was consistent 

with predictions based on phenotype (Jefferies & Parslow 1976) and to test for deviations from a 

model of neutral evolution we calculated FST, nucleotide diversity (π) and Tajima’s D using 10 
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kb moving windows within 1 Mb of the area of differentiation. FST showed high values along a 

60 kb span with a slight depression in the middle (Fig. 6.2B). In the area corresponding to the 

FST peak, π was much higher in unbridled birds (whose zygosity was unknown) compared both 

to bridled birds and to the surrounding genomic area (Fig.2B). Similarly, Tajima’s D showed 

positive values in unbridled birds, suggesting balancing selection, and negative values in bridled 

birds, indicating a selective sweep (Fig. 6.2B). Although estimates of π and Tajima’s D are 

consistent with the unbridled morph being dominant over the bridled morph, π in unbridled birds 

exceeds expectations based on unbridled birds being heterozygous (see below).  

Analyses of differentiation at the single nucleotide polymorphism (SNP) level identified 

three distinct blocks of high differentiation (Fig. 6.3A). To test whether recombination among 

these blocks of differentiation was suppressed, we calculated LD among SNPs within 200 kb of 

the FST peak. Blocks of high differentiation matched blocks of high LD (Fig. 6.3A; Fig. B2): 

when compared to the surrounding genomic area, LD in the FST peak area was high not only 

among SNPs within a genomic block, but also among blocks, suggesting that recombination 

within and among blocks is suppressed despite random mating between the morphs, and that the 

whole area of differentiation is inherited as one genomic block (Fig. B2, Fig. 6.3A). We 

observed the greatest difference in LD between peak vs. no peak regions in unbridled birds 

(Wilcoxon signed-rank test: p-value < 0.0001; Fig.3B). Assuming high synteny among avian 

genomes (Ellegren 2010), we could exclude that suppressed recombination was due to proximity 

to a centromere (Tigano & Friesen 2016) because the area of differentiation mapped 15 Mbp 

away from the centromere of chromosome 2 in the chicken genome. Therefore, we hypothesized 

that recombination was suppressed due to a structural variant. Read depth was inflated by 3- to 

11-fold in unbridled birds in the area corresponding to the FST peak (Fig. 6.3C, Table S1), 
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pointing to the presence of a copy number variant (CNV) in unbridled birds when compared to 

bridled birds and the reference genome. Over-hanging orphan reads at the edges of the area of 

differentiation, and additional analyses of read pair orientation and read depth indicated that the 

CNV was a complex structural variant (see Appendix B, and Fig. B3). A large deletion (15 kb) 

detected between LD blocks 1 and 2 (Fig. 6.3A, Fig. B3), and the extent of the differences in 

nucleotide diversity (Fig. 6.2B) and read depth (Fig. 6.3C) between morphs could not be 

explained either by heterozygosity alone, or by a simple duplication event, and support the 

presence of multiple copies. 

The 60 kb area of differentiation was highly repetitive and lacked annotated genes (Fig. 

6.2B). We propose that phenotypic differences between the two morphs could result from 

regulatory elements in the intergenic area affecting expression of nearby genes. This hypothesis 

is supported by the presence in this area of several non-coding regions that are highly conserved 

across birds and mammals (Fig. B1A) potentially associated with gene regulatory elements 

(Hardison 2000). Additionally, enhancers and active regulatory elements were identified in the 

corresponding area in the human genome, particularly in epidermal keratinocytes and skeletal 

muscle myoblasts (Fig. B1B; ENCODE Project Consortium 2012), which in birds are 

respectively the precursors of feathers and skeletal muscle, the main avian thermogenic organ 

(Newman et al. 2013). Multiple copies of regulatory elements in the intergenic area presumably 

affect gene dosage and hence levels of gene expression of downstream and/or upstream genes, 

and connect genotypic differences to phenotypic differences between bridled and unbridled 

common murres.  

We identified three genes whose changes in expression could explain bridling and/or cold 

adaptation in bridled murres. The first gene 280 kb downstream of the FST peak was RARB, a 
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retinoic acid receptor. RARB is up-regulated during feather development (Ng et al. 2015), and its 

ligand retinoic acid (RA) is a potent inhibitor of tyrosinase (Orlow et al. 1990), a key enzyme in 

melanin synthesis, which identifies RARB as a candidate gene for bridling. RARB is a highly 

pleiotropic gene and is involved in a multitude of biological processes, including thermogenesis. 

The first two annotated genes upstream of the FST peak, 210 and 250 kb respectively, were 

THRB, a thyroid hormone receptor, and Rev-erbβ, a transcriptional repressor, both of which also 

are involved in thermogenesis (Lowell & Spiegelman 2000; Gerhart-Hines et al. 2013). In birds, 

thyroid hormones, in particular triiodothyronine (T3), regulate basal temperature and resting 

metabolic rate (Elliott et al. 2013), and high circulating levels of T3 have been associated with 

thermoregulation in response to cold challenges (Vézina et al. 2015).  REV-ERBs, Rev-erbα and 

Rev-erbβ, act in concert as important regulators of the circadian clock and energetic homeostasis 

(Bugge et al. 2012; Cho et al. 2012; Solt et al. 2012). Knock-out experiments have shown that 

Rev-erbα-null mice have better survival than normal mice at cold temperatures (Gerhart-Hines et 

al. 2013).  

Adaptive thermogenesis, the production of heat in response to cold challenges, is a 

complex biological process (Lowell & Spiegelman 2000), and while it has been studied 

extensively in mammals, the molecular mechanisms underpinning thermoregulation and 

thermogenesis in birds are not well understood. In mammals, RARB, THRB and Rev-erbβ 

regulate the expression of UCP-1, a mitochondrial uncoupling protein that enables the generation 

of heat in brown adipose tissue (Lowell & Spiegelman 2000). Birds and other reptiles lack both 

brown adipose tissue and the gene encoding UCP-1 (Newman et al. 2013); however, the avian 

homologue of UCP-1 (avUCP) may compensate for the loss of UCP-1, although whether avUCP 

has the same thermogenic role or is mainly involved in protection from oxidative stress is 
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unclear (Talbot et al. 2004). Nonetheless, Rev-erbα was shown to be differentially expressed in 

Anolis lizards adapted to different thermal environments (Akashi et al. 2016), suggesting that the 

genes associated with thermogenesis in mammals could have similar functions in birds and 

reptiles. The association between colouration and adaptive thermogenesis in bridled and 

unbridled common murres could be due solely to the pleiotropic effect of RARB either directly, 

through altered levels of RA affecting both traits (biological pleiotropy), or indirectly, if RA 

affected the expression of THRB and/or Rev-erbα (mediated pleiotropy). Alternatively, 

colouration could be controlled by RARB and adaptive thermogenesis by THRB and/or Rev-erbα, 

independently from one another. Further research is necessary to disentangle the role of each 

gene in thermogenesis. 

Recessiveness of bridling could be due to a threshold effect associated with the 

expression of RARB. Heterozygotes could display the same dominance hierarchy for cold 

adaptation as for bridling, or express an intermediate phenotype. The CNV was present in five 

unbridled individuals, which is consistent with the frequency of bridling at this colony, and 

supported a significant association between the phenotype and the genotype (Fisher’s exact test, 

p < 0.05). However, the rest of the unbridled birds (n=5) did not show an intermediate, 

heterozygous genotype as expected, but genotyping complex structural variants in heterozygous 

individuals is inherently difficult (Zhou et al. 2011), especially if they are not present in the 

reference genome (Kidd et al. 2010). 

Because bridling is absent in the Pacific, we hypothesized that the dimorphism evolved 

after the Atlantic/Pacific split (56,000-226,000 years ago; Morris-Pocock et al. 2008) potentially 

in a glacial refugium during the Pleiostocene (Morris-Pocock et al. 2008). Our hypothesis was 

supported by demographic inferences indicating recolonization following ice retreat at the end of 
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the Last Glacial Maximum (LGM): a gradual yet drastic reduction in the genetically effective 

population size (Ne) from 100,000 individuals 10,000 years ago to less than 2,000 individuals 

currently (Fig. 6.4) is consistent with a strong founder effect reducing rare alleles in the 

population and promoting population structure among Atlantic colonies (Morris-Pocock et al. 

2008). Gene flow between refugial populations during the recolonization process seemingly 

homogenized genetic differences that evolved in allopatry with the exception of the CNV, 

presumably due to a combination of its fitness effects and its intrinsic resistance to 

recombination. However, the origin of bridling remains to be investigated, specifically whether 

the CNV evolved during the LGM or potentially introgressed from the thick-billed murre, which 

is a viable hypothesis given that the area of differentiation in bridled common murres shows 

higher similarity to the thick-billed murre genome than to conspecific unbridled common murres 

(the CNV was found in unbridled birds). 

Whether the association between bridling and cold adaptation is due to pleiotropy or 

linkage between regulatory elements affecting the two traits separately, our results indicate that 

CNVs can have an important role in local adaptation: copy-number variation in non-coding 

regions can cause dramatic phenotypic differences, and can act as a ‘supergene’ by maintaining a 

dimorphism, which consists of the association of two very different traits, despite random 

mating. Our study also represents an important step towards understanding the evolution of 

adaptive thermogenesis in response to climate change in birds, and its molecular mechanisms. 



	
	

163 

 

Figure 6.1 Picture showing a bridled and an unbridled common murre, and the geographic 

location of sampling. 
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Figure 6.2 Patterns of differentiation and genetic diversity. A) Manhattan plot showing genome-

wide differentiation using 50 kb moving windows. Dashed line indicates 99.9th percentile of the 

empirical distribution. In yellow are highlighted the two windows on scaffold 72 showing the 

most extreme FST values. B) Plots showing FST with position of closest annotated genes, 

nucleotide diversity (π) and Tajima’s D within 1 Mb of the area of differentiation based on 10 kb 

moving windows. 
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Figure 6.3 Fine-scale differentiation, patterns of LD and read depth in the area of differentiation 

and surrounding regions. A) Each dot in the plot represents a single SNP FST estimate. Genomic 

blocks of differentiation match blocks of LD (LD1-3; Fig. B2). B) Levels of LD for each peak 

and no peak area in the 200 kb surrounding the area of differentiation for each of the two 

morphs. Black lines indicate the median, white diamonds indicate the average. All comparison 

were significantly different (Wilcoxon ranked-sum test: p-value<0.001). C) Read depth for the 

same 200 kb region. Positions of inflated coverage in unbridled birds match closely the positions 

of high differentiation in A). 

 

 



	
	

166 

 

Figure 6.4 Stairway plot showing changes in population size from a million year ago to present. 

Generation time g and mutation rate per generation µ are indicated below the plot. 
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Chapter 7 Summary and conclusions 

This decade has been exciting times for evolutionary biologists. The advancement in genomic 

methods and the resulting development of genomic resources for an increasing number of non-

model organisms has greatly increased our understanding of the mechanisms underlying 

speciation and adaptation in the wild, and allowed us to test old hypotheses and develop new 

ones (Feder et al. 2012; Savolainen et al. 2013; Seehausen et al. 2014; Tigano & Friesen 2016). 

Genomic approaches also provide a promising tool for conservation practice, thanks to the 

opportunity to identify loci of adaptive importance and the higher resolution that the higher 

genomic coverage offers (Ouborg et al. 2010; Funk et al. 2012; Garner et al. 2015; Shafer et al. 

2015). The studies presented in this thesis would not have been possible without genomic tools. 

The main aim of my research was to investigate genomic signatures of local adaptation and the 

adaptive potential in thick-billed and common murres, two arctic seabirds of conservation 

concern.   

 In this final chapter I summarize the main findings of my research by highlighting the 

major contributions to the field of genomics of local adaptation, and I discuss their relevance to 

the management and conservation of murres. Finally, I suggest future research. 

My review on the genomics of local adaptation with gene flow serves multiple purposes. 

First, by providing a thorough synthesis of theoretical and empirical studies on the role of gene 

flow in the origin of adaptation, and the genomic mechanisms maintaining local adaptation in the 

face of gene flow, I fill a gap in the literature. Second, I highlight the importance of genetic 

architecture, which challenges the traditional view that gene flow is a strictly disruptive force for 

adaptation, and I present evidence that not only can adaptation be maintained despite gene flow, 

but also that gene flow itself can promote adaptation. Third, I propose new ideas on the effect 
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that genetic architecture can have on selection on gene flow to help understand why gene flow 

persists in some cases but not others. Finally, by discussing possible mechanisms for the origin 

and maintenance of local adaptation with and without gene flow, I develop a testing framework 

and a guide for the interpretation of results from studies focusing on the genomics of local 

adaptation, including those included in this thesis. 

Initially, thick-billed and common murres seemed contrasting systems to study local 

adaptation, in terms of both geographic scale and extent of gene flow. While I investigated 

differentiation among thick-billed murres from breeding colonies separated by large distances, 

the dimorphism in common murres offered the opportunity to study adaptive differences 

maintained within a single interbreeding population. The strong philopatry of thick-billed murres 

led us to assume that the effect of gene flow on differentiation was minimal in this species, 

whereas random mating between bridled and unbridled common murres represents an extreme 

case of local adaptation with gene flow.  

 One of the most interesting findings from genetic analyses of thick-billed murres was the 

high level of standing genetic variation in this species: I report higher numbers of polymorphic 

sites and higher nucleotide diversity at the population level, and higher genomic heterozygosity 

at the individual level than for most species for which similar data are available (chapters 3, 4 

and 5). In conservation genetics, high levels of standing genetic variation are associated with 

high potential of a population to adapt to novel challenges (Barrett & Schluter 2008; Yeaman 

2015; Tigano & Friesen 2016). However, this association should be interpreted with caution 

since at this point we do not know how much of the variation is potentially adaptive (Eckert et 

al. 2008; Mittell et al. 2015), and the adaptive potential of thick-billed murres will greatly 

depend on the rate, magnitude and number of future changes.  
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From an evolutionary perspective, high levels of standing genetic variation could explain 

why I found overall low levels of differentiation among thick-billed murres breeding at different 

localities. Lack of population structure and high levels of standing genetic variation suggest that 

the role of gene flow, whether demographic connectivity was recent or on-going, may have been 

underestimated. In fact, results from chapter 3 and 4 indicate that shared variation might deflate 

measures of differentiation. In chapter 4, for example, we found that the higher the genetic 

variation was at a particular locus, the lower were differences in diversity measures among 

colonies at that locus. In chapter 3, I identified a set of outlier loci in otherwise low differentiated 

genomes that grouped individuals according to their non-breeding distribution rather than the 

breeding grounds. These outliers indicate that selection at the non-breeding grounds may have 

driven differentiation among colonies, but other factors such as gene flow and recolonization 

history could have generated the same pattern of differentiation. The role of gene flow may be 

more important than initially appreciated, especially considering that gene flow can augment 

standing genetic variation (Tigano & Friesen 2016).  

Results from genetic analyses at the inter- and intra-population level in both thick-billed 

and common murres (chapters 3, 4 and 6) build on evidence that different areas of the genome 

evolve at different rates: I found a few differentiated loci in otherwise homogeneous genomes 

using genome-wide markers in thick-billed murres (chapter 3); I reported different levels of 

genetic diversity, and different strengths and types of selection acting on different TLR genes 

(chapter 4); and I discovered that a single small area of the genome is associated with phenotypic 

differences between bridled and unbridled common murres (chapter 6). 

 With several novel results, Chapter 6 contributes significantly to our understanding of the 

genomics of local adaptation, especially with regards to gene flow. According to predictions 
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(Tigano & Friesen 2016), random mating between bridled and unbridled common murres results 

in undifferentiated genomes with the exception of one area underlying phenotypic differences 

between the two morphs. I show for the first time that a complex copy number variant (CNV) in 

a non-coding region suppresses recombination locally, thus maintaining adaptation despite high 

gene flow. My study highlights the importance of genomic architectures such as structural 

variants in adaptive evolution and builds on evidence that a structural variant can be the mutation 

underlying phenotypic differences (e.g., van’t Hof et al. 2016). We also identified three genes 

whose biological functions make them good candidates for differences in plumage and cold 

adaptation between bridled and unbridled common murres. My findings are important steps 

towards uncovering the origin and maintenance of the colouration dimorphism and associated 

thermal adaptations in common murres, and the molecular basis for adaptive thermogenesis in 

birds, which is poorly understood. 

   

7.1 Prospects for future research 

My findings suggest several improvements in study design to detect signatures of selection, 

provide conservation tools for the management of thick-billed and common murres, and raise 

several questions on the genomics of local adaptation. 

Results from chapter 3 highlighted two main challenges in detecting signatures of 

selection from outlier analyses in thick-billed murres: i) weak selection and ii) demographic 

processes. i) One explanation for the low differentiation, both overall and at outlier loci, is that 

selection was not sufficiently strong relative to gene flow to drive differentiation. However, 

standing genetic variation can contribute to local adaptation with many small-effect alleles 

(Yeaman 2015). If selection were acting on many small-effect SNPs, for example if the traits 
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under selection were polygenic, we would not have had the power to detect them. ii) Even 

though we controlled for population structure, which is the strongest demographic confounder to 

detect loci under selection, other demographic processes such as recolonization history can 

generate idiosyncratic effects (Hoban et al. 2016). Our results underline the need for careful 

study designs and choice of methods to detect loci under weak selection (e.g., Bourret et al. 

2014) and to disentangle the effects of multiple factors contributing to differentiation.  

Whether differentiation at outlier loci was driven by selection or demography, our results 

represent an important result for the management of the species. For over 30 years, the Canadian 

Wildlife Service (the directorate of Environment and Climate Change Canada responsible for the 

management and conservation of migratory birds, species at risk and habitats) has needed colony 

specific markers to help estimate the colony-specific impacts of the traditional winter murre hunt 

in Newfoundland and Labrador. Where traditional genetic markers and stable isotopes analyses 

failed, outlier analyses provide promising tools to detect differentiated loci that could be used to 

infer colony of origin of hunted murres. In the future, the combination of genomic analyses and 

data on the non-breeding distributions of thick-billed murres (Frederiksen et al. 2016) and 

common murres from throughout the Atlantic will allow us to tease apart the factors promoting 

differentiation (i.e. selection, gene flow and demographic processes) and to develop colony-

specific markers for the management of the murre hunt in Canada and abroad. Additionally, by 

including birds from colonies of thick-billed and common murres from throughout the Atlantic, 

we will be able to compare levels of genetic diversity in colonies that are suffering population 

declines with colonies that are stable or growing, such as those in Atlantic Canada analysed in 

this thesis.  
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 Even though studying the genomic basis of bridling led us to important discoveries, many 

questions remain to be answered. For example, the complex CNV found in unbridled common 

murres was absent in the reference genome. This is likely what prevented me from fully 

characterizing the genotype, and might explain why I did not find an intermediate genotype 

among unbridled birds. The copy number variant represents a big insertion (up to thousands of 

kb according to the estimated number of copies) and it is not clear whether a large insertion 

alone could prevent recombination between chromosomes, or whether other mechanisms such as 

an undetected inversion suppressed recombination and generated the abrupt breakpoints in 

linkage disequilibrium among linkage blocks in the area of differentiation. The whole genome 

sequence of an unbridled individual carrying the CNV will help us address these unresolved 

questions. Finally, the sequence similarity between bridled common murres and the reference 

genome of the thick-billed murre suggests that the origin of bridling could be explained by 

adaptive introgression from thick-billed to common murres, which are known to hybridize 

(Taylor et al. 2012). The reference genome from an unbridled common murre and CNV 

genotyping in thick-billed murres and common murres from throughout their range will allow us 

to test this and other hypotheses concerning the origin of bridling. My genomic approach also 

allowed me to identify a limited number of genes potentially associated with adaptive 

thermogenesis. Now we can test their relative roles with field experiments and physiological 

assays. The bridling dimorphism in common murres represents a natural common garden 

experiment and thus provides a unique opportunity to study adaptive thermogenesis in the wild. 

Understanding how this adaptive dimorphism evolved and is maintained with gene flow will 

provide important insights into how common murres have adapted to past climatic changes and 

how they will cope with ongoing climate change. 
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Appendix A: Supplementary Material for Chapter 3 

Environmental differences among breeding colonies 

We analyzed climatic variables to quantify environmental differences among colonies 

along the latitudinal cline. We obtained ice break-up and freeze-up dates, weekly median 

ice concentration for June 4-July 2, and weekly median of ice concentration when present 

for July 2-July 30 from the Canadian Ice Service database (data for years 1981-2000; 

http://iceweb1.cis.ec.gc.ca/). We extracted WorldClim variables (data for years 1950-

2000 at ~1 km resolution; Hijmans et al., 2005) for each colony using the website 

http://dataportal-senckenberg.de/dataExtractTool. We downloaded data on monthly 

mean, minimum and maximum temperature during the breeding period (May-September) 

and six BIOCLIM variables, including annual mean temperature (BIO1), mean diurnal 

temperature range (BIO2), maximum temperature at warmest month (BIO5), mean 

temperature of warmest quarter (BIO10), annual precipitation (BIO12) and precipitation 

of warmest quarter (BIO18). Because WorldClim data cover only landmasses and 

coverage on coastal locations can be incomplete, we approximated spatial coordinates by 

moving all locations ~1 km inland using Google Earth 7.1.2.2041 (2013). We performed 

a principal components analysis (PCA) including all environmental variables described 

above and tested whether the principal components (PC) explaining most variation 

correlated with latitude.  
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Figure A1 Plot showing the relationship between latitude and PC1 obtained from a PCA 

of environmental variables. 

 

Figure A2 Thirty-one k-mer depth of coverage distribution of whole-genome reads. Two 

peaks at ~20 and ~40 were identified. K-mer, a unique sequence of k nucleotides long  
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Figure A3 STRUCTURE plot representing genetic structure between common murres 

and thick-billed murres. Individuals are assigned to the respective species with 100% 

confidence. 

 

 

Figure A4 DAPC plot for only outliers loci after excluding two individuals from 

Akpatok that were originally assigned to Baffin. 

 

Thick-
billed murres

Common murres
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Table A1 Environmental data included in the PCA for each of the five colonies. 
 

 Colony 

Environmental variable Gannet Akpatok Coats Minarets Prince 
Leopold 

Ice-free days 232 141 140 98 28 
Average ice concentration when 

present in July (percentage) 31% 45% 48% 58% 73% 

Average ice concentration in June 
(percentage) 0% 69% 78% 87% 95% 

Mean T in May (°C) 2.1 -2.1 -5.3 -4.8 -9.5 
Mean T in June (°C) 6.7 3.4 2.9 1.6 1.3 
Mean T in July (°C) 10.6 7.3 9.0 5.9 5.7 

Mean T in August (°C) 10.7 7.2 7.7 5.1 3.9 
Mean T in September (°C) 7.5 3.4 2.0 5.0 -3.6 

Min T in May (°C) -1.3 -5.2 -9.5 -8.4 -13.0 
Min T in June (°C) 2.3 0 -9.0 -1.3 -1.4 
Min T in July (°C) 5.9 3.1 3.9 2.4 2.4 

Min T in August (°C) 6.5 3.4 3.1 1.9 1.1 
Min T in September (°C) 4.1 4.0 -1.4 -2.1 -5.9 

Max T in May (°C) 5.6 1.0 -1.0 -1.1 -5.9 
Max T in June (°C) 11.1 6.8 6.7 4.6 4.0 
Max T in July (°C) 15.4 11.6 14.1 9.4 9.1 

Max T in August (°C) 14.9 11.0 12.3 8.4 6.8 
Max T in September (°C) 11.0 6.5 5.5 3.2 -1.3 
Precipitation in May (mm) 60 20 17 38 7 
Precipitation in June (mm) 81 36 27 29 10 
Precipitation in July (mm) 85 49 40 32 20 

Precipitation in August (mm) 86 57 48 41 26 
Precipitation in September (mm) 89 44 39 53 20 

Annual mean temperature 
(bio1,°C) -0.3 -6.6 -10.1 -9.2 -15.5 

Mean diurnal temperature range 
(bio2,°C) 7.7 7.1 9.1 7.4 6.8 

Max T at warmest month (bio5,°C) 15.4 11.6 14.1 9.4 9.1 
Mean T at warmest quarter 

(bio10,°C) 9.6 5.9 6.5 4.2 3.6 

Precipitation at warmest quarter 
(bio18, mm) 260 142 115 102 56 

Annual precipitation  
(bio12, mm) 957 370 283 455 119 
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Table A2 Summary of genome assembly statistics. 

 Contigs Scaffolds 
Number greater than 5 kb 65890 42268 
Number greater than 10 kb 34526 25121 
Number greater than 20 kb 12813 14737 
Number greater than 40 kb 3193 6647 
Number greater than 80 kb 469 2137 
Number greater than 160 kb 39 512 
Number greater than 320 kb 0 79 
Number greater than 640 kb 0 8 
Number greater than 1 Mb 0 1 
Total number 272060 210291 
Total bases 1218121286 1240211403 
Minimum length 123 123 
Maximum length 282069 1267403 
N25 29018 78463 
N50 14218 32998 
N75 6461 9958 
N90 2663 3187 
GC content 40.95 
Ns content 5.2 
 
 
Table A3 BLAST results of outlier loci. 
 
Locus ID Gene identity Gene Ontology 
272 mRNA for hypothetical protein - 
1287 Cytidine monophosphate kinase 1, 

cytosolic 
Biosynthetic process 

4485 Transmembrane protein 196 Integral component of membrane 
6226 Microsatellite sequence - 
6982 Deletion in malignant brain tumor 1 Response to estrogen 

Inner cell mass cell proliferation 
Protein transport 
Tissue regeneration 

8235 Chloride channel CLIC-like 1 Chloride transmembrane transport 
9271 Gap junction protein delta 2 Cell-cell signaling 

Synaptic transmission 
Visual perception 

14225 MHC class I antigen Immune response  
Antigen processing and presentation of 
peptide antigen via MHC class I 

18236 Unknown protein - 
 
Last file loaded on 2015-04-14; AmiGO 2 v.2.1.4 
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Appendix B: Supplementary Material for Chapter 6 

Whole genome resequencing 

We collected blood samples from the brachial vein of 10 bridled and 10 unbridled common 

murres (Uria aalge) from Hornøya, Norway, during summer 2014. After genetic determination 

of sex, we selected five females and five males for each morph to ensure that an equal number of 

individuals per sex were sequence for each morph. We extracted DNA from blood using a 

standard protease K/phenol-chloroform protocol (Sambrook et al. 1989), and purified DNA with 

ethanol precipitation followed by resuspension in DNAse-free water. Paired-end libraries were 

prepared for each individual using Illumina TruSeq DNA sample Prep Kit v2 with an average 

insert size of 270-420. Paired-end sequencing (150 bp) of 20 individual libraries on an Illumina 

HiSeq2500 generated a total of 185 Gb of data. Library preparation and sequencing were 

performed at the Genome Quebec Innovation Center (McGill University, Montreal). Average 

raw read sequencing coverage was 7.8X (6.2-12.0X) assuming a genome size of 1.18 Gb 

(Chapter 5). 

 

Reference genome 

To align common murre whole genome resequencing reads we used a common murre consensus 

reference genome built from the reference sequence of the thick-billed murre (Uria lomvia), the 

sister species of the common murre, described in Chapter 5. We did not map common murre 

reads to the thick-billed murre genome to minimize occurrence of triallelic sites (one thick-billed 

murre reference allele, and two common murre alternative alleles) that would have been 

excluded in downstream analyses. Although divergence between the two species is estimated at 



	
	

182 

~6-7 Mya (Smith & Clarke 2015), thick-billed and common murres are known to hybridize in 

the wild (Taylor et al. 2012).  

We first mapped raw common murre reads to the thick-billed murre reference genome 

with BWA (Li & Durbin 2009) using the BWA-MEM algorithm, and included information on 

sequencing lane, sequencing run and individual to the alignment files. We marked and removed 

PCR duplicates with MarkDuplicates in PICARD TOOLS twice, once before merging alignment 

files for each individual and once after.  

 All following analyses were performed in GATK (McKenna et al. 2010) according to 

GATK Best Practices recommendations (DePristo et al. 2011; Van der Auwera et al. 2014) to 

build a consensus reference. First, we executed local realignment in regions around insertions 

and/or deletions (indels) to correct for the misalignment of bases using RealignerTargetCreator 

and IndelRealigner. We called variants with HaplotypeCaller and GenotypeGVCFs and filtered 

for quality, separately for the SNPs call set and the indels call set. We applied hard filtering as 

recommended, plus a minor allele frequency (MAF) filter of 0.2 to ensure that the reference 

sequence was replaced with variants that were common in common murres. Finally, we built the 

common murre consensus reference with FastaAlternateReferenceMaker by replacing the thick-

billed murre sequence with one of the common murre variants for each polymorphic site.  

 

Genomic analyses of bridled and unbridled common murres 

Variant calling and genotyping 

We aligned common murre raw reads to the common murre consensus reference, and processed 

mapped reads as described above (PCR duplicates removal followed by local realignments 

around indels). To call variants in common murre individuals, however, we adopted the approach 
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implemented in ANGSD (Korneliussen et al. 2014), which is based on an algorithm specifically 

developed to accommodate the genotype calling uncertainty associated with low coverage data. 

Instead of calling genotypes directly, ANGSD calculates the Site Frequency Spectrum (SFS), i.e. 

the distribution of sample allele frequencies, based on individual genotype likelihoods (GL) for 

each site. Population genetic parameters can be estimated directly from the SFS and with higher 

accuracy because genotype likelihoods are taken into account. We proceeded in an iterative 

fashion. First we calculated site frequency likelihoods (-doSaf 1) jointly for all samples based on 

GLs calculated with the Samtools model (-GL 1). We retained only polymorphic sites (p<10-6) 

with minimum mapping quality of 30, minimum base quality scores of 20 and MAF > 0.10. We 

recalculated site frequency likelihoods for each morph separately for the polymorphic sites that 

passed the above filters and that were genotyped in a minimum of five individuals. Our dataset 

included 12,373,865 SNPs. We then ran realSFS in ANGSD to obtain a maximum likelihood 

estimate of the folded SFS using the Expectation Maximization (EM) algorithm for each morph 

separately and jointly for the two morphs (2dSFS).  

 

Genetic diversity and differentiation 

We calculated genome-wide FST based on the 2dSFS using 50 kb non-overlapping moving 

windows across each scaffold to estimate genome-wide differentiation between the two morphs 

and to identify areas of high differentiation. We observed noisy window-based FST estimates for 

scaffolds smaller that 50 kb, which we therefore excluded. We obtained a total of 23,028 high 

quality 50 kb windows for downstream analyses. Per-window FST ranged from -0.0382 to 0.5534 

and averaged 0.0891 across windows. Global FST across all SNPs showed a similar value 

(0.0887). The relatively high global FST value between bridled and unbridled common murres is 
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likely due to the exclusion of rare variants from the dataset (MAF>0.10). We predicted a 

homogenous genomic background due to random mating between the two morphs (Kristensen et 

al. 2014) and one or few areas of high differentiation underlying the genes controlling the 

dimorphism. According to predictions, we identified two windows on scaffold 72 that showed 

extreme differentiation compared to the rest of the genome. To increase definition, we 

recalculated FST in smaller moving windows of 10 kb for the one million bases surrounding the 

two FST peaks (scaffold72:4,000,000-5,000,000). Considering that bridling is a Mendelian 

recessive trait, and that the frequency of bridling at Hornøya is ~30%, 50% of individuals should 

be heterozygous. Therefore indices of genetic diversity should be higher across unbridled birds 

because at least some individuals should be heterozygous for the bridling allele. We calculated 

nucleotide diversity (π) as a measure of genetic diversity, and Tajima’s D to test whether high 

differentiation in scaffold 72 was due to selection. Tajima’s D tests for deviations from a neutral 

model of evolution, including selection and demographic processes. The symmetrical deviations 

from neutrality in bridled vs. unbridled common murres in the area of high differentiation, with 

positive values in unbridled and negative values in bridled individuals, combined with a neutral 

distribution of Tajima’s D in the surrounding area, are supportive of selection rather than 

demographic processes. However, background Tajima’s D was slightly positive. Positive values 

of Tajima’s are indicative of loss of rare alleles and could indicate population contraction (see 

Demographic inference section). These positive values could also be an artefact of removal of 

rare variants through filtering alleles with MAF<0.10.  

 In addition to the two 50 kb windows with extreme FST values, we identified 21 windows 

distributed across 16 scaffolds that exceeded the FST cut-off value of 0.2487 corresponding to the 

99.9th percentile of the empirical distribution (Fig. B3). Only 4 of these windows (windows on 
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scaffolds 10, 22, 155 and 925) showed patterns of π and Tajima’s D that were consistent with the 

predicted genotype (high FST, higher nucleotide diversity and Tajima’s D in unbridled birds than 

in bridled birds), but none of these laid in proximity of genes whose functions could explain 

differences in plumage or cold adaptation. Other genomic areas of differentiation, in addition to 

the one on scaffold 72, could represent remnants of genetic differences between the two morphs 

that evolved in allopatry. The reference genome of an unbridled common murre would be useful 

to investigate these differences further and understand why we did not find intermediate 

genotypes in unbridled common murres (see below). 

 

Linkage disequilibrium 

We phased 2,350 SNPs across 200 kb spanning the area of differentiation (scaffold72:4,500,000-

4,700,000) for each morph separately with beagle v. 4.1 (Browning & Browning 2007). We used 

Haploview (Barrett et al. 2005) to calculate pairwise linkage disequilibrium (LD) from phased 

genotypes for all samples together, and for each morph separately. The area of differentiation 

showed high LD distributed across three main LD blocks separated by areas of low LD. Using 

the abrupt changes in LD at the edges of the FST peaks, we identified two main breakpoints at 

position 4,559,870 and 4,624,381, respectively. Internal areas of low LD were situated at 

positions 4,562,777-4,577,904 and 4,608,219-4,608,525.  

Analyses of LD on each morph separately showed that LD, measured as r2, was higher in 

the area of differentiation than in the surrounding area in both morphs, although the difference 

was small in bridled birds and large in unbridled birds (Table B1, Fig. B2). Differences in LD 

between bridled and unbridled common murres for the whole area, and between peak and 
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surrounding areas in each morph were all significant (Wilcoxon rank sum test: p-value < 2.2e-

16). 

 

Structural variant characterization 

High LD indicates a reduction or suppression of recombination. Blocks of LD have often been 

attributed to chromosomal inversions that suppress recombination between heterokaryotypes 

(Tigano & Friesen 2016). Thus, if an inversion were present, read depth should drop around the 

breakpoints of the area of differentiation. We plotted read depth for each of the two morphs and 

found that read depth was highly inflated in unbridled common murres in the region 

corresponding to high FST SNPs, rather than dropping around the breakpoints, suggesting the 

presence of copy-number variants (CNV) due to duplication rather than an inversion (but see 

below). To identify homozygote and heterozygote unbridled birds based on fold-differences in 

copy number, we plotted read-depth for each individual separately to identify homozygous and 

heterozygous unbridled common murres, and found that only 5 unbridled birds showed high 

coverage in that area. This is consistent with the frequency of bridling at the colony where the 

birds were sampled, but we failed to detect intermediate heterozygous genotypes.  

Although high-throughput sequencing has contributed greatly to the characterization of 

structural variants (SV), such as inversions, deletions, insertions, CNV and translocations, in 

model and non-model species, analysis of SV using short reads still presents several limitations 

(Tattini et al. 2015). To increase our power in genotyping the SV associated with bridling, we 

used an integrative approach that combines different methods. We visually inspected alignment 

files with the Integrative Genome Viewer (IGV; Robinson et al. 2011; Thorvaldsdóttir et al. 

2013) to identify read pairs with anomalous insert size and orientation. We then analysed 



	
	

187 

sequencing data using four programs that are each based on different approaches: CNVnator 

(Abyzov et al. 2011) relies on read-depth to genotype CNVs specifically; Breakdancer (Chen et 

al. 2009) is based on a read-pair algorithm and is able to detect a variety of SV; Pindel (Ye et al. 

2009) and Delly (Rausch et al. 2012) combine read-pair and split-reads methods to increase 

sensitivity and specificity. Breakdancer and Delly did not detect any SV in the area of 

differentiation. However, analyses of read pair insert size and orientation in IGV indicated that 

many read pairs had reversed orientation and were longer than average insert, with each read of 

the pair mapping at opposite ends of a 15 kb sequence, respectively, between LD blocks 1 and 2. 

Reversed orientation of read pairs indicates duplication, while larger than average insert size 

indicates deletion. However, read depth in the same area was similar to genome average, 

indicating that the deletion rather represented a gap in duplication. These results were 

corroborated by CNVnator, which showed evidence of a duplication spanning 47 kb across LD 

blocks 2 and 3 (p-value < 0.0001), and Pindel, which indicated a deletion between LD blocks 1 

and 2. Pindel identified a total of 69 SV, proving to be the most sensitive approach. Of these, 

only 4 were found in bridled common murres, and only 2 in unbridled common murres showing 

normal coverage in the area of differentiation, while the rest were exclusively found in unbridled 

common murres displaying inflated coverage at the FST peak. Most SVs (58 out of 69) were 

small (<10 bp). In addition to the 15 kb deletion discussed above, Pindel identified another 

medium size deletion (767 bp) at positions 4,618,387-	4,619,154. All SVs genotyped in Pindel 

were confirmed by visual inspection in IGV. Note, however, that because the copy number 

variant in unbridled birds represents presumably a large insertion, the precise characterization of 

the variant is hindered by a reference genome that does not include this insertion (Kidd et al. 
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2010). Therefore, presence of an inversion that would explain the suppression of recombination 

in the area of differentiation cannot be excluded at this point. 

 

Demographic inference 

Morris-Pocock et al. (2008) investigated the genetic population structure of common murres and 

found east-west structuring in the Atlantic Ocean. The pattern of population structure was 

consistent with differentiation in two separate glacial refugia during the Pleistocene followed by 

secondary contact between the two allopatric populations (Brown 1985; Nettleship & Evans 

1985). Although the authors do not mention bridling, it is possible that the trait evolved in one of 

those refugia. Reconstruction of demography history and timing of events was not accurate, 

probably due to insufficient data. To test the recolonization hypothesis, we estimated changes in 

effective population size using Stairway Plot, a hypothesis-free method (Liu & Fu 2015) based 

on the SFS calculated from whole genome variants among 20 common murre individuals. In 

previous analyses, we had filtered variants with MAF <0.10 because our aim was to identify the 

genomic basis of bridling, which was expected to occur at higher frequencies, and to minimize 

occurrence of sequencing errors. However, removal of rare alleles can skew the SFS and inflate 

the signal of population contraction. We recalculated the SFS in ANGSD as previously described 

with the difference that we did not apply MAF filtering, and that SNPs had to be genotyped in all 

20 individuals to be included in the dataset because Stairway Plot does not support missing data. 

With these settings we obtained a total of 15,419,227 SNPs.  

The Stairway Plot method is suitable for low-depth unphased data and is more accurate 

than other methods in estimating recent demographic changes (Liu & Fu 2015). The method 

estimates a series of population mutation rates θ, where θ=4Neµ, Ne being the effective 
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population size and µ the mutation rate per generation, based on a flexible multi-epoch 

demographic model. We calculated µ for the common murre by scaling the mutation rate 

estimated for birds in (~1.9 × 10–3 substitutions per site per million years; (Zhang et al. 2014)) 

using a mean generation time of 8.8 years (Friesen et al. 1996). 

Our analyses indicate that effective population size doubled at the beginning of the LGM, 

about 100 kya, reached a maximum during the LGM, and started declining ~10 kya. Previous 

inference of a population expansion event based on a few neutral nuclear markers (introns and 

microsatellites) could refer to the population expansion preceding the LGM indicated by the 

Stairway Plot results.  

Analyses of population size oscillations in 38 bird species indicated that most species 

underwent a drastic reduction in Ne coinciding with the beginning of the LGM (Nadachowska-

Brzyska et al. 2015). Common murres showed the opposite trend, with Ne showing its highest 

values during the LGM. Even though these results are not surprising for a cold-adapted species 

such as the common murre, increase in population size is consistent with increased gene flow 

among birds from different colonies coming into contact in a glacial refugium. Our demographic 

inferences are consistent with the hypothesized glacial refugium/recolonization scenario. 
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Figure B1 Phastcons conservation scores and ENCODE scores from UCSC Genome Browser 

along the intergenic area. A) Conservation scores (CS) based on 4 bird species (zebra finch, 

budgerigar, chicken, turkey) and associated conservation elements (CE) in red underneath; CS 

based on human, mouse and finch; CS based on all 7 species of birds and mammals combined 

with associated CE. All phastcons analyses are based on multiple alignments to the medium 

ground finch genome. B) ENCODE scores based on the human genome. High ENCODE scores 

are generally associated with regulatory elements (RE). ENCODE scores are particularly high in 

epidermal keratinocytes and skeletal muscle myoblasts (NHEK and HSMM cell lines 

respectively). CS scores across 100 vertebrate species aligned to the human genome. 
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Figure B2 Pattern of linkage disequilibrium (LD) based on r2 across 200 kb including the area of 

differentiation. Plots of LD for all samples (n=20), only unbridled (n=10) and only bridled 

(n=10). The colour intensity (black) indicates the strength of LD in a pairwise comparison 

between two polymorphic sites.  
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Figure B3 Patterns of differentiation and genetic diversity for 21 50 kb outlier windows across 

16 scaffolds based on 10 kb moving windows. Each panel shows plots of FST, nucleotide 

diversity (π) and Tajima’s D within 500 kb of the 50 kb FST peak (orange line=unbridled; blue 

line=bridled). 
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Table B1 Average linkage disequilibrium measured with r2 in the 200 kb area surrounding the 

FST peak. All comparison was statistically significant (Wilcoxon signed-rank test: p-value < 

0.001). 

r2 Bridled common murres Unbridled common murres 
Peak 0.1036 0.4112 
Area surrounding the peak 0.0920 0.0791 
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