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ABSTRACT
Animal domestication, the process where animals become adapted to living in
proximity to humans, is associated with the alteration of multiple traits, including
decreased fearfulness and stress response. With an estimated population of 50 billion, the domesticated chicken is the most populous avian species in the world.
Hundreds of chicken breeds have been developed for meat and egg production,
hobby or research purposes. Multidirectional selection and the relaxation of natural
selection in captivity have created immense phenotypic diversity amongst domesticates in a relatively short evolutionary time. The extensive phenotypic diversity,
existence of the wild ancestor, and feasibility of intercrossing various breeds makes
the chicken a suitable model animal for deciphering genetic determinants of complex traits such as stress response. We used chicken domestication as a model to
gain insights about the mechanisms that regulate stress response in an avian species. We studied behavioural and physiological stress response in the ancestral Red
Junglefowl and one of its domesticated progenies, White Leghorn. An advanced
intercross between the aforementioned breeds was later used to map genetic loci
underlying modification of stress response. The general pattern of the stress response in chickens was comparable with that reported in mammals, however we
identified distinctive differences in the stress modulatory pathways in chickens. We
showed that changes in the expression levels of several stress modulatory genes in
the brain, the pituitary and the adrenal glands underlie the observed modified stress
response in domesticated chickens. Using quantitative trait loci (QTL) mapping,
several QTL underlying stress induced corticosterone, aldosterone and baseline
dehydroepiandrosterone (DHEA) levels were detected. As a next step, we combined QTL mapping with gene expression (eQTL) mapping and narrowed two QTL
down to the putative causal genes, SERPINA10 and PDE1C. Both of these genes
were differentially expressed in the adrenal glands of White Leghorn and the Red
Junglefowl, had overlapping eQTL with hormonal QTL, and their expression levels
in the adrenal glands were correlated with plasma levels of corticosterone and aldosterone. These two genes thus serve as strong candidates for further functional
investigation concerning modification of the stress response during domestication.
This dissertation increase the knowledge about genetics and physiology of the
stress response in an avian species and its modification during domestication. Our
findings expand the basic knowledge about the stress response in chicken, which
can potentially be used to improve welfare through appropriate genetic selection.
Keywords: animal domestication, stress response, gene expression, QTL, eQTL
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Populärvetenskaplig sammanfattning
Domesticeringen av djur, alltså processen där djur anpassats för att leva i människans närhet, går hand i hand med ändringar av många olika egenskaper, bland
annat en lägre rädsla och en lägre stressnivå. Domesticerade höns är en av de vanligaste fåglarna och det finns mer än 50 miljarder höns i världen uppdelade på olika
raser. Hundratals hönsraser har utvecklats för kött- och äggproduktion men också
av hobbyskäl och för forskning. På grund av olika mål med avelsarbetet har det lett
till att det finns en stor variation bland höns både i utseende och beteende. Gener
och reaktionsvägar som är involverade i stressresponsen är välstuderade hos däggdjur medan det inte finns lika mycket kunskap om hur det fungerar hos fåglar. Höns
är ett lämpligt modelldjur för att studera den genetiska grunden till ett så pass komplext system som stressresponsen på grund av att det finns en stor variation bland
hönsen, att deras vilda förfader fortfarande finns och att det är möjligt att korsavla
raser. För att få en större kunskap om de mekanismer som styr stressresponsen hos
fåglar har vi därför använt höns som modell. Vi har studerat både beteendereaktioner och fysiologiska reaktioner på stress hos dels den ursprungliga röda djungelhönan och dels den domesticerade rasen white leghorn. Dessa två har även korsavlats för att möjliggöra en kartläggning av gener som ligger till grund för de förändringar av stressresponsen som skett under domesticeringen. Det vi hittade var att
det generella mönstret i stressresponsen hos höns är likt det som rapporterats hos
däggdjur men vi hittade också tydliga skillnader. Vi visade även att skillnader i
genernas expressionsnivåer i hjärnan, hypofysen och binjurarna ligger bakom de
skillnader som finns mellan i stressresponsen mellan djungelhönsen och de domesticerade hönsen. Dessutom identifierade vi två genregioner som tycks ansvara för
skillnaderna. Genom att kombinera kartläggning av hormoner med kartläggning av
genexpression kunde dessa två regioner skäras ner till två förmodade ansvariga
gener, SERPINA10 och PDE1C. Vi kunde även se att expressionsnivåerna av dessa
gener skiljer mellan den röda djungelhönan och white leghorn och dessutom att
expressionsnivåerna korrelerar med plasmanivåer av kortikosteron och aldosteron.
Den här avhandlingen ger en ökad kunskap om genetiken och fysiologin bakom
stressresponsen hos fåglar och ger även en ökad kunskap om förändringar som skett
under hönsets domesticering. I och med att våra resultat ökar den grundläggande
förståelsen för fåglars stressfysiologi kan de också potentiellt användas för att öka
djurvälfärden hos höns genom avelsprogram.
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Introduction
Domestication
Domestication of plants and animals was a major prerequisite to the rise
of human civilizations. Besides food, domesticated animals provided early farmers
with fertilizer, wool and leather, plow traction, facilitated transportation, and help
in wars (Diamond, 2002). Domesticates are different from their wild counterparts
due to genetic modifications caused by generations of living in captivity (Price,
1999). Only a very small proportion of seemingly domesticable animals have successfully undergone domestication. Diamond suggested a list of traits that are prerequisite to a successful domestication event (Diamond, 2002). These traits include
having an omnivorous diet, fast growth rate, being able to reproduce in captivity,
living in a social group, not being too aggressive, and having a low fearfulness.
Darwin mentioned the extensive phenotype diversity amongst the domestic animals
as an example of natural selection. He realized that domesticated animals exhibit a
set of shared behavioural and morphological characteristics which are not seen in
their wild counterparts (Darwin, 1868). Today these traits include changes in the
coat colour, relaxed seasonal reproduction, prolongations in juvenile behaviour,
changes in the brain size and increased docility and tameness (Wilkins et al., 2014).
Being tame and docile is a universal trait amongst all studied domesticates (Price, 1999; Price, 2002). Lowered fearfulness and tendency to panic allow
the individuals to tolerate human proximity and to live in a more crowded and
confined environment (Price, 1999). The lowered fearfulness in the domesticates is
accompanied by the hampered physiological stress response in all studied domesticates (Treidman and Levine, 1969; Drew et al., 2007; Albert et al., 2008; Trut et
al., 2009; Soleimani et al., 2011; Ericsson et al., 2014). Attenuation of behavioural
and physiological stress response in the domesticates is suggested to be caused by
the direct or indirect selection for tameness and the relaxation of natural selection
in captivity (Rauw et al., 1998; Schütz et al., 2004). It is worth noting that selection
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solely for tameness has been sufficient to trigger attenuated HPA axis reactivity in
fox and rat (Gulevich et al., 2004; Albert et al., 2008). Domesticated animals and
plants have been used extensively as a model for studying evolution. Genomic
research in domesticated animals has contributed to the welfare of animals, as well
as model for understanding the genetics determinants of phenotypic variation
(Andersson, 2012).
Domestication of chicken
Chicken domestication happened about 8000 years ago in Asia (TixierBoichard et al., 2011; Xiang et al., 2014). Darwin mentioned the Red Junglefowl as
the closest ancestor to the domesticated chicken (Darwin, 1868). His view was later
confirmed by the analysis of mitochondrial DNA (Fumihito et al., 1994). Most of
the chicken’s genome, including its mitochondrial DNA, originates from the Red
Junglefowl, however hybridization between Grey Junglefowl and the domesticated
chicken has also contributed to the chicken genome (Eriksson et al., 2008). The
chicken is the most numerous domesticated species and hundreds of chicken breeds
have been developed for meat and egg production, hobby, or research purposes
(Crawford, 1990). Multidirectional selection by the humans combined with the
relaxation of natural selection in captivity have created a broad phenotypic diversity amongst chicken breeds (Rubin et al., 2010). In general, domestic chickens have
a higher growth rate, become sexually mature earlier, lay more and bigger eggs and
show lower fearfulness relative to the ancestral Red Junglefowl (Price, 1999; Kerje
et al., 2003; Schütz et al., 2004; Campler et al., 2009; Wright et al., 2010; Wright et
al., 2012b). Extensive phenotypic diversity among chicken breeds, possibility of
crossing different breeds, and existence of the ancestral species, make chicken a
desirable model animal for gene mapping of complex traits. Owing to the experimental advantages of in ovo embryogenesis, the chicken has been used as the historical model in studying embryogenesis and developmental biology in vertebrates
(Mueller et al., 2015). Avian genomes have evolved in parallel to mammalian genomes for more than 300 million years, and this evolutionary distance has been
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used for improving gene annotations as well as discovering functional elements in
human genome (Hillier et al., 2004).

Stress
Modification of the stress response is widespread amongst domesticated
animals. The endocrine system plays a key role combining external and internal
stimuli and organizing adequate responses intended to maximizing fitness (Blas,
2015). Historic definitions of stress are focusing on physiological or behavioural
outcomes of stress rather than its underlying causes (Moberg, 2013). Hans Selye
first introduced the idea of a general adaptation syndrome and defined stress as the
nonspecific response of body to any demand (Selye, 1973). General adaptation
syndrome is divided into alarm reaction, resistance, and exhaustion. The alarm
reaction to a harmful stimuli includes the activation of HPA axis. The continuous
exposure to the stimuli would lead to physiological resistance and eventually exhaustion of body resources and death. The more modern definitions of stress are
trying to incorporate the homeostasis in the context of individual differences and
life history (Blas, 2015). The process of maintaining the stability of the vital physiological systems (homeostasis) through changes is defined as allostasis. The allostasis model emphases on the balance between the energy input and energy expenditure to predict the outcome of the threats to the homeostasis (McEwen and
Wingfield, 2003). The reactive scope model combines the allostasis model with the
traditional model of stress (Romero et al., 2009).
Throughout this dissertation, the term “stress” means the state of real or
interpreted threat to the physiological or psychological integrity of an individual
(McEwen, 2000; Koolhaas et al., 2011). Stress triggers activation of a complex
range of physiological and behavioural responses that are together known as the
stress response (Arnetz and Ekman, 2006; Chrousos, 2009; Koolhaas et al., 2011).
The stress response is adaptive and vital, enabling the organisms to adjust their
behaviour and physiology to cope with the potential threats (Korte et al., 2005). On
the other hand, the stress response is costly and can be damaging if it is triggered
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too often or over a long time (De Kloet et al., 2005). Throughout this dissertation,
we used handling and restraint as the stressor. Capturing and restraining the animals
is a well-studied physical stressor and leads to increase in the plasma levels of
glucocorticoids in the blood (Paré and Glavin, 1986; Buynitsky and Mostofsky,
2009). Glucocorticoids are important hormonal mediators of the stress and reflect
how the individual responds to the imposed challenges.

Physiology of the stress response
The stress response is complex, and several modulatory pathways work
in parallel to maintain homeostasis during threat. The sympathoadrenal (SA) system and the hypothalamic-pituitary-adrenal (HPA) axis are the main regulators of
the stress response. Adrenalin and glucocorticoids are the main hormones released
by the activation of the SA system and the HPA axis respectively (Blas, 2015).
Specific neurons in the paraventricular nucleus of the hypothalamus secrete corticotropin-releasing hormone (CRH) as well as other peptide hormones, like arginine
vasopressin (AVP), into the hypophysial portal plexus of veins after exposure to
stressors. The veins transport CRH and AVP into the anterior lobe of the pituitary
gland, where they bind to their designated receptors, leading to production and
release of adrenocorticotropic hormone (ACTH) into the blood circulation
(Herman et al., 2016). Melanocortin Receptor Type 2 (MC2R) in the adrenal cortex
is the main target of ACTH. The first and rate-limiting step of steroidogenesis in
response to ACTH is the transportation of cholesterol into the intermembrane space
of the mitochondria by the Steroidogenic Acute Regulatory (StAR) proteins family
(Lin et al., 1995; Stocco, 2001). Cytochrome P450 family 11 subfamily A member
1 (CYP11A1) and 3 Beta-Hydroxysteroid Dehydrogenase Type 2 (HSD3B2) catalyze the steps between cholesterol and various steroids which are then released into
the blood (Xing et al., 2010). Activation of the SA system happens in parallel to the
HPA axis response. During stress periods, adrenalin is synthetized and released by
the adrenal chromaffin cells. Several enzymes including tyrosine hydroxylase (TH),
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dopamine beta-hydroxylase (DBH), and phenylethanolamine N-methyltransferase
(PNMT) convert tyrosine to adrenalin (Carsia, 2015).
Stress hormones have a broad range of effects depending on the target
tissue, but the overall function is to alter resource allocation to promote immediate
survival, while suppressing body functions that are not crucial for immediate survival (Herman et al., 2016). Behavioural aspects of the stress include increased
vigilance, suppression of feeding, and enhanced cognition. Activation of the stress
system leads to increased cardiovascular tone, respiratory rate and metabolism. The
stress has inhibitory effects on general vegetative functions such as growth, immunity, digestion, and reproduction (Sapolsky et al., 2000; Wingfield and Sapolsky,
2003).

Stress in farm animals
Chronic exposure to stress hormones is energetically costly and is associated with a number of physical diseases such as cardiovascular diseases, obesity,
and diabetes as well as wide range psychological problems in humans and animals
(Herman et al., 2016). Domesticated animals live in a captive environment that is
less stimulating and more densely populated compared to the wild. Captive animals
are not able to perform many of their natural behaviours, which is considered to be
frustrating and a source of stress (Price, 2002; Clubb and Mason, 2003; Jensen,
2010). Stress in captivity contributes to the development of abnormal behaviours
such as feather pecking, tail biting, stereotypic pacing, disruption of reproduction,
and high prevalence of infectious diseases in domesticated animals (Broom, 1983).
Inability of pigs and cattle to perform their natural behaviours such as grazing and
foraging is associated with development of stress related behavioural and physiological abnormalities such as tail biting in pigs and non-nutritional suckling in
calves (reviewed by Rauw et al., 1998). Besides the environmental factors, artificial
selection for high production efficacy has caused numerous negative side effects in
farm animals. For example, modern turkeys and broiler chicken are too heavy to
mate without causing serious injuries to the back of females (Rauw et al., 1998).
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Broiler chickens have a low antibody response when they are exposed to a neutral
antigen and they have a higher mortality rate during various epidemics (Qureshi
and Havenstein, 1994). Genetic disposition and environmental factors determine
the vulnerability to develop stress related diseases in humans and animals (Arnetz
and Ekman, 2006). Selection for higher stress resilience has been suggested to
improve the welfare of domesticated animals (Mormede et al., 2011; Mormède et
al., 2011).

Mapping genes underlying domestication traits
Several methods have been used for deciphering the genetic basis of the
modified traits during animal domestication. Quantitative trait locus (QTL) mapping is a genetic mapping method used to link genotype to phenotypic data, aiming
to explain the genetic basis of variation in complex traits (Mackay, 2001). Two
genetically divergent lines for the trait of interest are crossed to produce F1, in
which individuals are heterozygous for all genetic loci. F1 animals are then intercrossed in order to create F2. The genotype and phenotype of each of these individuals are measured for QTL mapping. Markers that are genetically linked to a QTL
that affect the phenotype will segregate more often with phenotype (for example
high or low corticosterone), and the markers that are not linked with the QTL will
not show significant association with the phenotype (Flint and Mott, 2001; Mackay,
2001). Confidence intervals of QTL are usually large and can contain tens or hundreds of genes in F2 intercrosses. Breeding the F2 individuals for many generations
(advanced intercrossing) leads to accumulation of recombination events, allowing
genetic mapping with finer resolution (Darvasi and Soller, 1995). Combining QTL
mapping with gene expression (eQTL) can be used to narrow down QTL regions to
their potentially causative genes. The idea of eQTL mapping is to find DNA variation that affects phenotype by modifying gene expression (Kendziorski and Wang,
2006). Co-localization of QTL and eQTL combined with correlation between gene
expression and the phenotype suggest that the candidate gene may cause the QTL
(Doss et al., 2005).
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Genetic determinants of hundreds of quantitative traits have been successfully mapped to the causing loci or genes in domesticated animals. For instance, mutations at Melanocortin Receptor 1 (MC1R), have been associated with
distribution of black pigments in several domesticates including pigs, chickens,
dogs, horse, and sheep (reviewed by Andersson, 2001; Andersson, 2012). QTL
underlying higher growth rate and fertility in pigs are mapped to the causal genes
(Andersson and Georges, 2004). In dog breeds, mutations underlying skeletal morphology, growth, coat color, fur texture, and adaptation to new diets are identified
(Cadieu et al., 2009; Shearin and Ostrander, 2010; Axelsson et al., 2013). Genes or
loci underlying growth, egg production, bone strength, comb size, and behaviour
have been previously identified in a cross between the domesticated White Leghorn
and the ancestral Red Junglefowl (Schütz et al., 2002a; Schütz et al., 2002b; Abasht
et al., 2006; Rubin et al., 2007; Wright et al., 2012a).
Besides morphological traits, a number of behavioural and physiological
traits such as fearfulness and stress response have also been modified during animal
domestication (Price, 1999; Schütz et al., 2001; Jensen, 2010). Intercrosses between the traditional or experimental domesticated animals with their wild counterparts have been used to link genome with behaviour and physiology (Jensen and
Andersson, 2005). The SERPINA6 gene, that codes for corticosteroid binding
globulin (CBG), has been suggested to be underlying the QTL with largest effect
on the stress response in a cross between two breeds of pigs with high and low
corticosterone response (Désautés et al., 2002; Ousova et al., 2004). In a cross
between two rat strains with high and low HPA axis reactivity (Solberg et al., 2006)
showed that different aspect of HPA axis is regulated by multiple non overlapping
QTL. In mice, a large number of studies have reported genetic loci underlying
behavioural traits that influence susceptibility to anxiety and depression (Flint and
Mott, 2001; Bucan and Abel, 2002; Hovatta and Barlow, 2008; Feder et al., 2009).
Behavioural QTL usually have a small effect on the phenotype and hence identification of the causal gene is very challenging (Yalcin et al., 2004). The genetic
determinants of fearfulness has been studied using rat and silver foxes which were
selected for high or low fear of human (Trut et al., 2009; Kukekova et al., 2011).
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Using an advanced intercross between domesticated chicken and the ancestral Red
Jungle fowl, Johnsson et al. (2016) suggested potential genes underlying anxietylike behaviour in chicken. Keeling et al. (2004) showed that the PMEL17 gene, that
regulates feather pigmentation, is associated with feather pecking, a welfare issue in
domesticated chickens.
Mutations at regulatory elements play a crucial role in modulation of
gene expression. Variation in gene expression underlies the majority of behavioural, physiological, and morphological differences between closely related species
(Wray, 2007; Necsulea and Kaessmann, 2014). Brain transcriptomes of several
domesticated species have been compared with their wild type ancestor. Comparison data showed that causative variants underlying behavioural traits are specific to
each domestication event (Albert and Kruglyak, 2015). Nätt et al. (2012) showed
that in the hypothalamus, expression levels of more than 280 genes were different
between domesticated White Leghorn and the Red Junglefowl.
Aims
Domesticated animals generally have hampered behavioural and physiological stress responses. However, the knowledge about the genetic basis of the
lowered stress response in domesticates is limited. The aim of this thesis was to
gain a better understanding about the genetics and physiology of the stress response
in the chicken and its modification during domestication. We compared the behavioural and the physiological stress response of the domesticated White Leghorn
with its progenitor, the Red Junglefowl. At the next step, we used gene expression
analysis, QTL and eQTL mapping to identify the genes and pathways that regulate
domestication related modification of the stress response in chicken.
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Animals and methods
We studied the effects of domestication on behaviour, physiology, and
gene expression levels by comparing one population of Red Junglefowl and one
population of domesticated White Leghorn (Paper I &II & III). For QTL and targeted eQTL analysis (Paper IV& V), we used the 12 th generation of the advanced
intercross between the aforementioned populations. The Red Junglefowl population
in this thesis originates from a zoo population that was wild caught from Thailand,
and maintained in our research facilities for about 15 generations. The White Leghorn strain, SLU13, originates from an outbred strain for research purposes, later
selected for egg mass, but does not represent any commercial strain of birds.
(Schütz et al. 2002; Wright et al. 2006). The advanced intercross consisted of the
12th generation between the White Leghorn and Red Junglefowl. The intercross was
generated by pairing one Red Junglefowl male and three White Leghorn females to
obtain 41 F1 and then 821 F2 animals. The successive generations were retained at
population sizes of more than 100 chickens per generation.
Hormone measurement
In order to study hormonal stress response concerning animal domestication, we measured plasma levels of several steroid (Paper I, II, IV, and V) using
liquid chromatography–tandem mass spectrometry (LC–MS/MS). Liquid chromatography (LC) separates the sample components and then introduces them to the
mass spectrometer (MS). The MS creates and detects charged ions. The main advantage of is that several steroid hormones can be measured simultaneously with
high specificity and sensitivity (Jemal, 2000).
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Gene expression
Messenger RNA (mRNA) is an intermediate molecule between DNA
and protein, and its levels are a valid indicator of protein levels in eukaryote cells
(Darnell et al., 1990). In paper I, III, IV, and V, we used real time polymerase
chain reaction (RT-PCR) and used microarrays in Paper II. RT-PCR is one of the
most commonly used methods of gene quantitation and allows relative quantification of gene(s) of interest with high sensitivity. In microarrays, gene-specific polynucleotides are individually arrayed on a single matrix. This array later is hybridized by labeled cDNA, which is derived from RNA in the samples. Gene expression patterns of tens of thousands of genes can be measured in a single experiment
using cDNA microarrays (Schulze and Downward, 2001).
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Paper Summaries
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Paper I
Aims and methods
The aim of the study was to assess the effects of stress and domestication
on chicken behaviour and physiology. We compared the behavioural and physiological stress responses of mature domesticated White Leghorn and the ancestral
Red Junglefowl. After a habituation period the baseline behavioural patterns were
recorded. The birds were then captured, restrained for a short time, then released
and video recorded for an additional hour to measure behaviour. We also took
blood samples at several time points to measure plasma levels of sex and stress
hormones.

Results and conclusion
Compared to the White Leghorn, the Red Junglefowl showed a more
pronounced behavioural stress response, and they resumed their natural behaviour
after a shorter time. Corticosterone levels increased after restraint in both breeds,
and this increase was significantly more pronounced in the Red Junglefowl. The
Red Junglefowl showed a complete recovery one hour after the restraint while
White Leghorn did not have a full recovery to baseline during that time. Baseline
levels of several hormones that are mainly related to reproduction were higher in
White Leghorn. The effects of stress on a range of steroid hormones was more
pronounced in the White Leghorn compared with the ancestral Red Junglefowl.
The acute stress response and fast recovery may be adaptive under natural conditions, whereas the stress response and recovery of domesticated birds has been
changed by domestication.
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Paper II
Aims and methods
The aim of the study was to investigate the molecular basis for the altered physiological stress responsiveness in the juvenile domesticated chicken. We
investigated the effects of stress on the transcriptome in the adrenal glands of White
Leghorn and Red Junglefowl. For measuring mRNA levels in the adrenal glands,
we used microarray analysis and RT-PCR. Using HPLC-MS/MS we also measured
corticosterone, pregnenolone, and DHEA to repeat our previous findings in the
adult birds.

Results and conclusion
Similar to the mature birds, Red Junglefowl juveniles had a higher corticosterone response compared with the White Leghorn. The baseline levels of pregnenolone and DHEA were higher in the Red Junglefowl. Expression levels of 1291
gene transcripts were significantly different between the populations. Gene ontology analysis of differentially expressed genes showed a significant enrichment in ion
channel activity. Various GABA receptors, glutamate receptors and transcripts
related to potassium and calcium channels were among the genes differentially
expressed between the breeds. Stress treatment led to upregulation of 35 transcripts
and downregulation of three transcripts. Diminished behavioural and physiological
responses in the domesticated chickens was associated with changes in the expression of several genes which are involved in the channel activity pathway.
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Paper III
Aims and methods
The aim of this study was to acquire a better understanding of the genes
that are involved in the activation and modulation of the HPA axis in the chicken.
We investigated transcription of the genes that regulate the HPA axis and the SA
system in hippocampus, hypothalamus, pituitary, adrenal glands, and liver in White
Leghorn and Red Junglefowl before and after stress. The genes and the tissues were
selected based on our prior knowledge of the pathways involved in the regulation
of the stress response in each tissue.

Results and conclusion
The stress affected the expression levels of several genes in the brain, pituitary, and the adrenal glands. In the hypothalamus, the expression levels of EGR1
and C-FOS increased after the stress treatment. The stress led to downregulation of
CRHR1, EGR1 and C-FOS in the pituitary gland. Domestication had affected the
expression levels of multiple key stress modulatory genes in the hypothalamus,
pituitary, and the adrenal glands. Higher levels of Glucocorticoid receptor (GR) in
the hypothalamus of White Leghorn may underlie the cascade of observed differences in the transcription of downstream genes and ultimately explain the hampered
HPA axis reactivity in the domesticated chicken. Our results provided important
insight into the limited knowledge on the physiological stress response in avian
species.
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Paper IV
Aims and methods
The aim of this study was to investigate the genetic architecture of the
stress response and its modification during domestication. We combined phenotypic QTL mapping with eQTL mapping of the candidate genes in the relevant tissues
to search for overlapping genomic regions. The method led to efficient localization
of potential candidate genes. As the last step, we looked for correlations between
expression levels of the identified genes and hormone levels, which provided a
final list of strong candidate genes involved in regulation of stress response.

Results and conclusion
We found one significant and two suggestive QTL that together explained 20 % of the variance in the corticosterone response. Additionally, two
significant QTL for aldosterone on chromosome 2, and one QTL for DHEA on
chromosome 5 were detected. Combination of QTL mapping with eQTL mapping
led to identification of two candidate genes underlying corticosterone and aldosterone response in chicken. The putative gene underlying the corticosterone QTL was
SERPINA10 a member of Serpin A Family with unknown function in chickens.
Orthologue DNA regions have been previously associated with corticosterone response in rat and pig. Phosphodiesterase 1C (PDE1C) was identified as the main
candidate gene underlying the aldosterone response QTL in our study. Furthermore, in both cases, the gene expression levels were correlated with the plasma
levels of the hormones. In conclusion, we identified two strong putative genes underlying domestication-induced modifications of the stress response in chicken.
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Paper V
Aims and methods
The aim of paper V was to map genetic loci associated with the transcription levels of genes involved in the physiological stress response. We conducted targeted eQTL analysis in the F12 generation of an intercross between White
Leghorn and Red Junglefowl. The expression of 46 candidate genes with known
functions in the regulation of the HPA axis or the SA system was measured in the
hypothalamus and the adrenal glands after a brief stress exposure (physical restraint). We looked at the correlation between gene expression and plasma levels of
corticosterone, and assessed the effects of found eQTL on plasma levels of corticosterone. Then, we investigated if a previously reported QTL on chromosome 5
underlying corticosterone response was associated with expressions of the measured genes in hypothalamus and adrenal tissue.

Results and conclusion
The expression levels of GR in the hypothalamus and several genes in
the adrenal glands were correlated with the post-stress levels of corticosterone in
plasma. We found several local- and trans-acting eQTL for stress-related genes in
both hypothalamus and adrenal glands. In the hypothalamus, one eQTL for c-Fos
and one for GR were found. In the adrenal tissue, we identified eQTL for several
modulators of the stress response. None of the found eQTL were significant predictors of corticosterone levels. The found QTL for corticosterone was associated with
the expression of GR in the hypothalamus. The presence of an eQTL for GR in the
hypothalamus combined with the negative correlation between GR expression and
corticosterone response suggests GR as a candidate for further functional studies
regarding modification of the stress response during chicken domestication.
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Discussion
Animal domestication is associated with the modification of fearfulness
and the stress response. This dissertation focused on the genetic architecture of the
modified stress response in the domesticated chicken. Similar to other studies that
compared domesticated species with their progenitors, we showed that the domesticated chicken has a lowered behavioural and physiological stress response. We
attributed the aforementioned differences in the stress response to the modifications
in expression levels of stress modulatory genes in the brain, the pituitary, and the
adrenal glands. At the next step, we applied quantitative trait mapping to identify
genetic loci that modulate gene expression and hormonal response to the acute
stress. We identified several quantitative trait loci underlying the expression of
stress modulatory genes and the hormonal stress response. At the final step, we
combined hormone mapping with gene expression mapping and narrowed two of
the hormonal QTL down to the putative causal genes, SERPINA10 and PDE1C.
Both of the identified genes were differentially expressed in the adrenal glands of
pure White Leghorn and Red Junglefowl and had overlapping eQTL with hormonal
QTL. The expression levels of SERPINA10 and PDE1C were correlated with corticosterone and aldosterone levels in plasma.
Effects of domestication on behaviour and physiology
Mature Red Junglefowl had a more pronounced behavioural and physiological stress response and a shorter recovery period compared with the domesticated White Leghorn. The basal levels of pregnenolone, progesterone, dehydroepiandrosterone (DHEA), and androstenedione, were significantly higher in the White
Leghorn, but one hour after restraint stress, due to the significant decrease in the
hormone levels in White Leghorns, both breeds had similar hormone levels (Paper
I). The suppressive effects of stress on the activity of the hypothalamic-pituitary-
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gonadal (HPG) axis is well studied (reviewed by (Rivier and Rivest, 1991)). Downregulation of EGR1 and C-FOS in the pituitary glands after the stress (Paper III)
may mediate the suppressive action of stress on the HPG axis in chicken. However,
the lowered steroid levels after stress might also be influenced by cholesterol depletion in the adrenal glands (Blas, 2015). The natural environments are usually unpredictable and offer constant predation risks. Having a prompt stress response
followed by a fast recovery is vital for living in the wild, while in captivity, a strong
stress response may be costly and redundant. Selection for production traits and
adaptations for tolerating captive environment may have led to the lowered stress
response in domesticates (Künzl and Sachser, 1999; Price, 2002; Wilkins et al.,
2014). Our Red Junglefowl populations were originally wild caught from Thailand,
but they had been maintained in zoos and then in our facility for several generations
before the experiments. We can speculate that factors such as unintended selection
and genetic drift have been influencing the animals that were used in this dissertation. The studied populations are not intended to represent all domesticated chicken
breeds or all populations of Red Junglefowl. However, the lowered stress response
due to domestication has been reported in several domesticated species (Treidman
and Levine, 1969; Drew et al., 2007; Albert et al., 2008; Trut et al., 2009; Ericsson
et al., 2014).

Effects of domestication on gene expression
We attributed the domestication-induced physiological differences between domesticated White Leghorn and Red Junglefowl (Paper I) to gene expression changes in the brain, pituitary, and adrenal glands (Paper II & III). For gene
expression analysis, we used microarray analysis and RT-PCR. Microarray technology allows simultaneous measurement of expression of thousands of genes, and
it has been successfully used to study global expression patterns as well as identification of novel biological pathways (Schulze and Downward, 2001). Microarray
analysis in the adrenal glands led to identification of genes which were influenced
by the stress or domestication. Functional analysis showed a significant overrepre-
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sentation of genes related to channel activity pathways. Several GABA receptors,
glutamate receptors serotonin receptors, and dopamine receptors were among the
genes which were differentially expressed between the populations. The enrichment
of differentially expressed genes in the pathways that are involved in the biosynthesis of catecholamines suggest an influence of domestication on the activity of SAM
in chicken. Due to correction for multiple testing, microarray analysis may fail to
find moderate changes in the gene expression, and hence, we used RT-PCR to
study expression of the candidate genes that are biologically relevant to the stress
response in Paper III. We detected stress and domestication effects on the expression of key stress-related genes (Paper III) that were not detected by microarrays in
adrenal glands (Paper II) and hypothalamus (Nätt et al., 2012). White Leghorn had
higher expression of GR in the hypothalamus, a lower expression of POMC (precursor of ACTH) in the pituitary gland and lower expression of CYP11A1 and
HSD3B2 in the adrenal glands. The changes in the expression of the aforementioned genes may partially explain the hampered HPA axis reactivity in domesticated White Leghorn. An interesting question is if independent regulatory elements
are responsible for the differences in gene expression within each tissue or if
changes in the expression of one gene modulate changes in the expression of others
through physiological signalling. In previous studies we showed that stress response is similar between Red Junglefowl and White Leghorn at young ages and
the difference between them develops over time (Ericsson and Jensen, 2016,
Ericsson, 2014 #375). We also reported loci that regulate GR expression as well as
a negative correlation between GR expression in the hypothalamus and corticosterone levels after stress, however, we did not detect any eQTL for CYP11A1 or
HSD3B (Paper V). We suggest that the difference in the expression of steroidogenic genes in the adrenal glands is regulated by the hypothalamus and pituitary gland.
Studying the ontogeny of gene expression differences between domesticated chicken and the Red Junglefowl may provide more insights about the mechanisms which
regulate gene expression in each tissue.
The effect of acute stress on the pattern of gene expression was in general similar to reported data in mammals (Rivier and Rivest, 1991; Cullinan et al.,
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1995). However, we identified some effects that to our knowledge were not previously reported in mammalian species. Rapid increase in POMC gene expression in
the adrenal glands and the decrease in the expression levels of C-FOS in the pituitary glands due to short term stress has been previously reported in mammals to our
knowledge.
Although genes provide instruction, proteins are the functional units of
almost all biological processes. The assumption of transcription analysis is that
mRNA levels and protein levels are highly correlated, but in some cases, the association between mRNA and protein levels has been reported to be small (Bao et al.,
2007). Besides protein levels, more than 200 different types of protein modifications that can affect protein activity have been reported in vertebrates (Gygi et al.,
1999). Proteomic methods are becoming both more accessible and reliable
(Uebbing et al., 2015), and can be used to complement our knowledge about contribution of the molecular pathways that shape phenotypes.
Quantitative trait mapping
We showed that chicken domestication has affected behaviour, physiology and expression of multiple stress modulatory genes in several tissues (Paper I,
II, & III). The aim of last two papers were to link the gene expression and hormonal defences between the White Leghorn and Red Junglefowl to the potential causal
genes or the genomic loci. We identified one significant QTL region for baseline
DHEA, and two regions for the stress levels of corticosterone and aldosterone. The
confidence interval of each QTL may be large and can contain hundreds or thousands of genes (Darvasi and Soller, 1995). For QTL mapping we used the 12th
generation of an intercross between White Leghorn and Red Junglefowl. Intercrossing F2 animals for additional generations leads to recombination between any two
loci, leading to significant increase in mapping resolution (Darvasi and Soller,
1995).Then we used microarray data from Paper II, and (Nätt et al., 2012) to
choose QTL genes for further investigation. Two candidate genes, SERPINA10 for
corticosterone and PDE1C for aldosterone response, were identified as the poten-
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tial causative genes (Paper IV) Both candidate genes were previously associated
with the modulation of the secretory pathway and were functionally relevant to
steroidogenesis.
The expression of key steroidogenic genes (CYP11A1 and HSD3B2)
were significantly higher in the adrenal glands of Red Junglefowl compared with
the domesticated White Leghorn (Paper III). However we did not detect eQTL for
either of the above mentioned genes in the adrenal glands of the advanced intercross (Paper IV). It is probable that the difference in the expression of steroidogenic genes in the adrenal glands of pure breed animals is caused by physiological
signals (CRH, ACTH) from hypothalamus and pituitary gland rather than direct
genetic effects. Absence of significant local eQTL for a majority of measured genes
may be attributed to lack of segregation in the founders and the relatively small
sample size of our experiment. One shortcoming of using intercrosses for QTL
mapping is its limitation to identify only the QTL that segregate within the starting
populations and hence this method fails to capture the effects of rare variants
(Darvasi and Soller, 1995). Sample size is a critical factor for QTL mapping, and
small sample sizes may fail to detect minor effect QTL and overestimate the effect
size of the identified QTL (Beavis, 1994). Considering the complexity of the stress
response, we can assume that many other QTL with moderate and small effects
were not detected due to the low statistical power in our study. QTL studies are
inherently correlational and hence do not provide knowledge about the underlying
mechanism, but they provide information which can further be used to characterize
the impact of allelic variation on gene functions and ultimately phenotype.

21

Conclusion
We studied stress response in the Red Junglefowl, the ancestor of all
chicken breeds, and one of its domesticated descendants, White Leghorn. Domestication was associated with a significant decrease in the stress induced levels of
corticosterone as well as a lower fearfulness. We showed that domestication process has changed the expression levels of several stress modulatory genes in the
brain, pituitary and adrenal glands. Particularly, changes in the expression of GR in
the hypothalamus, POMC in the pituitary, and CYP11A1 and HSD3B2, in the adrenal glands may underlie the hampered stress response in the domesticated White
Leghorn. As a next step, we used quantitative trait mapping to identify genetic loci
that lie behind the found differences in gene expression and hormone levels between the above-mentioned breeds. Several QTL for the domestication related
modification of physiological stress response were detected. Combination of QTL
and eQTL mapping led to identification of two quantitative trait genes, SERPINA10
and PDE1C. These genes are candidates for further functional investigation regarding synthesis of corticosterone and aldosterone in the adrenal glands. This dissertation provided insights in physiology and genetics of stress response and its modification during chicken domestication. Our findings expand the basic understanding
about the stress response in chicken, which can potentially be used in improving
welfare by genetic selection.
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