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Abstract

Domestication, the process when animals adapt to captivity, tends to modify a whole
array of traits towards what has been termed “the domesticated phenotype”, where the
domesticated animal differs from its wild ancestor in morphology, physiology,
development and behaviour. Physiological traits and behaviours are controlled by
genes. One single gene can control several different traits (pleiotropy), be linked to a
neighbouring gene on the chromosome, or interact with another gene that in turn
controls another trait. This is the explanation why one can select for high egg
production and at the same time get a change in the colour of the plumage. The aim of
this thesis was to evaluate the effect of a mutation in two particular geNd=L (7

and TSHR) related to domestication on behaviour, gene expression and other
physiologial traits. The animals investigated were chickens from a cross between the
ancestral Red Junglefowl (RJF) and the domesticated White Leghorn (WL) selected
for high egg production traitsPMEL17 is a gene affecting plumage colour. A
mutation in the gene causes a non-pigmented white plumage and has been shown to
protect against feather pecking. Our studies showed that a mutation RiMBlel7

gene affects social, explorative and aggressive behaviour in chickens, but not visual
ability. The thyroid stimulating hormone receptor (TSHR) plays an important role in
the signal transduction of the hypothalamus-pituitary-thyroid axis that has general
effects on development, behaviour and reproduction. A mutation iT$hR gene
affects incubation time, domestication related behaviours such as fear and aggression,
gene expression, thyroid hormone levels and photoperiodic reproduction responses in
chicken. The results from this thesis suggest that a mutation RMBE£17 andTSHR

genes have pleiotropic effects on behaviour and traits related to domestication, and it is
therefore likely that both genes have been important for the domestication of the

chicken.






Popularvetenskaplig sammanfattning

For cirka 8000 ar sedan borjade vi manniskor att avla vilda hons for egenskaper som
gynnar oss. Exempel pa dessa egenskaper ar hég aggproduktion och stor muskelmassa
for kottproduktion. Att aktivt valja ut och avla pa de individer som lagger flest &gg och
uppvisar snabbast tillvaxthastighet gor att djuren forandras. Denna férandringsprocess

kallas domesticering.

Domesticeringen innebar inte bara att vissa utvalda egenskaper andras, utan den bidrar
ocksa till forandringar i beteende och utseende, dvs. djurets fenotyp forandras. Den
réda djungelhénan (RJF) anses vara stamfadern till alla dagens honsraser och lever an
idag vilt i Sydostasien. Den har en mork fjaderdrékt som skiftar i brunt, guld och
gront, vager knappt ett kilo, lever i sma grupper, lagger cirka 10 4gg per sasong och ar
mycket skygg av sig. Den domesticerade hénan som vi ser ute i produktionen har
oftast helt vit fjaderdrakt, vager minst dubbelt s mycket som sin forfader, klarar av att
leva i stora grupper med tusentals andra individer och &ar vana vid manniskor.
Domesticeringen har alltsa inte bara bidragit till att varphons idag lagger 6ver 200 agg
per ar och att slaktkycklingar mer &n tiodubblat sin tillvaxthastighet, utan har ocksa

orsakat andra fenotypiska forandringar.

Gener kontrollerar bade utseende och beteende. En och samma gen kan kontrollera
flera olika egenskaper (pleiotropi), eller vara kopplad och samverka med en annan gen
som styr en annan egenskap, och darmed féra med sig oanade egenskaper. Detta ar
forklaringen till att man kan avla for hog aggproduktion och samtidigt fa en férandring

av till exempel fargen pa fjaderdrakten.

Den har avhandlingen fokuserar pa tva specifika gener, dar en mutation i respektive
gen har aterfunnits hos domesticerade héns men inte hos RJF. Den forsta genen heter
PMEL17 och en mutation i denna ger upphov till en vit, opigmenterad fjaderdrakt som
aterfinns hos varphons av typen White Leghorn (WL). Samma mutation har ocksa
pavisats skydda mot fjaderhackning. Den andra genen Ti€téRoch &r en viktig

lank for utsondring av tyroideahormoner, vilka ar kanda for att ha generella effekter pa



reproduktion, beteende och fysiologiska egenskaper. | denna avhandling underséks hur
en mutation i respektive gen paverkar fenotypen hos hons fran en korsning mellan RJF
och WL. Resultaten visar @MEL17-mutationen har en pleiotropisk effekt pa& socialt,
explorativt och aggressivt beteende hos hons, dar hons med mutationen bland annat ar
mindre aggressiva. En mutationTSHR-genen paverkar utveckling, beteende och
tyroidhormon-nivaer, samt djurets reproduktionssystem da dagslangden andras. De
hons med en mutation TSHR-genen uppvisar liknande beteenden och fysiologisk

respons som rena WL.

Resultaten fran denna avhandling visar att en mutation i geR&MEA17 ochTSHR
troligtvis har bidragit till de férandrade egenskaper vi ser hos dagens domesticerade
hons da vi jamfor dem med den roda djungelhonan. Studierna pavisar dessutom den
komplexa koppling som finns mellan enskilda gener och de fenotyper som

uppkommer da vi avlar for specifika egenskaper.
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Introduction

Domestication

Domestication, the process whereby animals adapt to humans and the captive
environment they are provided (Price, 1999), is defined in numbers of various ways.
Rindos (1980) postulate domestication to be a symbiotic evolutionary process between
humans and animals or plants, where the domestication occurs before the origin and
development of agricultural systems and is the reason why agricultural system
develops. Contrary, Hale (1969) and Clutton-Brock (1977) simply suggested
domestication to be a condition where breeding and feeding of animals are more or
less controlled by humans. Already in thé"t@ntury Darwin (1859;1868) suggested
domestication to be more than taming, that animals are bred in captivity, it is goal-
oriented, increases fecundity, could occur without conscious effort, increases plasticity

and could reduce the size of certain body organs.

The domestication implies a transition from nature to captivity and brings about
remarkable changes in the environment of the animal. For instance, the captive
environment not always offers privacy for mating and rearing and protects against
predators and aggressive social partners, as the natural environment (Price, 1999). The
space available for captive animals is often reduced and food and water is provided at
one single location and in sufficient quantities. As a consequence to this energy and
time spent feeding is decreased and the movement and exploring behaviour of the
animal is limited (Price, 1999). In addition, captive animals are more protected against
predation and forced to live under higher population densities than in nature. The
captive environment is often very different from the wild environment, which forces
captive animals to adapt to their new situation (Price, 1999). The adaptation of animals
to their captive environment tends to modify the morphology and other traits of
animals towards what has been termed “the domesticated phenotype” (Jensen, 2006;
Price, 1998).



The domesticated phenotype
It has been an open question whether the suite of traits developed during domestication

evolved as a result of selection on each of them independently, or whether they are to
some extent a result of correlated side-effects to some major trait under selection. In
the late 1950s the scientist Dmitry K. Belyaev started to select silver fowgzeé
vulpes) for one single behavioural trait -tameness. The effects were dramatic and the
foxes started early in the selection process to act similar to dogs by being very friendly
towards humans, wagging their tail, licking and seeking contact with the experimenter.
The lowered fear response was further correlated to decreased plasma corticosteroid
levels. Besides the changes in behaviour, the tame foxes also showed remarkable
physiological changes. Already after eight to ten selected generations, the tame foxes
displayed a change in coat colour, followed by floppy ears and curled tails. Thereafter,
some individuals started to show shortened tail and legs (chondystrophy) and the skull
proportions tended to be smaller and their nose shorter (brachycephaly). The sexual
reproduction pattern also changed in the domesticated foxes. Sexual maturity started
about a month earlier and the females gave birth to, in average, one more pup per
litter. The mating season was lengthened and females bred out of season and

sometimes mated twice a year (Trut, 1999).

The majority of the changes in traits and morphology that were described during
Belyaev's selection experiment are actually shared among many different species of
domesticated animals such as sheep, cow, horse, cat, dog and pig (Trut et al., 2009).
The array of traits in which domesticated animals differ from their wild ancestors is
known as the “domesticated phenotype”. To summarize, the domestic phenotype differ
from its wild ancestor by having a different colour of fur, skin or plumage, being
brachycephalic and chondrodystrophic, having a reduced relative brain size, develop
faster with increased reproductive capabilities, being less fearful and more sociable
(Jensen, 2006; Price, 1998). It is fascinating that different species that became
domesticated in different regions of the world and at different times are so similar and
share so many phenotypic traits. This suggests that the domesticated phenotype is a

general adaptation to captivity (Jensen, 2006), and further, that the array of traits



included in the domesticated phenotype is a result of correlated side-effects to some

major trait under selection rather than selection on each trait independently.

The genetics of domestication

Already in 1984 Price also added the genetic factor to the definition of domestication
when he described it aghat process by which a population of animals becomes
adapted to man and the captive environment by some combination of genetic changes
occurring over generations and environmentally induced developmental events

reoccurring during each generation” (Price, 1984).

When human started to breed animals for captivity, a radical change in selection
pressure occurred. Price (1998) described three central processes in domestication.
Firstly, relaxation of natural selection, secondly, natural selection under captivity
leading to adaptation and thirdly, an intensified selection of traits preferred by humans,

where the latter is unique for domestication (Price, 1999).

Belyaev suggested docility toward humans to be the main target of selection in the
early beginning of domestication, and showed with his breeding experiment that
selection for one trait could bring correlated responses in other traits (Trut et al.,
2009). How can that be?

Genes control behaviour and other physiological traits, and one explanation for
correlated selection responses is that one gene can act on more than one single trait.
This phenomenon is known as pleiotropy. One well known example of pleiotropy
comes from thdrizzle gene in chickens. THeizzle gene not only causes feathers that

are curled outward from the body of the bird, but also affects body temperature,
metabolic and blood flow rate and increases digestive capacity (Lobo, 2008a). Another
explanation for correlated selection of traits could be linked genes. When two genes
are closely located to each other on the chromosome they are often inherited together.
The phenomenon of genetic linkage was discovered through studies of heredity in fruit
flies by Thomas Hunt Morgan, who noticed that the eye colour in the fly was
associated with sex and therefore must be linked (Lobo, 2008b). It is important to take

into consideration the underlying genetic architecture when studying complex traits
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such as behaviour, and it is often difficult to determine if correlated selection
responses are due to one pleiotropic gene, genetic linkage or other genetic interactions

not mentioned here.

In order to evaluate the genetic effects on phenotype, the genes must first be
discovered. There are different tools for this and the two relevant for this thesis will be

briefly mentioned here.

QTL-analyses
In quantitative trait locus (QTL) —analysis two strains that differ genetically and

phenotypically on a trait of interest are crossed into a heterozygop®dgeny, and
further into a E population. All individuals from the Fpopulation are scored for the

trait of interest and several types of genetic markers that distinguish between the two
original strains. Statistical analyses are used in order to evaluate the probability that a
marker, or an interval between two markers, is associated with a QTL affecting the
trait (Miles, 2008). When a QTL of interest is found, a more narrow analysis of that
chromosomal area is done in order to pinpoint candidate genes that could have an

effect on the trait in question.

Selective sweeps
Genomic scans for selective sweeps is another method. A selective sweep is an area in

the genome with little or no variation. The sweep is the result of a beneficial novel
mutation that becomes highly frequent in a population through natural or artificial
selection. The surrounding genes will hitch-hike along with the mutated allele to a
high frequency, creating a selective sweep (Nielsen et al., 2005). It is therefore very
likely that a selective sweep within one population contains a mutation that is

correlated to a valuable phenotypic trait that has been a target for selection.

The chicken as a model species
In this thesis chickens are used as an animal model to study domestication. The

domestic breeds of chicken that we have today all originates from the ancestral Red
Junglefowl Gallus gallus) (Fig 1). The Red Junglefowl is a shy bird that lives wild in
small social groups in the Southeast Asia, and it also exists in zoos and lab

populations. The plumage of both males and females is dark pigmented with brown



and black feathers, and the long tail feathershef male shimmers with blue and
green. In the wild, the main breeding season isnfrépril-June and the female
incubates a clutch of 3-7 eggs (Collias and Cqlli#67). The domestication of the
Red Junglefow! started about 8000 years ago (Siegel., 1992; West and Zhou,
1988). It is unclear what the leading purpose ef domestication initially was, but
today two main categories of birds exists: birdedbfor rapid growth and meat
production (broilers) and birds selected for higly @roduction (layers) (Fig 1). The
White Leghorn is one of the most common layer seeften kept in large groups at
high densities in the industry. The bird has a pwdte plumage without any
markings or patterns. The female lays 200-300 pggyear, where each egg weights
more than double than those of the Red Junglefamd, she rarely incubate her eggs
(Schatz, 2002).

Besides the obvious phenotypic differences destribethe White Leghorn and Red
Junglfowl, they also differ with respect to behawidn general, the White Leghorn is
less active, shows a less intense social behawdodr lower frequency of social
interactions, has a reduced antipredator behavaodr lowered response towards a
fearful stimulus (Campler et al., 2009; Schitzlet2901; Schitz and Jensen, 2001).

T B

Figure 1. From left: Red Junglefowl male, White hegn male, Broiler
male. Photo: A-C. Karlsson.



It is apparent that the life and phenotypic characters of the modern chicken differs
remarkably from that of the Red Junglefow. Since crossing between breeds and their
ancestors is possible, together with a relatively short generation time, the chicken
offers an excellent model to study domestication. Furthermore, artificial incubation
and controlled rearing with no influence from the mothering hen enables a
standardized environment to study genetic variations in physiological and behavioural

traits.

The Locus controlled Advanced Intercross Line
In order to investigate the effect of single genes on phenotypic traits a so called Locus

controlled Advanced Intercross Line (LAIL) has been used in the studies presented in
this thesis. The LAIL is an advanced intercross line in which the genotype of a locus
under interest is kept constant and controlled. An advanced intercross line is created by
breeding two strains that differs genetically and phenotypically, in this case Red
Junglfowl with White Leghorn, into a F1 generation. Thgé&neration is further used

to generate Findividuals and so on. Repeated intercrossing, i.e. using the previous
generation to generate the next, forms an advanced intercross line. For each generation
new recombination events are introduced, causing a mosaic genome, with randomly
occurring combinations of alleles from the founder individuals, and thereby decreasing
linkage disequilibrium (the non-random association of alleles at two or more loci)
(Besnier et al., 2011; Darvasi and Soller, 1995). To control for one particular locus,
each individual is genotyped for the gene or genetic marker of interest, and the
homozygous animals are used for further comparisons of phenotypic traits. With this
method it is possible to study the effects of the genotype on one locus against a
random background mixture between the original parental chromosomes. If consistent
differences in a trait are found between two homozygotes in a LAIL, this trait is likely

influenced by the controlled locus.

The PMEL17 gene

In a QTL analysis of an F2 generation of White Leghorn x Red Junglefowl, a QTL

affecting plumage colour was associated toDieeninant whitelocus, for which the



White Leghorn and the Red Junglefowl were fixed for different alleles (Kerje et al.,
2003). The Dominant white allele is associated with the white, non-pigmented
plumage characteristic for the White Leghorn. It has been exclusively correlated to a
9-base pair insertion in exon 10 of tAMEL17 gene, leading to an insertion of three
amino acids, which causes a dysfunctional transmembrane region in the protein that
unable melanin deposition (Kerje et al.,, 2004). Therefore, chickens that are
homozygous for th®ominant whiteallele have no mature eumelanosomes, and show

a completely non-pigmented plumage, contrary to the dark pigmented Red Junglefowl
(Fig. 1). ThePMEL17 gene is not directly involved in the melanin synthesis (Theos et
al., 2005), but is located in the vesicular structures of premelanosomes and plays an
important role in the maturation of premelanosomes into melanosomes (Raposo et al.,
2001). The PMEL17 protein is essential in the amyloid fibril formation that occurs
during premelanosome maturation (Huff et al., 2003), and serve as the site of melanin

deposition in pigment cells of skin, hair, feathers and eye (Yasumoto et al., 2004).

Coat colour and domestication
The change in coat colour is among the first responses due to domestication, and

probably also the most striking one. During domestication the proportion of white or
spotted animals in the population increases rapidly (Price, 1998). Studies have shown
that colour phenotype may be linked to behaviour selected during domestication. The
most famous example comes from the already mentioned farm-fox experiment. The
first notable change that occurred when foxes were bred for tameness, was loss of
pigmentation in certain areas of the body creating the so called piebald coat colour.
This colour pattern is today shared among numerous domestic breeds such as dog, pig,
horse and cow (Trut, 1999). The loss of pigmentation, hypopigmentation, occurring as
a side effect during domestication could indicate that low pigmented phenotypes adapt
easier to cope with the stress of captivity. There are studies of mink and sables that
further support this theory, where randomly bred non-pigmented individuals have been
described as “naturally tame” in comparison to dark pigmented individuals when
handled by humans, even without any selection for tameness (Keeler and Moore,
1961; Trapezov et al., 2008). In a literature review of pleitropic effects on behaviour

and colouration in wild populations of vertebrates, Ducrest et al., (2008) conclude that
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darker wild vertebrates are more aggressive and sexually active than lighter
individuals, but in contradiction to our hypothesis, also more resistant to stress than
lighter individuals

Feather pecking and PMEL17
Feather pecking is an abnormal behaviour among different species of fowl kept in

captivity, where feathers are pecked at or removed from one bird by another (Fig. 2).
The behaviour can lead to cannibalism and is therefore a severe welfare problem often
seen in the poultry industry (Dixona, 2008). Studies of individuals selected for being
homozygous for either thEMEL17 wild type allele or theDominant whiteallele
showed that pigmented wild type individuals were more exposed to feather pecking
than non-pigmented dominant white chickens (Keeling et al., 2004a). This was
confirmed by (Natt et al., 2007) who, not only showed that homozygous wild type
females were more exposed to feather pecking than homozymmiant white
females, but also that the genotypes seemed to differ in social behaviour.

Figure 2. Feather pecked Red Junglefowl female (left) and male (right). Feathers missing
on back and neck. Photo: A-C. Karlsson.

Pigmentation and the eye
In the eye, the retinal pigmented epithelium (RPE) is a pigmented cell layer in the

retina that lies in close association with the rod and cone photoreceptors. The
epithelium has diverse features, and a dysfunctional RPE leads to photoreceptor death

and impaired vision (Bok, 1993PMEL17 is expressed in RPE cells and mutations in



the gene are in several species associated with various ocular defects (Dausch et al.,
1978; Ewart et al., 2000; Gelatt et al., 1981; Grahn et al., 2008; Ramsey et al., 1999),
such as hypopigmentation of the RPE causing photoreceptors that are strongly reduced
in length or absent (Schonthaler et al., 2005). In previous studies the White Leghorn
has shown poorer performance in learning tasks requiring a good visual ability in
comparison to the Red Jungle fowl (Lindgvist et al., 2007; Lindqvist et al., 2002). It is
possible that the White Leghorn suffers from ocular abnormalities due to the Dominant
white mutation in thePMEL17 gene. This could explain why the White Leghorn
differs from the Red Junglefowl, not only in particular behavioural tests (Lindgvist et
al., 2007; Lindqgvist et al., 2002), but also in general behaviours such as fear and
sociality (Campler et al., 2009; Schitz et al., 2001; Schitz and Jensen, 2001).

The TSHR gene

A few years ago a whole-genome resequencing study was done in order to identify
selective sweeps and possible candidate mutations that could have been important for
the domestication of the chicken. Eight populations of domestic chickens representing
both egg laying and meat producing lines, together with populations of Red
Junglefowl were used. One of the most striking selective sweeps, with almost
complete fixation in the domestic breeds, but not in Red Junglefowl, occurred at the
locus encoding the thyroid stimulating hormone receptor (TSHR) on chromosome 5.
In a further analysis of the TSH&gion 264 out of 271 domestic chickens representing
36 populations of different geographic origins were homozygous for the sweep, and
the remaining 7 birds heterozygous. In other words, all individuals from a
domesticated population carried at least one mutant allele, indicatinfSkid&R may

be a domestication locus in chicken. A missense mutation resulting in an amino acid
substitution was identified as the candidate mutation fof 8t¢Rsweep (Rubin et al.,
2010).

The hypothalamus-pituitary-thyroid axis
The TSHR plays an important key role in the signal transduction of the hypothalamus-

pituitary-thyroid axis and it is mainly located at the surface of the thyroid follicle cells.
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The binding of the TSH ligand to its receptor stimulates the synthesis and release of
thyroid hormones from the thyroid gland into the blood stream. The thyroid hormones
triiodothyronine (T3) and thyroxin (T4) are known to have either direct or indirect
effects on metabolism, gene regulation, development and growth, reproduction,
pigmentation and behaviour (reviewed by Crockford, 2006). The traits known to be
affected by thyroid hormones are very similar to the ones described to constitute the
domesticated phenotype, indicating the possible relation betwedistie sweep and
chicken domestication. Another interesting connection betwd&HR and
domestication is one of the most powerful characteristics in domesticated animals,

namely, the loss of strict seasonal reproduction.

TSHR and the control of seasonal reproduction
In temperate regions animals reproduce on a seasonal basis. Offspring is generated

during spring and summer when food is available to increase the chances of survival
and hence, increase reproductive fitness. In order to do adapt to seasonal changes in
the environment, the animals have to rely on annual information where day length has
been shown to be the dominant cue for seasonal responses (Yoshimura, 2013). The
loss of strict seasonal reproduction is one of the most remarkable traits within the
definition of the domesticated phenotype, and it is apparent in many domestic variants
of species such as sheep, cattle, pig, cat and dog (Faya et al.; Setchell; Trut, 1999).
Although populations of the Red Junglefowl kept in zoos and labs may have
undergone some unintended adaptation just by being kept in a captive environment,
and therefore differ from wild populations in terms of reproductive traits, there are still
obvious differences in the reproduction pattern when comparing Red Junglefowls to
White Leghorns. Captive Red Junglefowls kept under standard lab conditions under a
12/12 light/dark cycle lay eggs with a weight half of that of a White Leghorn, and
produces ten times fewer eggs per year (Schiitz, 2002). A less strict seasonal
reproduction could have been a main target for positive selection during domestication
because it allows captive animals to reproduce regardless of season and to mate more

than once per year.
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The TSHR is not only expressed in the thyroid follicle cells, but also in the mediobasal
hypothalamus, where it is involved in the signal transduction of photoperiodic
response. The mechanisms of photoperiodic signaling can be described in the
following steps (Nakao et al., 2008; Yasuo et al., 2005; Yoshimura, 2013) (illustrated
in Fig. 3):

e Ligh information is received by the deep brain photoreceptor Opsin 5.
Light penetrate into the hypothalamus. Opsin 5 is a violet sensitive
photopigment located in cerebrospinal-fluid-contacting neurons in the
paraventricular organ of the mediobasal hypothalamus. Activation of Opsin-5
induces expression of TSH in the pars tuberalis (thin cell layers surrounding the
pituitary stalk, which connects the median eminence with the anterior pituitary

gland).

e TSH binds to TSHR and upregulates DIO2. The TSHR is localized in
ependymal cells lining the third ventricle and when the TSH-ligand bind to it,
expression of the thyroid hormone activating enzyme type 2 iodothyronine
deiodinase (DIO2) is induced.

» DIO2convertsT4to T3. There is a 10-fold increase in T3 content within the
mediobasal hypothalamus during long-day conditions compared to short-day

conditions.

e T3 causes morphological changes in the Gonadotropin-releasing hormone
(GnRH) nerve terminals and glial processes. GnRH nerve terminals are in
close proximity to the basal lamina under long-day conditions, which enables
GnRH secretion into the hypophyseal portal blood. During short-day conditions

the GnRH terminals are encased by the end-feet and no GnRH is secreted.
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e GnRH secreation causes a release of follicle-stimulating hormone and
luteinizing hormone from the anterior pituitary gland. Resulting in an

increase in ovary size and induced testicular growth.

’§ light

|paraventricular organ

Y " 0PNS +ve
CSF-contacting
neuron
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Y, pituitary gland
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Figure 3. Photoperiodic signal transduction cascade in bird. Picture modified from

(Yoshimura, 2013).

Since TSHR influences behaviour and physiological traits (via thyroid hormones) as
well as photoperiodic regulation (as an important link in the signal transduction in the
mediobasal hypothalamus), together with the fact that the donTSHR allele is

fixed in domestic breeds of chicken, the gene is suggested to be a possible

“domestication gene” in chicken.
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Aims

The general aim of this thesis was to study the effect of a mutation in two
domestication related gené®MEL17 andTSHR) on behaviour, physiology and gene

expression in chicken.

Paper |
The aim was to study social and explorative behaviour in chickens homozygous for the

Dominant whiteor wild-type allele oPMEL17 and further investigate if the gene was

expressed in brain.

Paper 11
A follow-up study toPaper | where the aim was to investigate the effects of the

PMEL17 genotype on behaviour when effects of early negative social experiences

were excluded.

Paper 111
The aim was to examine whether tB®minant whitemutation affects the visual

ability and gives rise to ocular abnormalities in chickens.

Paper 1V
The aim was to study possible differences in development (incubation time), behaviour

and thyroid hormone levels between chickens homozygous for the domestic or wild-

type allele of the TSHR gene.

Paper V
The aim was to investigate the effect of fff@HR mutation on gonadal size and gene

expressions in brain as a response to a change in day length (photoperiod).
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Summary of papers

Paper |
Method: We studied behaviour and brain gene expression in chickens homozygous

for the Dominant whiteor wild-type allele of PMEL17, generated from a Red
Junglefowl x White Leghorn LAIL. The behavioural studies consisted of three social

and one explorative behaviour test.

Results and conclusions:. There were significant differences between genotypes in
both social and explorative behaviour, where homozygous wild PgEL17 birds
were more sociable and explorative th@wominant white birds, with a more
pronounced effect in females. No expression ofRRHEL17 gene was found in brain.

In conclusion, thePMEL17 gene has pleiotropic effects on social and explorative

behaviour but is not expressed in brain.

Paper 11
Method: Chickens homozygous for thBominant white or wild-type allele of

PMELL17, generated from a Red Junglefowl x White Leghorn LAIL, were tested for

social, aggressive, fear and exploratory behaviours. Furthermore, corticosterone and
testosterone levels were assessed. To exclude effects of early negative social
experiences, such as feather pecking, the chickens were individually housed without

physical contact but allowed visual and auditorial contact, from the day of hatching.

Results and conclusions: The wild typePMEL17 birds scored higher on the factor
explaining active/exploratory and social behaviour in a principal component analysis
then the homozygou®ominant white individuals. Wild type males were also
significantly more aggressive in comparisorDiominant whitemales. There were no
significant differences in corticosterone or testosterone levels between genotypes. In
conclusion, the pleiotropic effects BMEL17 on behavoiur remained when negative

social behaviours were excluded.
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Paper 111
Method: Chickens homozygous for either the Dominant wiiteation or the

wild-type allele, generated from a Red Junglefowl x White Leghorn LAIL, were tested
in a visual contrast behavioural test. Furthermore, ophthalmologic and histologic

examinations of the eyes were done.

Results and conclusions. There were no differences between genotypes in the visual
contrast behavioural test, and no abnormal structures amonBadiménant white
chickens were seen in the ophthalmic examination. The histological sections did not
reveal any differences between genotypes in structure, photoredepsity, or RPE
pigmentation. In conclusion, a mutation in tAMEL17 gene does not affect visual

ability in chicken.

Paper |V
Method: Development (incubation time), behaviour and thyroid hormone levels were

measured in chickens from a Red Junglefowl x White Leghorn LAIL homozygous for
the wild typeallele, heterozygous or homozygous for the mutant “domestic” allele at
the TSHR locus. The behavioural studies measured general activity, sociality and fear

responses to a human.

Results and conclusions: Birds homozygoudor the “domestic” allele at th& SHR

locus had a longer incubation time, males but not females showed less fearful
behaviours in a fear of human-test, females but not males showed a lower number of
aggressive behaviours in a social dominance-test, and both sexes showed a decreased
levels of plasma T4. In conclusion, the mutation inTlB&IR gene affects several traits
related to domestication in a direction that mirrors the behaviour and physiology of

pure domesticated White Leghorns.

Paper V
Method: Chickens from a Red Junglefowl x White Leghorn LAIL homozygous for

the wild type allele or homozygous for the mutant “domestic” allele at t¢Rlocus
were subjected to a shortening in day length in order to measure gonadal photoperiodic
response. In addition to this, the expressions ofTitBelB, THSR, DIO2nd DIO3
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genes were measured in hypothalamus. Pure White Leghorn and Red Junglefowl

females kept under natural day length were included in the study as controls.

Results and conclusions: TSHR gene expression differed significantly for both
females and males in all populations, indicating a strong effect of the “domestic”
mutation on gene expression. Female “domestic” homozygotes showed a faster
increase in the onset of laying, in comparison to homozygous wild types. Males
homozygous for the wild type allele showed a stronger response to altered day length
in testicular size and significant difference O3 expression, in comparison to
homozygous “domestic” males. Pure White Leghorn females kept under natural day
length in Sweden during December showed active ovaries and significant lower levels
of DIO3 in comparison to Red Junglefowl females kept under similar conditions. In
conclusion, theTSHR mutation affects photoperiodic response in chicken in the
direction of being less dependent on seasonal reproduction, a typical domestication

feature.
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Discussion

This thesis has focused on two gereBtEL17 andTSHR. Both are genes related to
domestication, where a mutation in each gene is fixated in one or several domestic
breeds of chicken. In this thesis we have shown that both genes have pleiotropic

effects on behaviour and physiological traits related to domestication.

PMEL17

Feather pecking is a detrimental behaviour where one bird peck at the feathers of other
birds, sometimes pulling the feathers out and eating them. It may result in wounds on
the skin of the victimized bird, and sometimes even lead to cannibalism (Blokhuis and
Wiepkema, 1998). A mutation in thEMEL17 gene is associated with a non-
pigmentation of the plumage, and a reduced risk of feather pecking victimization
(Keeling et al., 2004b; Natt et al., 2007). Natt et al. (2007) showedPti&l 17
genotype affect several behaviour patterns which are not immediately linked to feather
pecking. For instance, homozygous wild type individuals showed a higher degree of
vocal based social reinstatement behaviour under open-field conditions than birds
homozygous foDominant white. The study in paper | further confirmed the findings
by Natt et al. (2007) by showing that homozygous wild ffpMEL17 birds were more

sociable and explorative than Dominant winitels.

Feather pecking is suggested to be a form of redirected ground-pecking behaviour
(Blokhuis, 1986) or a redirection of substrate pecking during dust bathing (Vestergaard
et al.,, 1993). It is also reported that feather pecking is positively correlated with
increased group size (Riedstra and Groothuis, 2002) and that feather pecking increase
significantly in groups that are rehoused with unfamiliar peers, suggesting that feather
pecking has an underlaying social component (Riedstra and Groothuis, 2002).
Moreover, studies have shown that plumage colour could play a role for feather
pecking victimization. For instance, Oakham Blue birds with white plumage had less

feather damage due to feather pecking than black or grey birds. The suggested
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explanation was that dark birds were less visible to conspecifics than white birds in the
dim, artificial lights inside the poultry house, and this novel appearance could make

them more susceptible to feather pecking (Bright, 2007). Savory and Mann (1999) also
found that more pecks at litter particles on the plumage were directed towards dark
birds than white, and suggested light-coloured particles on dark plumage to be a more

potent pecking stimulus than dark particles on light plumage.

The causes of feather pecking remain unclear. However, the studi®&$Ebfl7 show

that genotype at this locus, and hence plumage colour, correlates with the risk of being
a victim of feather pecking and further, that it affects behaviour (Karlsson et al., 2010;

Keeling et al., 2004b; Natt et al., 2007). It could be that the behavioural differences

between genotypes makes wild type birds more exposed for victimization, or perhaps
the dark plumage colour expressed in wild type birds itself attracts feather pecking as
suggested in previous studies (Bright, 2007; Savory and Mann, 1999). If the latter is
true, it could be that the experience of being a victim of feather pecking in turn affects

various aspects of the behaviour.

In paper Il we wanted to exclude indirect effects on behaviour of being a victim of
feather pecking at a young age, by studying birds raised in physical isolation. The
results coincided with the results from paper | and showed that wildRiyfiel 17

birds were more active, explorative and sociable. Moreover, wild type males were
significantly more aggressive in comparison Dominant white males. Hence, a
mutation in thePMEL17 gene seems to affect sociality (defined as the motivation to be
with other conspecifics) and explorative behaviour in a negative direction. Social
behaviour, and in particular sociality, has been associated to feather pecking in earlier
studies. Riedstra et al. (2002) observed no clear relationship between feather pecking
and ground pecking, but instead associated feather pecking with other socially
orientated pecks and argued that gentle feather pecking at an early age plays an
important role in the building and maintenance of social relationships between chicks.
Furthermore, birds from a high feather pecking line showed an increase in
vocalisations (considered to be a social behaviour) with increased age, whereas birds

selected for low feather pecking showed a decrease over time (Rodenburg and Koene,
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2003). Even in Japanese qudlioturnix coturnix japonica) increased feather pecking
was observed in a line selected for a high social motivation compared to a line selected
for low social motivation (Bilcik and Bessei, 1993). However, Jones et al. (1995)
found opposite correlations between sociality and feather pecking in domestic chicks,
where females from a genetic line showing low feather pecking levels had higher
social motivation than birds from a line of high feather pecking. The correlation
between social behaviour and feather pecking may be vague, but from the results in
paper | and Il combined with previous studies (Karlsson et al., 2011; Karlsson et al.,
2010; Keeling et al., 2004b; Natt et al., 2007) we can conclude that a mutation in the
PMEL17 gene decreases the risk of becoming a victim of feather pecking and alters

behaviour. How these two traits are related remains to be investigated.

In a previous study, White Leghorn chickens from a high feather pecking line showed
a stronger stress response to a manual restraint test, resulting in higher levels of plasma
corticosterone after restraint than birds from a low pecking line (Kjaer and Guémené,
2009; Korte et al., 1997). In paper Il a similar restraint test was performed in the
PMEL17 chickens. Physical restraint caused a significant increase in corticosterone
levels, but there were no differences between the genotypes in either basal or stress
levels, indicating that theDominant white mutation does not seem to affect
neurosympathetic and adrenal responsivness. So, how could a mutation in the
PMEL17 genebe related to the behavioural differences observed in paper | and 11?
Natt et al. (2007) suggested one possible theory on hoRNIte 17 gene could exert

its effect on behaviour; melanin is synthesised from tyrosine and uses L-DOPA as a
close precursor. L-DOPA is also used in the production of catecholamines (dopamine,
epinephrine and norepinephrine) which are all well known to affect behaviour and
physiological responses (Fig. 4). An accumulation of eumelanin due MEt17
mutation could alter the biochemical equilibrium and thereby the concentrations of
different catecholamines, that in turn would affect behaviour (Né&tt et al., 2007). What
further supports this theory is the close connection between dopamine and melanin in
the pigmented dopaminergic neurons in the substantia nigra in humans, where
neuromelanin is oxidated from cytosolic catecholamines (Sulzer et al., 2000).

Furthermore, RPE cells are used as pharmacological therapy in the treatment of
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patients with Parkinsson’s disease, because RPE cells secretes L-dopa and small
gquantities of dopamine during the melanogenesis, and transplantation of human RPE
cells into striatum of patients with Parkinsons’ disease has been shown to have
beneficial effects (Ming et al., 2009). What is contradictory to this theory is the fact
that hePMEL17 gene is not expressed in the chicken brain, as shown in paper I.
However, it is still plausible that the gene is expressed during embryonic development,
as seen in mouse embryos (Baxter and Pavan, 2003). If so, in theoDgrttieant

white mutation could perhaps alter the release of catecholamines which in turn affects

neural formations critical for further development of behaviour.
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Figure 4. The melanin synthesis (to the left) is closely related to the
catecholeamine synthesis (to the right) through L-DOPA from which
both eumelanins and catecholeamins (dopamnine, norepinephrine and

epinephrine) are synthesized.
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Another theory could be that melanocytes in the epidermis, that produces melanin for
feathers, releases dopamine similar to that of RPE cells. Studies have shown that
stress-related physical immobilization increases circulating concentrations of
melanocyte-stimulating-hormone-MSH) in male rats (Lindley et al., 1990), which in
theory should stimulate melanin synthesis and perhaps thereby also increase dopamine
levels. The relation between dopamine and melanin production in pigment cells is
further supported by a study in mice showing that stimulation of dopamine receptors

inhibits melanin synthesis in hair follicular melanocytes (Burchill and Thody, 1986).

A completely different theory could be that the mutatioPMEL17 is causing visual
impairment by affecting the pigmentation of the retinal pigmented epithelium, and
further alters the behaviour of homozygddsminant whitebirds towards being less
active, explorative, social and aggressive. In horses a mutation fiviBe17 gene is
associated with the silver coat colour which is characterized by dilution of the black
pigment in the hair (Brunberg et al., 2006). Icelandic horses with silver coat colour are
more cautious in novel situations and one likely explanation for this difference is that
the Silver mutation iINnPMEL17 is associated with multiple congenital ocular
anomalies (Brunberg et al., 2006). Therefore, the effect of a mutation RViE&17

gene on visual ability in chicken was investigated in paper lll. The results showed no
signs of visual impairment or abnormalities in the eye of homozyDousnant white
chickens, supporting the theory that tABIEL17 gene has a more direct effect on

behaviour.

TSHR

In this thesis we have examined the effect of a mutation iT#R gene (described
by Rubin et al., 2010) following two main lines. In paper IV we investigated general
effects on development, behaviour and plasma thyroid hormone levels, and in paper V

we focused on the photoperiodic regulation system in brain.

The results in paper IV showed that the mutation affects incubation time, fearful and

aggressive behaviours as well as levels of plasma T4. Moreover, the results in paper V
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showed thalf'SHR genotypes differ in phenotype and gene expressions in response to
altered day length. Our studies clearly show that the mutation TSH& gene affects
phenotype in chicken. The phenotypic effects of the mutation mirrors the differences
in development, behaviour and photo responses between pure domesticated White
Leghorns and pure Red Junglefowl! chickens, where White Leghorns hatch later, show
less fear towards humans, decreased aggressive behaviour towards conspecifics and

produces more eggs independent of season, in comparison to the Red Junglefowl.

So, how can théeTHSR mutation cause these phenotypic alterations found in our
studies? The candidate mutation for the selective sweep TSEIR is a non-
conservative amino-acid substitution, where glycine is substituted for arginine at
residue 558. A bioinformatic analysis suggests that the shift from glycine to argenine
pushes the residue, located at the border between transmembrane region 4 and
following extreacellular loop of the G protein-coupled receptor, outwards from the
membrane and may therefore influence ligand interaction (Rubin et al., 2010). One
could speculate that an altered ligand interaction would affect the production and
secretion of the thyroid hormones thyroxin (T4) and triiodothyronine (T3) from
thyroid follicular cells into the blood, which was also suggested in the results from
paper IV. Both females and males of fi@HRd/d genotype had significantly lower
levels of free plasma T4 in comparison to thAv genotype, indicating that the
mutation decreases the secretion of thyroid hormones into blood. The phenotypic
differences betweerMSHR genotypes further supports this theory. Studies have
showed that embryos treated with different TH inhibitors have a delayed, or even
inhibited, hatching (reviewed by De Groef et al., 2013; Decuypere and Kiihn, 1988).
Similarly, our TSHR d/d chickens have a longer incubation time than e

genotype, as shown in paper IV.

T4 is a prohormone to T3 and in plasma, levels of T4 is 40 times higher than T3. T4
can be converted to T3 by deiodination of its outer ring, or inactivated to reverse T3
(rT3) by inner-ring deiodination. Two types of deiodinases catalyses the reactions.
Deiodinase 2 (D2 or DIO2) converts T4 to bioactive T3, and deiondinase 3 (D3 or
DIO3) inactivates T4 to rT3 and T3 to T2. Thyroid hormones are transported into
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cells, or over the blood brain barrier into brain by specific thyroid hormone
transporters. Thyroid hormones exert their effects mostly at the genomic level, by
interacting with specific nuclear receptors, but also through non-genomic mechanisms
(Kuehn and Lozada, 2009).

The TSHR gene is mainly expressed in the thyroid follicle cells, even though
expression of the gene has been found also in non-thyroid tissues, such as hepatocyte
(Zhang et al., 2009), adipocytes (Endo and Kobayashi) and skeletal muscle cells (Jung
Hun et al., 2013). In Japanese quail transferred from short days to long days, a strong
expression ofTSHR was observed in the ependymal cells and pars tubelaris in
hypothalamus at 6 and 22 hours after dawn of the first long day. Further investigations
demonstrated that thyroid-stimulating hormone (TSH) regulates the expression of
DIO2 through TSHR, resulting in a release of luteinizing hormone (Nakao et al.,
2008). Hence, TSHR is believed to play an important role in the signal transduction
pathway triggered by long-day photoinduced seasonal breeding. With this as
background we aimed to investigate the effects of the mutation on photoperiodic
responses in oUFSHR genotypes in paper V. The overall higher expression in wild
type homozygous females and males in all populations tested show that the mutation
affects theTSHR gene expression by decreasing mRNA levels. The data further shows
that “domestic” males are not as responsive towards an altered day length as wild type
males. Interestingly, another remarkable trait from a domestication perspective
appears to be affected by th&HRmutation, namely the onset of laying, where the
“domestic” females show a faster increase of egg laying in comparison to wild type
individuals. In summary, the results from paper IV and V suggest that SkR
mutation in chicken affects several phenotypic traits that are characteristic for

domesticated chickens such as development, behaviour and reproductive traits.

The almost complete fixation of tiReSHR mutation in domesticated breeds of chicken

worldwide proposes that the mutation is old (Rubin et al., 2010). However, genetic
investigations of ancient chickens from different European archaeological sites
showed that th@ SHR sweep was only fixed in Classical Greek chickens. The results

suggest either that the mutation was not subjected to strong human-mediated selection
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until the past 500 years, or that the sweep became fixed in populations that originated
outside Europe and that these birds replaced the initial populations introduced into
Europe (Girdland Flink et al., 2014). The genotyping of 9 different Swedish landraces
in paper V support the theory that th&HR mutation is not related to the modern
chicken industry. The chicken was introduced into to Sweden about 2000 years ago
and the adaptation to local regions modified the chickens into different isolated
populations that became the landraces we know today. The genotypingT&HRe

locus showed that eight out of nine Swedish landrace breeds were homozygous for the
mutation and one heterozygous, indicating that the mutation was already fixed in the
founder populations that arrived to Sweden. During the past 100 years poultry
breeding has gone from traditionally farming to become a multinational industry,
where animals are carefully selected to improve egg production traits in layer hens and
meat production traits in broilers. If tHESHR mutation had been associated with
modern commercial breeds it would be likely to assume that the main phenotypic
effects of the genotype are egg production traits. However, the ancient origin of the
mutation suggests that it is not primarily related to the modern traits of domestic
chicken. The results from paper IV and V show that the mutation has pleiotropic
effects on development, behaviour and photoperiodic response, which all correlates
with the domestic phenotype. Therefore, T8HR gene has probably been of selective

advantage during the domestication of the chicken.

In general

Even if PMEL17 andTSHR are genes that differ much with respect to biological
function and signal pathways, they share one common thing; both genes are strongly
associated to the domestication of the chicken. The studi®M&lL17 and TSHR
contribute to the understanding of animal domestication by demonstrating how genetic
mechanisms can bring about correlated selection responsesPR&thl7 andTSHR

have pleiotropic effects on behavioural and physiological traits that are characteristic
for domesticated animals, showing that the domesticated phenotype is most likely a

result of pleiotropy from positively selected genes, rather than selection on each trait
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independently. The knowledge about genetic mechanisms, such as pleiotropy, and how
single genes can affect several traits is useful from an animal welfare perspective.
Breeding for single traits without considering underlying genetic mechanisms and the
possibility of correlated selection responses could be devastating for the animal.
However, conscious breeding and selection for single traits that positively affects the
animal in several ways could, on the other hand, be used as a tool to increase animal

welfare.
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Conclusions

Both PMEL17 andTSHR are genes where domesticated breeds of chicken are
homozygous for a mutation in the respective genes, and the ancestral Red Junglfowl is
homozygous for the wild type allele. Both genes affects domestication related traits
that have been intentionally, or unintentionally, selected during domestication.
Therefore, PMEL17 and TSHR are genes that have been important during the

domestication of the chicken
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