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Abstract 

 
Domestication greatly increases phenotypic variation in a short time span, with 

selection for a single phenotype and a plethora of associated phenotypic changes as an 

outcome of the process. The domestication process influences the underlying genomic 

architecture of a species, and the success and speed of the process is likely influenced 

by it. The main aims of my thesis was to study how domestication affects the brain of 

chickens: specifically changes in morphology, gene expression, and DNA methylation. 

Differences in gene expression and DNA methylation between White Leghorn and Red 

Junglefowl chickens were mapped, and inheritance of these patterns were quantified, 

indicating a faithful transmission of breed-specific epigenetic markers. Selection on 

the behavioral trait fearfulness, generated high and low fearful lines of Red Junglefowl. 

Both the parental population and the fifth selected generation were used for the 

analyses in this thesis. One experiment studied morphological changes in the brain and 

other vital organs, and found that relative total brain size increased in high fearful 

birds, as a consequence of an increase in cerebral hemisphere size in high fearful birds 

and not in low fearful birds. Also, the relative heart, liver, spleen and testis size 

increased in high fearful birds, indicating correlated morphological changes with 

selection for fearfulness. Two additional experiments examined differential gene 

expression in the hypothalamus and the anterior cerebral hemisphere. The 

hypothalamus differed in expression of genes with reproductive and immunological 

functions, whilst the cerebral hemisphere differed in expression of genes related to 

social behaviors and neurological functions especially those upregulated in low fearful 

birds.  These results indicate the occurrence of tissue- and species-specific changes in 

gene expression as overlap with other domestication events were nearly nonexistent. 

A fourth experiment sought to associate the change in fear levels and gene expression 

differences with DNA methylation. Chromosomal regions with differential DNA 

methylation between high and low fearful birds were identified, and genes in these 

regions had annotated functions relevant to phenotypic differences between the 

selection lines. This thesis is the first to study the genetic alterations of domestication 

using the wild ancestor of an already domesticated species to repeat the domestication 

process selecting against fear of humans. The findings corroborate results from 

previous comparisons of wild and domestic animals, and further support the theory 

that rigorous selection for a behavioral trait can cause a cascade of genetic and 

epigenetic changes facilitating the domestication of a population. 

  



 
 

Populärvetenskaplig sammanfattning 

 
Domesticering, när en population djur anpassas till ett liv i fångenskap och nära 

kontakt med människor, är en process som under kort tid ger upphov till stora 

förändringar hos djuret under selektion, såsom skillnader i beteende, fysiologi, storlek, 

reproduktion och färg i päls och fjäderdräkt. Vi har här haft ett särskilt fokus på det 

röda djungelhönset, som är förfadern till alla våra domesticerade höns. Med sitt 

ursprung i Syd- och Sydostasien, där den även återfinns idag, började den röda 

djungelhönan domesticeras för drygt 8000 år sedan för att ge upphov till ett av vårt 

mest använda produktionsdjur för både kött och ägg. Att djungelhöns än idag finns 

kvar är till stor fördel då de kan användas för jämförelse med tamhöns och kvantifiera 

skillnader som uppkommit under domesticeringen. De grundläggande 

förutsättningarna för hur höns domesticerades är inte klarlagda, men utifrån de stora 

skillnaderna mellan röda djungelhöns och tamhöns måste de i ett tidigt skede ha 

selekterats för minskad rädsla för människor och den nya främmande miljön för att 

frodas och kunna reproducera sig. 

 

Med utgångspunkt från röda djungelhöns har vi under fem generation i två separata 

populationer selekterat för ökad eller minskad rädsla för människor, med målet att 

generera en rädd population höns och en orädd population som ska representera 

domesticerade röda djungelhöns. Selektionen har gett upphov till signifikanta 

skillnader i nivå av rädsla mellan de två populationerna, och har dessutom bidragit till 

andra skillnader så som att orädda höns är fysiskt större, lägger större ägg, är mer 

dominanta och aggressiva vid konkurrens om mat, och har mer välvårdad fjäderdräkt.  

 

I den här avhandlingen har först genetiska och epigenetiska skillnader mellan röda 

djungelhöns och White Leghorn, en hönsras framavlad för äggproduktion, studerats. 

Vi fann signifikant olika signaturer i mängden genuttryck för ett stort antal gener 

mellan de två raserna, och även skillnader i mängden DNA-metyleringar, en markör 

som kan reglera genuttryck. Teorin är att domesticering har gett upphov till många 

genetiska skillnader kopplade till de skillnader i bland annat beteende och fysiologi 

som noterats mellan raserna. Epigenetiska markörer kan ha påverkats av 

domesticeringsprocessen, men kan likväl ha varit ett hjälpmedel som drivit på 

domesticeringen och den mängd skillnader som uppstått ur ett evolutionärt sett kort 

tidsspann. 

 

I jämförelsen mellan rädda och orädda djungelhöns har vi i femte generationen sett 

skillnader i både total hjärnvikt och i specifika hjärndelar, till exempel är storhjärnan 

större hos rädda höns än orädda, en förändring som iakttagits hos många 

domesticerade djur där storhjärnan har minskat i volym. I både hypotalamus och 

främre storhjärnan fann vi signifikanta skillnader i genuttryck mellan rädda och 

orädda höns, med förändringar som tyder på en koppling till reproduktion och 

immunologi i hypotalamus, och socialt beteende och neurologiska faktorer i främre 

storhjärnan. Majoriteten skillnader i genuttryck mellan rädda och orädda höns 



 
 

överlappar inte med jämförelsen mellan röda djungelhöns och White Leghorn, och kan 

tyda på att selektionstrycket initialt påverkar gener som inte är aktiva i senare skeden 

av domesticeringsprocessen. Antalet DNA-metyleringar var inte större i orädda höns 

än rädda, trots tidigare sådana observationer mellan domesticerade och vilda höns, 

men de specifika regioner som skiljer rädda och orädda höns åt kan vara viktiga 

bidragande faktorer till de snabba förändringarna i selektionslinjerna.  

 

Tillsammans visar resultaten att selektion av höns baserat på rädsla för människor 

under några få generationer snabbt orsakar förändringar förenliga med tidigare 

studier av domesticeringsprocessen, och att förändringar av rädsla är kopplade till 

genuttryck och epigenetiska markörer. 
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Introduction 

The domestication process 
 

Domestication is the process by which animals are habituated to their captive 

environment and the presence of humans throughout generations of artificial 

selection. More specifically, the most cited and significant definition by Edward Price 

reads as follows [1]; 

 

‘[Domestication is] that process by which a population of animals becomes 

adapted to man and to the captive environment by some combination of genetic 

changes occurring over generations and environmentally induced 

developmental events occurring during each generation’. 

 

Parts of this definition are debated, as environmental experiences per se cannot have 

a meaningful impact on the domestication of a species unless there are underlying 

genetic components for the transmission of such experiences [2], topics I will return to 

later in this thesis. Among the oldest domesticated species are the dog and livestock 

animals, specifically pig, sheep, cattle and chickens, some domesticated over 10000 

years ago [3-6]. The domestication timespan is relatively short from an evolutionary 

point of view, yet in no wild species do we see such variation and novelty of traits as in 

the domesticates [7]. The domestic phenotype, or domestic syndrome, is the collective 

name for the phenotypic traits altered during the adaptation of domestic animals. 

Traits affected by domestication can be largely grouped in three categories: 

morphological, physiological, and behavioural. Morphological changes include general 

reduction of brain size, depigmentation of fur, skin and feathers, and reduction of bone 

size [8, 9]. Physiological changes include an earlier onset of sexual maturity and an 

increased frequency of oestrus cycles, neotony, and an altered temporal sensitive 

period of socialization [8-12]. Behavioural changes include reduced fear, 

aggressiveness and antipredator responses, increased sociability, and altered 

vocalization patterns [1, 13-16]. As summarized by Sánchez-Villagra et al [17], the dog 

is the clearest example of a domestic species with the highest account of phenotypic 

changes. 

 

Selection in captivity 
 

The interaction between genotype and the environment determines the phenotype of 

an organism, but how this interaction occurs is not clear [18]. Adaptation to particular 

environmental conditions shape the behaviour of a wild animal. The captive 

environment might be perceived as stressful, with foreign odors, unnatural sounds, 

restricted space, different light conditions and uncharacteristic social groups [19]. The 

most distinct component of a captive environment is the close proximity to humans, a 

factor that may induce behavioral changes not found in wild-reared animals. However, 
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breeding animals without a selection goal may not be enough to change behavior or 

hormonal responses [20]. 

Domestication generally selects for behavioural traits such as tameness, low 

aggression, and the ability to cope with certain stressors such as crowding [21]. While 

studying Norway rats, Richter [12] remarked on the selection during domestication: 

 

’By selection we mean here not the natural selection of wild rats in their natural 

habitat where the wildest, fiercest, and strongest -the fittest for the 

environment- survive, but selection in the artificial environment of the 

laboratory, where the fittest for this type of environment survive -those that are 

most tame, gentle and fertile’. 

 

Expanding on these ideas, Russian geneticist Dimitri Belyaev initiated a selection 

experiment on foxes in Novosibirisk about 55 years ago. Convinced that selection for 

tameness mimicked the selection pressure that domesticated wolves into dogs, Belyaev 

suggested that selection against fear of humans could interrupt endocrine pathways, 

which would lead to cascading effects in many systems [22]. Dramatic changes 

occurred in only a few generations due to this ‘destabilizing selection’. Behaviorally, 

foxes acted more like dogs, seeking attention from humans, wagging their tail and also 

licking and displaying friendly behaviour toward the human experimenters. The 

frequency of these behavioral traits in the population changed rapidly, with only 1.8 % 

displaying the human contact seeking behavior in the sixth selected generation, 17.9 % 

in the tenth generation and 49 % by generation thirty [23]. Further, the plasma 

corticosteroid levels decreased and significant physiological changes occurred in about 

ten generations after selection began. The coat color changed, tails curled and ears 

became floppy, legs and tails started to shorten (chondystrophy) and their noses 

became shorter along with a proportional reduction of their skulls (brachycephaly). 

Changes in tails, ears and coat colors also occur simultaneously in farm-bred foxes 

despite the lack of selection for tameness. The frequency of these changes were, 

however, tenfold higher in the domesticated foxes after only eight to ten generations of 

selection. Changes also occurred related to reproduction. Sexual maturity onset was 

one month earlier and litter sizes increased by approximately one pup, with up to two 

litters per year instead of one as the mating seasons were prolonged. The selection 

experiment has since been repeated in mink and rats with similar outcomes [24, 25]. 

All of these traits resemble those already seen in historically domesticated animals, 

suggesting that selection for a behavioral trait such as tameness can pleiotropically 

produce many of the traits associated with the domestic phenotype. Later paragraphs 

will describe what effects stress in captivity can have on genetic and phenotypic 

changes, and the role of epigenetics as a pathway for conveying information from the 

environment through the genome below. 
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Domestication genetics 
 

Domestication is not an immediate process, but rather it is continuous and gradual, 

and involves genetic changes [9, 26]. The most influential of the genetic changes are 

selection, inbreeding, and genetic drift. Price and King have identified three major 

selective mechanisms that affect gene frequencies in captive populations; artificial 

selection, natural selection in captivity, and relaxed natural selection [12, 27]. The first 

mechanism, artificial selection (coined by Darwin [7]), is the selection of traits desired 

by humans. In past domestication events, the highly fearful animals or those displaying 

aggression against humans were likely removed from the breeding pool, whilst animals 

that were easy to handle were preferred for breeding purposes. Secondly, natural 

selection in captivity act early in the domestication process to eliminate individuals 

that cannot produce offspring in captivity. Finally, relaxed natural selection occurs 

when the conditions in captivity enable or favor behavioural traits which in wild 

conditions would have been selected against. For example, captive conditions usually 

do not include parasites or predators and animals have ample access to food, thus traits 

as vocalizations have a lower threshold in domestic animals. In contrast to selection, 

the other influential genetic changes, inbreeding and drift, cause random changes in 

regards to allele frequencies. Founder effects and bottlenecks occur early in 

domestication and later breed isolation affects allelic diversity, despite backcrossing 

events with wild genotypes or other species [28-30]. Commercial chicken breeds, for 

instance, have lost up to 50% of the allelic diversity compared to non-commercial 

breeds [31]. With the aid of domestic animals as models, many traits subjected to 

selection and regulated by a single locus have been mapped, such as MC1R regulating 

coat color in a number of domesticates (for a full review see [32]). Most traits however 

have a complex inheritance pattern, regulated by many different genes and 

environmental elements, and are difficult to disentangle due to factors such as 

clustered linkage and pleiotropic effects. 

 

Uniform theories for the underlying genomic cause for the domestic phenotype have 

been suggested. Besides Belyaev’s destabilizing selection, which will be discussed later 

in the context of stress, a recent theory suggests a link to changes in neural crest cells 

(NCCs) [33]. NCCs are vertebrate-specific stem cells that emerge in the neural tube 

early in embryogenesis and migrate to form cellular precursors influence 

developmental patterns. Tissues derived from NCCs include many of the areas affected 

by the domestic phenotype: melanoblasts, the adrenal medulla, the sympathetic 

ganglia, and large parts of the skull. Selecting for tameness should produce embryonic 

neural crest cell developmental deficits which could cause many of the phenotypic 

changes associated with domestication. One specific example is the piebald pattern of 

depigmentation in domestic silver foxes;  a delayed migration of melanocytes from the 

neural crest to the epidermidis in the embryo may lead to the death of the late 

melanoblasts [9]. The delayed migration is influenced by the Star (S) gene, and 

possibly the agouti protein [34], and I will come back to Star later on in the text as it is 

influenced by both endocrine and epigenetic factors. 
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Both of the abovementioned theories assume pleiotropic effects, with a few causal 

changes affecting many traits. As expected, allelic diversity between ancestral and 

domesticated animals has had a significant effect on transcriptomic changes, and 

production related tissues such as the liver, muscle and adipose tissue [35-37]. Also 

tissues affecting behaviour such as the adrenals and the brain have been of great 

interest [38-42]. Of particular importance is a study by Albert et al [38] in which four 

domestic mammals were compared in order to find convergent transcriptional genes 

or pathways to domestication. Overall, few genes differed in expression when 

comparing wild and domestic dogs, pigs and rabbits, whereas the differential 

expression between guinea pig and the cavy was much greater. Comparisons between 

all four sets of differentially expressed genes revealed no overlapping genes for all the 

domestication events. Additionally, the comparison between rats selected for tameness 

or aggression against humans revealed a low number of differentially expressed genes, 

with only one overlapping when compared to the four other domesticated species. Two 

of the most differentially expressed genes in the rats, DLL3 and DHDH, overlapped 

with a previously identified quantitative trait loci (QTL) for tameness and aggression 

in the same rat population, providing candidate genes affecting tameness in 

domesticated rats [43]. Similarly, silver foxes has shown differences in brain gene 

expression of varying degree as a result of selection for tameness [44, 45]. Effects 

caused by the domestication process that persist in a population across generations 

must have a mode of transmission, and the domestic phenotype encompasses so many 

changes in such a short time that mutation rates alone cannot explain the appearance 

of all of the variation. For this purpose, domesticated animals are impeccable models 

in exploring mechanisms that can aid in shaping selection, such as epigenetics. 

 

Chicken domestication 

 

The Red Junglefowl 
 

The chicken, Gallus gallus domesticus, is the most common and abundant production 

animal today. With nearly 70 billion chickens worldwide used for both egg and meat 

production, it is one of the most important domesticated animals [46]. The domestic 

chicken originates from the wild Red Junglefowl (RJF), Gallus gallus, a bird of the 

Galliformes order native to South- and Southeast Asia. The Red Junglefowl, still found 

today in parts of Asia [47] and the Hawaiian islands, was the subject of domestication 

approximately five to eight thousand years ago [48, 49]. Along with the Red 

Junglefowl, three other birds of the genus Gallus are found in India and Southeast 

Asia: Sri Lankan Junglefowl (Gallus lafayettii), Grey Junglefowl (Gallus sonneratii) 

and the Green Junglefowl (Gallus varius). 
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Figure 1. Male (left) and female (right) Red Junglefowl on the run      (Photo: Per Jensen) 

 

The Red Junglefowl shows strong sexual dimorphism between the male and female 

(Fig 1), features that have been lost in domestic production animals with the exception 

of some sexually selected traits like combs. In the wild, they form groups comprising 

one dominant male and several females, with subdominant males at the fringe of the 

group. During the breeding season, which typically falls between March and May, 

males are often seen alone whilst females rarely venture alone. The Red Junglefowl 

spends large parts of the active daily period on foraging behaviors, and synchronizes 

preening and bathing behaviors [50, 51]. They feed on various seeds, fruits, insects, 

spiders and snails depending on the season, and competition for food is determined by 

a peck order, with dominant individuals chasing away subordinate ones by lunging at 

them. Due to predation risk, Red Junglefowl are highly vigilant and spend the night 

perched on branches [51, 52]. If disturbed or followed, they go through great lengths 

relocating to new grounds and the frequency of crowing diminishes. Depending on the 

threat, Red Junglefowl will respond by staying immobile until the perceived danger has 

passed, or emit alarm calls which prevents other vocalizations. Overall, the Red 

Junglefowl has been described as a highly fearful bird in the wild. 

From wild to domestic chicken 
 

As with many other domesticates, the location and exact time for domestication is still 

debated [53, 54]. Mitochondrial sequences suggest several different domestication 

events for Red Junglefowl [55, 56]. Pinpointing the specific events is made difficult by 

early mixing between the wild and domestic breeds. The Red Junglefowl has also been 

crossed with other species of Junglefowl. One such specific event concerns leg color, a 

trait that comes from an introgression with the Grey Junglefowl [29]. The Red 
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Junglefowl has grey legs, and the fact that many domestic breeds today have yellow 

legs indicate an esthetic selection for the trait.  

Historical and archeological records suggest that early domestication was mainly for 

cultural reasons such as religion, art, and entertainment, and only later for production 

aspects [57, 58]. Initially, the captive chicken is thought to have been used for cock 

fighting [46]. Data from medieval sources suggest that the selection for production 

traits in chickens did not start until the 16th or 17th century [59], with selection for 

variation in TSHR, thyroid-stimulating hormone receptor, a mutation affecting 

seasonal reproduction [60, 61]. Up until the beginning of the 20th century, the chicken 

was a dual purpose animal with the same breed used for both meat and egg production. 

This changed when selection pressure increased separately for the production traits of 

today’s specialized market- breeds for increased egg laying, such as the White Leghorn 

which lay 300 eggs per year, and breeds for meat production, such as the broiler which 

can weigh more than four times that of the wild  Junglefowl [62].  

With both the domestic chicken and its wild ancestor readily available, effort has been 

put into characterizing the behavioral differences between them as a result of 

domestication. The White Leghorn spends less time exploring and more time foraging 

than the Red Junglefowl [63-65]. Whilst social organization is maintained in the 

domesticated chicken, with pecking orders and a dominance structure, the White 

Leghorn shows less intense social behavior and a reduction in the frequency of social 

interactions, with more aggressive behavior in certain group compositions [66]. A 

mutation present in most domestic production fowls is the white plumage, caused by a 

mutation in gene PMEL17, also known as dominant white [67, 68]. Variation in 

PMEL17 and plumage color has been correlated with behavioral differences, suggesting 

that a white plumage protect individuals from feather pecking [69, 70]. Egg layers show 

altered and less extreme antipredatory behavior, and fear related behaviors in the 

chicken have been reduced, maybe as the co-existence with humans has relaxed the 

natural selection pressure of predation [71, 72]. Transmission of behavioral differences 

over generations has been shown to have underlying genetic components [73, 74], as 

do differences in fear within populations [75].  

 

Fear and stress 
 

Fear and the stress response crucially influence the domestication process, both as 

aspects of selection in captivity, and in Belyaev’s destabilizing selection theory. The 

stressful environment can have an immediate effect on animals in captivity, as well as 

consequences spanning several generations. After the summary of the stress response, 

some examples will be presented on variation in fear and stress in domesticated 

populations and their consequences.  
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Definitions 
 

Fear can be seen as negative emotion generated by a specific stimulus (such as 

darkness, predators, or novelty), by the physical characteristics of a stimulus, 

(movement, suddenness, or proximity), and can also be generated by interactions with 

conspecifics (reviewed in [76]). The main function of the stress responses is to alert the 

individual and prepare it to act in an appropriate way. The complete stress response is 

a complex phenomenon that integrates the nervous system, neuroendocrine signaling 

and behavioural responses in order to react appropriately. The definition of stress 

varies with the author, and much focus has been on the disruption of homeostasis, 

thereby including many different responses, not all being dangers to the organism. 

However, Koolhas et al state that the use of the term stress should be limited to 

instances where an individual perceives events as negative and the adaptive capacity is 

exceeded by the stress response [77]. Events that are perceived as positive but still 

invoke the physiological responses should be considered normal physiological 

mechanisms and not stress. 

 

The stress response 
 

The stress response to a potential danger is a series of reactions that can be broken 

down into four main responses: the autonomic nervous system, the immune system, 

the endocrine system, and behavioral outcomes (for a full review see [78]). Firstly, the 

sympathetic nervous system activates as a response to a stressor with a release of 

catecholamines [79]. This hormonal response increases the heart rate and blood 

pressure and allocates energy resources to the muscles, in preparation for fight or 

flight. At this point, the organism can choose to try to remove itself from the threat, a 

behavioral response which then leads to an abolition of any further response [80]. The 

behavioral response to acute stress characteristically manifests as alterations in 

foraging behavior and increased vigilance [65]. This is followed by a second wave of 

hormonal activity, this time ending with the release of glucocorticoids, such as 

corticosterone in birds. 

Responses can be immediate, with the sympathetic nervous system being activated by 

acute stressors and only staying active for a brief period of time, or prolonged with 

long-lasting effects. Increased levels of glucocorticoids for longer durations of time 

have adverse effects on the organism, among them impaired immune function [81, 82], 

decreased reproduction [83], impaired growth [84], changed cognitive functions [73], 

and behavioural abnormalities [85]. 

 

The HPA axis 
 

The hypothalamic-pituitary-adrenal axis (HPA-axis) is responsible for the 

neuroendocrine response upon exposure to stress, and this pathway ultimately ends 

with the release of glucocorticoids [80]. The hypothalamus is the first tissue to activate 
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upon the perceived signs of stress. This starts a cascade in which corticotrophin 

releasing hormone (CRH) and vasopressin are synthesized in the paraventricular 

nucleus, which then regulate the synthesis and release of adrenocorticotrophic 

hormone (ACTH) from the anterior pituitary. The role of ACTH is to stimulate uptake 

and conversion of cholesterol to corticosterone. ACTH also stimulates the adrenal 

cortex to produce and release glucocorticoids, the final step in the cascade. 

Glucocorticoids then act as negative feedback on the HPA-axis by inhibiting the 

production of CRH and also repressing the cleavage of proopiomelanocortin into 

ACTH.  

 

Stress as a domestication modulator 
 

In a population experiencing stress, selection for traits might act more strongly than in 

an unaffected population [86]. The characteristic effects of stress are all seen in wild 

animals put in captivity, and need to be extinguished in order for a captive population 

to be able to thrive. As different genetic variations become involved, selection might 

act more efficiently and the disturbance of homeostasis may well increase mutagenesis 

(see Belyaev and Borodin [87] for examples). Selection for stress resistance, such as 

the domestication process, acts rapidly to alter the hormonal balance in order to ensure 

survival, and as a consequence, phenotypic variation changes based on the underlying 

genetic variation. In Belyaev’s foxes selected for tameness, males showed lowered 

plasma cortisol and ACTH levels [88], and similar selection experiments have shown 

a decrease in plasma corticosterone and brain serotonin in rats [25], whilst fearful 

minks show higher plasma cortisol after handling but no alteration in cortisol secretion 

[24]. Related is the atrophy of adrenal glands as a result of selection for tameness [12, 

25, 89], with QTLs overlapping for both tameness and adrenal gland weight in rats 

[43]. Glucocorticoids affect melanoblast migration and coat color in rat, similar to 

observations in silver foxes [90], and domestic silver foxes and rats have lower levels 

of glucocorticoids compared to their aggressive counterparts during gestation, further 

indicating a role for stress hormones involvement in the domestic phenotype. Stress 

responses and transgenerational inheritance have also changed in the chicken, with 

domestic breeds being more susceptible in certain aspects [73]. Altered behavioral 

phenotypes and gene expression patterns are inherited by the offspring from their 

parents [91, 92], implying the involvement of mechanisms that can aid in the 

transmission of environmental stimuli across generations, and suggesting a role for 

epigenetic mechanisms. 

 

Is domestication affected by epigenetics 
 

Part of the definition of domestication focuses on the importance and ability for an 

animal to adapt to its new environment. As the animal is in captivity, it will be exposed 

to that environment generation after generation, and the process might be sped up if 

environmental information could be genetically passed on across generations. 
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Transmission of information in such a manner could be detectable through molecular 

genetic lab work and could also be a partial explanation for the rapid increase in 

phenotypic variation within domestic animals. 

 

Coined by Waddington [93] in the 1940s, the term epigenetics as “the branch of 

biology that studies the causal interactions between genes and their products which 

bring the phenotype into being” [94] broke into mainstream research only in the late 

20th century. The idea of a layer of genomic regulation “above” the genetic code was on 

the fringe of science until methods for the analysis of epigenetic mechanisms had 

developed to sufficiently study them. Epigenetics has since been defined by Bird as ‘the 

structural adaptation of chromosomal regions so as to register, signal or perpetuate 

altered activity states’ [95]. This definition is broad enough to encompass the major 

regulatory mechanisms of DNA methylation and histone modifications, but leaves out 

more recent findings regarding long noncoding RNA and their interactions. Among the 

different definitions and uses [96, 97], Bird’s will be used in this thesis. Regarding the 

dichotomy in the field as a result of varying definitions [98], this thesis will consider 

epigenetics as a phenomenon in both the genetic context as well as for environmentally 

mediated phenotypes. 

 

DNA methylation 

 
DNA methylation is one of the most extensively studied epigenetic modifications. 

Methylation occurs on position five in cytosine (5-methylcytosine), and is generally 

considered a stable modification as it does not induce DNA repair mechanisms or 

consequent changes of DNA nucleotides upon methylation. Adding to the complexity 

is that cytosine methylation mostly occurs when it is followed by a guanine on the DNA 

strand in animals, dinucleotides referred to as CpGs, cytosine-phosphate-guanine. 

CpG dinucleotides are scarce in the genome, with the exception of sites referred to as 

CpG islands [99, 100]. Located upstream of genes, and co-localizing with promoters, 

these regions allow for transcriptional regulation of tissue specific genes via hyper- or 

hypomethylation at these sites [101, 102]. The role of DNA methylations in the genome 

is two-fold. Methylation markers can inhibit or activate gene expression depending on 

the region where they are located, making them a versatile marker for regulatory 

control [103-106]. As for the transmission of methylated cytosine in cell division, 

proteins specializing in methylation maintenance after replication ensure faithful 

inheritance of epigenetic markers [107]. Epigenetic modifications can also survive the 

reprogramming events during fertilization and embryonic development, meaning that 

the DNA-methylome may be inherited over generations, leading to heritable epigenetic 

effects with markers that can stay for several generations [108, 109]. Adding another 

layer of complexity to DNA methylation and its effect on genome is the potential 

mutagenic effects, a potential driver for evolution [110, 111]. 
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Examples of DNA methylation regulating expression 
 

A classic mammalian example of DNA methylation regulating expression is found in 

the viable yellow mutation, Avy, affecting the coat color gene agouti in mice. Viable 

yellow is caused by the insertion of an intra-cisternal A particle (IAP) containing a 

cryptic promoter just upstream of the agouti gene [112]. Normally, agouti encode a 

signaling protein which changes the synthesis of eumelanin to pheomelanin, causing a 

yellow sub-apical band to appear in the otherwise black hair, giving the mice its wild-

type color. The IAP insertion disrupts this process, unless silenced epigenetically [113]. 

The epigenetic patterns are unstable, in the sense that they give rise to phenomena 

such as variegation between cells and variable expression between individuals in a non-

mendelian pattern, seen as different phenotypes ranging from agouti to pseudo-agouti 

[114]. Additionally, factors such as nutrition can affect the methylation in the IAP 

insertion, effectively altering expression patterns and the phenotype [115]. 

DNA methylations can affect behavior, and behaviors can in turn change methylation 

patterns. The epigenetic pattern of the glucocorticoid receptor (GR) in rats are 

influenced by the type of maternal care the offspring receives [116]. This treatment will 

alter the physiological response to stress through a causal relation between histone 

modifications, DNA methylation, glucocorticoid receptor (GR) expression, and 

binding of NGF-inducible protein A (NGIF-A) to the GR promoter. Similarly, serotonin 

transporter SLC6A4 promoter methylation in humans affects gene expression and 

correlates with behavioral phenotypes [117]. Dysfunction of SLC6A4 has been 

implicated in behavioral disorders [118]. 

 

Epigenetics in domestic animals 
 

Epigenetic patterns, influenced by the environment and heritable, could provide a 

rapid way of altering transcriptional regulation in domestic animals and account for 

non-Mendelian inheritance patterns (discussed in [119-122]. Recent understanding 

and techniques have improved the field greatly since Lickliter and Ness [123] stated: 

 

‘In similar fashion, we propose that students of domestication ought also to turn 

their attention to the empirical study of the developmental basis of phenotypic 

change associated with captivity and domestication. The process of 

domestication is currently undercharacterized in both genetic and 

environmental representations, with epigenetic development above the level of 

the genes virtually ignored in contemporary theory’. 

 

A review of environmental epigenetic effects in domestic farm animals reveal many 

instances of phenotypic changes correlated with epigenetic change [124], yet the 

transgenerational aspects are still lacking. 
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In Belyaev’s farm-fox experiment, spontaneous mutations cannot account for the high 

frequencies (10-1 - 10-4 per generation) of variations that appeared [125]. For example, 

the coat color changes in foxes resemble those seen in dogs, and point to similar genes 

being involved in the regulation of behaviour and pigmentation. The agouti loci, 

discussed earlier, is an example of a loci affecting color as well as hormonal interactions 

[126, 127]. The star gene, S, responsible for coat color changes in several domestic 

species, may be epigenetically silenced as heterozygous crosses in foxes has shown 

irregular segregation in offspring [23]. Furthermore, vixens exhibiting tame behavior 

and which are heterozygous for the star mutation produce more male than female 

offspring [128]. 
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General aim 
 

The overall aim of the thesis was to explore the hypothesis that domestication can be 

achieved through selection for a single trait, the reduction of fear of humans in a 

population, i.e. tameness.  

 

The aim of Paper I was to study the correlation between the DNA methylome and gene 

expression in domesticated Wild Leghorns compared to the ancestral Red Junglefowl. 

This study also investigated transgenerational inheritance of expression and DNA 

methylation patterns in an attempt to map differences within and between breeds. 

 

The general aim of Papers II to V was to work with the two selection lines (high and 

low fearful Red Junglefowl) to study the effects of bidirectional selection for tameness. 

Large phenotypic differences have been reported between the lines. Based on the 

results Paper I the aim was to study gene expression and DNA methylation patterns in 

the brain (Papers III to V), as well its morphology (Paper II), to determine the influence 

of selection for tameness on these aspects.  
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Methods 
 

Animals 
 

Based on previous attempts at domesticating animals by selecting for tameness 

through a decreased fear of humans, a similar approach was attempted using the Red 

Junglefowl [129]. This experiment is unique in that the model used is a species that 

already has a history of domestication on which comparative studies are based, as seen 

in the former chapters. In an outbred population of Red Junglefowl, individuals 12 

weeks of age were tested and scored in a fear of human test and divided in groups of 

high or low fearful animals based on those scores. This division in the parental 

population (P0) was the basis for the different selection lines, one used to generate a 

highly fearful line of Red Junglefowl and one used to breed a low fearful line of Red 

Junglefowl. Population sizes were kept at around 40 birds per selection line for the 

high and low fearful RJF from P0 up until the fourth selected generation (S4), after 

which the total amount of animals were decreased to approximately 50 individuals for 

both selection lines together. Each subsequent generation was tested in the same 

standardized fear of human test by the same test person. The test, described in full by 

Agnvall et al [129], in short involves placing an individual Red Junglefowl in an 

enclosed rectangular arena divided into three zones. The test lasts three minutes, 

during which the observer takes notes of performed behaviors. For the first minute, the 

observer stands at one end of the arena, for the second minute they stand in the middle 

of the arena, and for the final minute they stand in the third zone. The test ends with 

the observer trying to touch the test subject and the fearful responses are recorded and 

evaluated to generate a total score for each bird. Only the most or least fearful birds 

within the high or low selection lines were used to breed new generations, and all 

breeding pairs were always from within the same generation with consideration to 

family structures. By the fifth generation of divergent selection (S5), the two selection 

lines of Red Junglefowl differed on a number of points, low fearful animals were larger 

in size, laid larger eggs which produced larger offspring, and had a higher  frequency 

of aggressive behaviors during a social dominance test [130]. Also, the basal metabolic 

rate and feeding efficiency increased in low fearful birds, as did plasma serotonin levels 

in low fearful males [131]. 

 

Transcriptome 
 

The results in papers I, III and IV are based on gene expression measurements 

performed through slightly different microarray techniques. For Paper I the GeneChip 

Chicken Genome Array from Affymetrix Inc. was used, it can analyze approximately 

33000 unique transcripts using single color detection of fragmented cRNA hybridizing 

to the array. For Paper III the custom designed NimbleGen 12x135k oligonucleotide 

microarray (Roche) were used, and for Paper IV the SurePrint G3 Custom 8x60K 

microarrays (Agilent). The NimbleGen array detect almost 33000 Ensembl, RefSeq 
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and EST sequences from the chicken genome, whereas the Agilent detects slightly 

fewer because of the removal of EST probes. Both the latter arrays detect fluorescently 

labeled cDNA (Roche) or cRNA (Agilent) that hybridize oligonucleotide probes of 

known transcripts. Fluorescence data from the arrays is preprocessed by correcting for 

background signals and quantile normalized to yield measures of relative expression. 

Arrays where hybridization had not been successful were removed before all arrays 

were all normalized for the different experiments. For a minority of genes where 

different probes yielded contradictory results, the genes were removed from the 

analysis. Verification of microarray results was done through quantitative real time 

polymerase chain reaction (qPCR), normalized against housekeeping genes resulting 

in relative expression values. 

 

DNA Methylation 
 

In both Papers I and V, methylated DNA immunoprecipitation (MeDIP) was used to 

enrich methylated DNA. Genomic DNA is fragmented via sonication using ultrasound 

and fragments are captured and purified through the use of 5-methylcytosine specific 

antibodies. In Paper I, the methylated DNA fragments were quantified using a custom 

made tiling array. The tiling array, just like the microarray for transcription, is filled 

with 50-75bp long oligonucleotide probes designed to cover just over 3600 promoter 

regions in the chicken genome. Promoters for this experiment were defined as the 

region 7.25kb upstream and 3.25kb downstream of transcription start sites, and the 

oligonucleotides were evenly spaced out in the promoter region. For Paper V, the 

enriched MeDIP samples were analyzed through next generation sequencing and 

aligned to the Galgal4 chicken genome assembly. For both methods the amount of 

either probes or sequences gives a relative estimate of the amount of methylation, as 

they were captured by the antibodies. 

 

Among the limitations of microarray studies is the need of a sequenced genome 

providing a priori knowledge of sequences and annotations. In 2004, the chicken was 

the first avian and domesticated species to have its genome sequenced, thereby 

providing a sound foundation for genomic analyses [132]. In a comparative study, 

sequencing reads and microarray hybridization intensity values correlate well with 

each other, and the few instances where probes detect transcripts not found by 

sequencing techniques might be due to cross-hybridization [133]. This cross-

hybridization is a major concern, complicating analysis of repetitive sequences and 

spliced transcripts, and could affect regions such as promoters in CpG-islands. The fact 

that different array formats have been used for the different experiments could 

introduce miniscule variation in terms of reproducibility [134], however the studies in 

this thesis do not compare quantified expression values and that should not affect the 

general conclusions. Sequencing platforms such as the one used for Paper V eliminate 

many of these problems. 
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Summary of papers 

 

Paper I: Transgenerational inheritance of gene expression and methylation patterns 

 

 

Background and aim 

 

Domestication of chickens has caused large phenotypic differences between the wild 

Red Junglefowl (RJF) and the domestic breeds. Among these changes are behavioral 

variation between wild and domestic chicken such as the White Leghorn (WL), and 

altered transgenerational inheritance patterns of environmentally acquired changes. 

RJF and WL are both affected by stimuli such as stress, but transmission of the effects 

from parent to offspring differ. In this paper, the hypothalamic transcriptome and 

promoter methylome were mapped in pairs of WL and RJF that also showed within-

breed variation for fearfulness. Offspring were generated from all pairs to also map the 

transgenerational effects of variation in fearfulness.  

 

Results and Conclusion 

 

Offspring from the different pairs displayed phenotypic variation reflecting their 

parents, indicating an inheritance of the phenotypes. Gene expression microarray and 

DNA methylation tiling array results showed inheritance of gene expression and 

epigenetic patterns in a breed specific manner, and also within breed reflecting 

variation in fearfulness. DNA methylation patterns were stable in the WL but disrupted 

in RJF. Interestingly, WL also showed patterns of hypermethylation in a majority of 

promoters differentially methylated between breeds. These results suggest that WL 

and RJF use different epigenetic pathways to transgenerationally transmit phenotypic 

traits, with DNA methylations having a more prominent role in the domestic WL, 

which could alter or improve the capability to transfer environmental information. 
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Paper II: Changes in brain and organ size during selection against fear of humans 

 

 

Background and aim 

A common trait in most domestic animals is the proportional change in some organ 

sizes to total size. This could be an effect of selection against fear of humans, a trait 

vital for the domestication of a population. With many reports of changes or atrophy 

in tissues such as the brain or adrenals in domesticated animals, the aim of this paper 

was to compare organ size in RJF selected for either high or low fear of humans, as a 

first step towards domestication. These two groups already show behavioral and size 

differences after only five generations of selection. 

 

Results and Conclusion 

 

Brain and vital organs were weighed in parental (P0) and the fifth selected generation 

(S5) RJF. The relative brain weight decreased with tameness in S5 RJF, and several 

parts of the brain showed significant weight differences between S5 selection lines. The 

cerebral hemisphere was significantly smaller in low fear RJF, as was the heart, spleen 

and testis. The cerebellum was larger in the low fear RJF, and was the only tissue to 

change in this direction in low fear RJF. These findings are similar to those reported in 

other domesticated animals, and suggest that the early domestication process and 

selection against fear of humans have a significant impact on morphology and organ 

sizes in the Red Junglefowl. 
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Paper III: Gene expression difference in hypothalamus in high and low fearful Red 

Junglefowl 

 

 

Background and aim 

 

Based on the large effects on behavior, morphology and fear of humans after only five 

generations of selection, we sought to study the transcriptional differences between 

high and low fearful RJF. Similar to the experimental setup in Paper I, the 

hypothalamus was selected due to its involvement in the stress response and its 

regulation of behavior. We used cDNA microarray analysis of the brain transcriptome, 

to determine the magnitude of change selection has had, and to examine what genes 

or pathways were affected. 

 

Results and Conclusion 

 

Analysis of the results showed that almost 350 genes were significantly differently 

expressed (DE) between high and low fearful RJF. Adjusting for multiple testing left 

21 genes significantly DE, and annotations for some genes among these were linked to 

reproduction and the immune system. Gene ontology (GO) enrichment analysis of DE 

genes resulted in terms involved in mitochondrial activity and membrane parts. 

Expression differences in S5 RJF are not seen in the parental generations, suggesting 

that selection for behavioral traits can cause stable expression changes in only a few 

generations. Whilst no immediate effects on the stress response related genes could be 

detected, the differences found in metabolic, immune, and reproduction related genes 

suggest that the change in fearfulness has changed the stress-related response in the 

selection lines. 
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Paper IV: Gene expression difference in the cerebral hemisphere in high and low 

fearful Red Junglefowl 

 

 

Background and aim 

 

In this paper we continued examining changes in brain transcriptome caused by 

domestication. Based on previous studies of comparisons between domestic mammals 

and their wild counterparts, we focused on cerebral hemisphere tissue, a part of the 

brain involved in regulating social behaviors. As social interactions changed between 

high and low fearful RJF, gene expression differences in this tissue could shed light on 

some of the behavioral differences between selection lines. Moreover, with gene 

expression differences quantified in the hypothalamus of the S5 populations, the 

comparative analysis of changes and tissue-specificity can aid in determining different 

pathways important for early domestication.  

 

Results and conclusion 

 

Microarray analysis found 22 significantly differentially expressed genes between high 

and low fearful RJF in the fifth selected generation. Among genes affected in the low 

fearful group, several play a role in neuroendocrine function, such as RFT1, TOR3A 

and SNAP23. Furthermore, GO analysis of differentially expressed genes indicated 

enrichment of genes related to the mitochondria or protein binding, and KEGG 

pathway analysis yielded terms related to behavioral processes. Comparisons of 

differentially expressed genes with hypothalamic differences indicate tissue-specific 

effects on the transcriptome, and comparisons with cerebral expression in domestic 

animals points to species-specific changes in the chicken transcriptome.  
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Paper V: DNA methylation changes in the hypothalamus as a result of selection for 

tameness 

 

 

Background and aim 

 

Papers III and IV examined the effects of domestication on the transcriptome, but the 

underlying causes for the transcriptional regulation are still not mapped. In the 

experiment in Paper I, large differences in methylation levels were found when 

comparing wild and domestic chicken. Here, in paper V, DNA from the hypothalamus 

of S5 RJF was used for methylated DNA immunoprecipitation sequencing (MEDIP-

seq), in order to measure methylation differences generated by the selection process, 

and association with previously described expression changes. Based on the results 

from Paper I, we expected a shift towards more methylated regions in low fearful RJF, 

and some, but not total, overlap with gene expression differences between high and 

low fearful RJF. DNA methylation, along with other epigenetic markers, may affect 

plasticity in populations, and could enable faster population level to selection pressures 

such as the fear of humans. 

 

Results and conclusion 

 

Overall, selection lines for low and high fearful RJF only differed significantly for a few 

regions after five generations. Annotations and GO analysis of windows with 

significantly differential methylation showed an enrichment in terms related to 

synapse parts, catalytic activity, substrate-specific transporter activity, and the 

mitochondrion. The DNA methylation patterns do not directly explain the variation in 

transcription, but annotation and GO enrichment indicate overlapping functions with 

DE genes in the hypothalamus. DNA methylation changes could explain some of the 

behavioral and other phenotypic differences caused by the selection process, but 

additional studies are needed in order to determine the extent of epigenetic regulation 

in the genome. Overall, the differences in DNA methylation are small but specific, 

further indicating the involvement of epigenetic patterns in shaping domestication in 

chickens. 
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Discussion 
 

The differences between wild and domestic animals have been presented in the 

introduction of this thesis, and cannot be overstated. Domestication has, as part of the 

domestic phenotype, changed aspects such as reproduction, size, feather or coat color, 

and behavior, as well as left its mark on the genome of the domestic animal. In Paper 

I, seminal for the later studies in this thesis, both genetic and DNA methylation 

differences between the Red Junglefowl and White Leghorn were investigated from a 

behavioral and transgenerational context. Papers II through V examine the differences 

between two selection lines of Red Junglefowl, building on the information gained 

from Paper I. Selection for a single behavioral response, fear of humans, has shown to 

not only to alter the group mean of fearfulness in only a few generations, but to also 

correlate with a number of other phenotypic and physiological changes. Fear and stress 

responses differ greatly between wild and domestic chickens, as well as within 

populations as demonstrated in Paper I, where pairs of high and low fearful birds were 

selected from both WL and RJF. Leading up to the experiment in Paper I were previous 

studies [73, 91, 135] that indicated that stressful events transgenerationally change the 

phenotype in offspring, and also that susceptibility and inheritance patterns differ 

between WL and RJF. With this in mind, the study in Paper I was performed in order 

to answer the question of how and why the inheritance patterns differ. Whilst Paper I 

presented general differences between WL and RJF, the fundamental aim of Papers 

III-V was not to locate candidate genes, thus, genes and pathways are discussed as 

potential modulators of trait variation and not causal candidates. 

 

Hypothalamic gene expression 

 

Papers I and III, explored hypothalamic transcription because this tissue regulates 

circadian rhythms, hunger, and neuroendocrine control [136]. The hypothalamus has 

also been well studied in the chicken in relation to stress responses and 

transgenerational effects. In Paper I, we identified a number of differentially expressed 

genes and methylated promoter regions. A few genes were selected to verify the results, 

and although the data and study design does not allow us to associate expression and 

methylation changes with phenotypes, the methylation patterns in an intercross 

between Red Junglefowl and White Leghorn do imply differences depending on 

genotype. There were only small amounts of variation in expression and methylation 

within breeds, compared to the hundreds to thousands of differentially expressed 

genes between the breeds. Gene ontology analysis of genes both differentially 

expressed (DE) and differentially methylated (DM) in both parents and offspring were 

enriched for intracellular signaling related terms, reflecting the behavioral differences 

between breeds.  

 

In Paper III, fewer behaviorally related genes were found than expected, but studies in 

dogs and wild canids also found conserved expression profiles between wild 

populations and similar changes in wild vs domesticated populations. Additionally,  
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similar conclusions were reached when comparing hypothalamic expression in tame 

and non-selected foxes [44], with unclear behavioral or stress relevance [137]. Amongst 

the most significant changes in dog domestication were neuropeptides affecting the 

HPA-axis, while corticotropin-releasing factor expression, CRF, did not differ between 

tame or aggressive foxes [88]. In the sixth selected generation of RJF, no changes in 

HPA reactivity was detected when measuring plasma corticosterone, indicating that 

fear selection had not yet affected the stress response [131]. Trut and colleagues [125] 

suggested that hormonal changes correlate with the degree of domestication, and in 

our case the 5th selected generation might be too early to expect changes. Analysis 

between hypothalamus gene expression in Paper I and III did not show any major 

overlap, which is surprising, but could be explained by the Red Junglefowl populations 

differing from each other, as the selection line used in Paper III is a cross from two 

different Red Junglefowl populations [129]. 

 

The GO analysis indicated an enrichment in general terms related to cellular 

components, such as cytoplasmic and intracellular parts, proton transporting ATP 

synthase complex, and MHC class Ib protein complex. The unclear connection to 

changes in fear might be related to the lack of effect on the stress response, instead the 

findings indicate a change in the immune system, energy management, and overall 

structural changes. There was a growth difference between high and low fearful RJF in 

generation S5, with low fearful RJF growing faster and larger than high fearful RJF, 

and this will most likely influence the energetic demands, which is also seen in the 

change in basal metabolic rate in the 6th selected generation [131]. A few genes 

overlapped with selective sweeps, amongst them two on growth1, LLPH and HELB. 

The growth1 QTL is the largest on chromosome one and also implicated in affecting 

social behavior and emotional reactivity [138, 139]. The behavioral differences are not 

large between the high and low fearful RJF, which may be because behavior is more 

robust than morphology and physiology [140]. A selection experiment for high or low 

body weight in chickens saw in 50 generations a nine-fold difference in body weight, 

along with correlated changes in several other traits [139]. Already after seven 

generations of selection, significant changes in body weight was measured [141]. Seeing 

how weight is correlated with many other traits, it is not impossible to imagine that the 

selection for fear of humans will affect weight as well in the selection line. All in all, the 

relatively few changes in the hypothalamic transcriptome is not surprising considering 

the absence of stress response changes and behavioral trait variation. 

 

The cerebral hemisphere 

 

In Paper IV, the cerebral hemisphere transcriptome was studied. This part of the brain 

is involved in social cognition, learning, and associated behaviors [142, 143], and has 

been well studied in other domestication events [38, 39, 44, 45]. The right part of the 

cerebral hemisphere was chosen based on ease of identification among samples as well 

as previous studies on lateralization of behaviour in this tissue in the chicken [144, 

145]. It is important to point out, however, that while our study focuses on the cerebral 
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hemisphere, the avian brain does not possess the mammalian-specific six-layered 

cerebral cortex structure [146, 147]. 

 

Overall, the number of differentially expressed genes in Paper IV were almost equal to 

that of those in Paper III, both pre- and post FDR correction. Only a few genes, SPAG4, 

RFT1 and ENSGALG00000016237, overlapped between tissues after FDR correction, 

with RFT1 being linked to cell signaling and a prospective modulator affecting the 

selected breed differences [148]. The other annotated gene, SPAG4, fills a function in 

the sperm, but no immediate justification for its expression in the brain is known. 

Expression in the high fear P0 generation vary greatly, but the variation was small in 

S5 high fear within all individuals. The transcript either has a function in the brain that 

is currently unknown but related to a diverging trait between the groups, or the 

expression is caused by an allele that is fixed by generation S5. Considering tissues 

were collected from the same individuals at the same time for both studies, this rules 

out some confounding factors such as animal age differences or tissue handling. The 

overlap of genes pre FDR were threefold higher than by chance, which might be 

explained partly by the two studies examining brain tissues, and that the post FDR 

genes regulate tissue-specific differences. This reflects findings in farm fox 

populations, where despite the large behavioral and phenotypic changes, only a small 

set of transcripts differ between wild and tame foxes [44]. Gene ontology terms were 

as broad as in Paper III and did overlap, but none of the more specific terms did, 

similarly to what would be expected [40]. Among the specific terms in the cerebral 

hemisphere were neural crest development and differentiation. The neural crest cells, 

discussed earlier, are an interesting target for future studies of developmental 

differences in wild and domesticated chickens, as well as in mammals. During 

telencephalon development, NCCs participate in the enlargement of the brain in 

vertebrate species [149, 150]. The trophic influence exercised by the NCCs could be 

what generates the differences in the cerebral hemisphere that were reported in Paper 

II, along with changes in other domesticated birds [151, 152]. The consequence of size 

changes in the cerebral hemisphere are unclear, but considering KEGG pathway 

analysis resulted in terms as long-term potentiation, neurotrophin signaling and axon 

guidance, and differentially expressed glutamate related genes such as SNAP23, the 

changes could alter not only learning but also fear responses, as suggested in the 

domestication of dogs [143, 153, 154]. The full effects will need to be examined further, 

especially regarding learning. The more stable environment that captivity offers might 

affect learning, as it has done in domesticated chicken [65, 73]. 

 

Morphological differences 

 

Besides the overall size and growth differences reported for the selection lines, relative 

organ sizes had also been affected in generation S5. Except for the cerebral hemisphere 

discussed previously, total brain size, the cerebellum, heart, spleen and testicles all 

differed significantly between high and low fearful RJF. Except for the cerebellum, 



24 
 

which grew in size in the low fear population, the other mentioned organs were smaller 

in size in low fear RJF than in high fear RJF. 

Although counter-intuitive, as organ size changes do not correlate positively with the 

size differences of the two groups, this might reflect a change in allocation of resources. 

Feeding behaviors in these RJF has changed as a response to selection, which could 

reflect foraging differences between wild and domestic chicken [11, 15] or differences 

in coping with the environment [155, 156]. 

 

DNA Methylation differences 

 

The focus in Papers I and V is DNA methylations as an epigenetic marker which alters 

gene expression and is faithfully inherited over generations. As demonstrated in Paper 

I, there is a clear epigenetic difference between wild Red Junglefowl and the 

domesticated White Leghorn, individual variation exists within breeds, and both these 

patterns are inherited across generations. The increase in methylation in WL could 

have been acquired during domestication, or it could be a later and breed-specific 

change. The fact that WL but not RJF had a significant overlap between parental and 

offspring methylation patterns could also be an effect of the domestication process and 

importance of DNA methylation regulation on expression. The missing association 

between hypermethylation and downregulation of gene expression is puzzling, as 

previous studies have reported such correlations [157]. This could be explained by 

variation within promoters affecting interactions with methyl-CpG binding proteins in 

a complex manner [158]. It could also be affected at a hierarchically higher level, by 

histone modifications maintained or altered via cross-talk with DNA methylation. Our 

data is only for promoter regions, but gene-body methylation patterns can also 

influence expression patterns and regulatory protein interactions [104, 105]. In muscle 

tissue, Li, Wang [36] find low difference in promoter methylations between wild and 

domestic chickens, despite large expression differences. Just as in our study, the global 

gene expression change between breeds could not be explained by promoter DNA 

methylation. Our main aim, however, was to study transgenerational inheritance of 

existing differences between breeds. The promoter DNA methylation levels were 

increased in the domesticated White Leghorn, and the domestication process may have 

affected the capacity to alter and transmit DNA methylation patterns 

transgenerationally, a sort of epigenomic plasticity [159]. The increase in DNA 

methylation was not seen in low fearful Red Junglefowl when compared to high fearful 

Red Junglefowl. Despite the few differences between the selection lines, the specificity 

of them, along with the larger breed differences of WL and RJF, support the hypothesis 

that epigenetic mechanisms aid in the transmission of environmental stimuli, and that 

one of these pathways is through DNA methylation.  

 

Gene regulation and domestication 

 

The variation within breeds, for fearfulness both in Paper I and in the parental 

population used for selection in Papers II-V, are signs of plasticity for those 
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phenotypes. It is not farfetched to propose that the epigenetic mechanisms involved in 

that plasticity could permit environmental exposure to adjust gene expression, and 

that the acquired changes could be transgenerationally inherited [160, 161]. How this 

genetic accommodation actually occurs still needs to be investigated further. 

 

As discussed earlier, gene expression and epigenetic overlaps were small, but since the 

transcriptional analysis in Paper III and IV were immediate and time-point specific 

measurements, and DNA methylation patterns do not necessarily need to have a 

genomic impact at the point of measurement in adult animals but could play relevant 

roles during development and maturation, implies that even the smallest of changes 

could have large effects [162, 163]. Solving whether DNA methylation has been affected 

by selection, or if individual DNA methylation differences in the parental population 

have affected the selection outcome is impossible without information about the P0 

methylome, and even with that information the correlated responses during selection 

complicates things further. As shown in Papers III and IV, the gene expression patterns 

change from generation P0 to S5, with significant changes in S5 due to the selection. 

Variation within P0 is stochastic, patterns we at the moment can only assume are the 

same for DNA methylation until further studies are performed. Seeing how the 

methylation differences between sexes in Paper V are larger than those between WL 

and RJF in Paper I, it opens up for the possibility of parental variation and subsequent 

sex-specific susceptibility [164]. The large methylation differences between males and 

females could cause parent-specific patterns, and explain some of the sex-specific 

effects in the selection lines [165]. Finally, CpG methylations are dependent on the 

genome, and SNP variation has the potential to both allow and deny DNA methylation 

at specific positions. A study of speciation in Darwin finches suggests that methylation 

patterns are not only inherited over a few generations, but transgenerationally over 

millennia and can be as important as genomic mutations [111]. Methylations are also 

suggested to have modified the genome, adding a new layer of complexity to epigenetic 

mechanisms, with epimutations moving to the stable realm of the genome [110]. With 

the rapid changes domestication has caused in the chicken and all other domesticated 

animals, DNA methylations that form quickly as a response to selection could slowly 

alter the genome and boost the swift phenotypic alterations.  

 

Factors affecting selection 

 

Variation in fear behavior correlate positively with genetic variation in the chicken 

[166] and that is the basis for successful selection on a trait like fear of humans, the 

results of which are presented in this thesis. One can argue that five generations of 

selection is too short to find any meaningful or significant changes related to the future 

outcome of the selection process, but the data generated show promising developments 

when taking into account the short selection time. The data from papers II, III, and IV 

include comparisons within generations for both P0 and S5, and while there are 

significant differences for certain organ sizes and the transcriptome in S5, no sign of 

differences could be found within generation P0. In zebrafish selected for bold or shy 
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personality traits, correlated changes in morphology and locomotion occur within only 

four to seven generations [167]. Furthermore, chickens selected for varying social 

dominance gave rise to divergent breed differences in only five generations [74]. The 

fact that selection for a behavioral trait succeeds is undeniable, the more important 

question lies in determining whether traits are directly or indirectly associated with 

each other. Is there correlational selection for other traits, or pleiotropic effects of the 

genes, or physiological mechanisms? 

 

One factor affecting variation and the outcomes of selection is the population size. 

Founder populations usually have a low effective population size, and in cases with 

domestic animals it is paradoxical that they still manage to adapt to environments 

designed by humans [168]. Despite reduced effective population sizes and genetic 

variation, there is still sufficient variation for selection, illustrated by the selective 

sweeps in chickens with regions implied in growth differences [60]. Genetic variability 

is randomly reduced as an effect of captivity, via inbreeding and genetic drift, but 

domestic lines have not been kept reproductively isolated from wild lineages 

throughout history, counteracting some of the deleterious effects [169, 170]. 

Inbreeding equals increased homozygosity, which might be harmful, whilst genetic 

drift fix certain genes in a small population. So in small populations, the offspring 

allelic variation might not represent the parental allelic variation. And drift may by 

chance increase or decrease the allelic frequencies, which complicates things when 

trying to differentiate between effects of selection or drift [171]. In the silver fox 

populations, genetic diversity remains despite many generations of selective and 

separated breeding, and some regions diverge and may be targets for selection [172]. 

Long term selection on complex traits is the result of involvement of potentially 

hundreds of genes, and selection even in small populations will affect a large number 

of these, such as the case with growth in chickens [139].  

 

Concerning the fear of humans trait, there is a symmetrical response during selection, 

while variability within selection lines occur, which suggests a polygenic means of 

inheritance and intermediate gene frequencies in the parental population. Genes 

affecting diverging traits in the selection lines might therefore be missing from the 

Paper III and IV datasets, as sample sizes and power were too small to find small 

effects. This occurs also in larger datasets, demonstrating the complexity of the genetic 

architecture of behavior [173]. The rapid phenotypic response in the selected RJF used 

in the studies of this thesis are probably due to existing variation, and such selection 

will not reduce variation as much as selection for a new mutation would. Further, 

polygenic traits will more likely only slightly change in frequency instead of going to 

fixation. Such selection will also be accompanied by strong linkage disequilibrium 

[174], which may cause morphological changes that do not appear to have a direct 

phenotypic correlation with the behavioral traits under selection [167].  

 

The outcome of the selection experiment in Papers II through V are based on the 

differences of two single populations, which means only one replicate per selection 
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line. As mentioned earlier, the outcome of any selection experiment is influenced by 

uncontrollable factors such as drift and the genetic structure and variation in a 

population [171]. Ideally, for a study such as this at least two more separate populations 

for each selection criteria would be necessary in order to draw conclusions based on 

more than just selection event, but even then conclusions cannot be drawn regarding 

the genetic correlation to traits. The selection response to fear of humans can most 

likely be repeated considering the bidirectional pattern of fear responses, but the 

underlying genetic architecture and correlated responses could be random.  

 

The effects of tameness 

 

In papers II through V we studied different aspects of the brain in the selection 

experiment. Taken together, the transcriptomic and epigenetic analyses provided 

genes and pathways that build a more coherent picture. The GO analysis outcome of 

both hypothalamus and cerebral hemisphere resulted in the same type of broad terms 

for cellular components, namely terms related to membranes and the mitochondria. 

The significant sets of genes from these studies were also enriched for protein and 

transcription factor binding, as well as response to stimulus. The mitochondria is the 

powerhouse of the cell, and alterations in activity have been proposed to affect 

behavioral disorders [175, 176]. Also related are the metabolic and growth changes 

between the selection lines, but other tissues need to be examined in order to infer the 

causal genes for the size differences. The cerebral hemisphere is also a target for change 

in behaviorally relevant pathways and genes. Seeing how behaviors related to social 

interactions are among the few that differ between the selection lines, the findings 

suggest that the cerebral hemisphere needs more attention in comparative studies 

between wild and domestic breeds of chicken in order to pinpoint candidate genes for 

social behaviors. A few genes are highlighted as being of great interest in Paper IV, but 

seeing how poor the overlap between DE genes in hypothalamus was, the larger 

genomic changes from the long domestication process might have fixed other genes in 

the cerebral hemisphere causing the social behavior difference. The few DM genes in 

the hypothalamus were not DE, but their annotated functions indicate their potential 

role in similar pathways as DE genes, namely signaling, metabolism, reproduction and 

immunity, the last implicating silencing of foreign elements. Among these genes are 

USP30, CAPN5, NALC and DDX25. The RJF used for these studies were sampled 

during the same conditions, meaning the expression patterns equals baseline behavior, 

and expression in the selection lines could differ from each other during stressful 

conditions. Only DNA methylations are analyzed in this thesis, but other epigenetic 

mechanisms like small or long non-coding RNAs, histone modifications, or even other 

DNA modifications such as 5-hydroxymethylcytosine could regulate transcription, as 

could existing genomic variation in the populations. 
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Conclusions 
 

To summarize, there are large significant expression differences between wild Red 

Junglefowl and the domestic White Leghorn, differences that are correlated with DNA 

methylations to only a small degree. Transgenerational inheritance of epigenetic 

markers also vary between the breeds. These differences are an effect of thousands of 

years of selection.  

 

In a domestication experiment that has progressed for only five generations, a Red 

Junglefowl population have been separated into two distinct population displaying 

either high or low fear of humans. This divergent selection has caused phenotypic 

variation between the two groups that correlate with the selection trait differences. 

Small but significant transcription differences have appeared as a result of selection, 

and these differences are affecting parts of the brain in both tissue-specific and 

treatment-specific manners. These changes are accompanied by changes in DNA 

methylation between selection lines. The overall results support the hypothesis that 

selection for tameness is a key component in the early domestication process, and that 

it is aided by epigenetic factors. 
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