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Introduction 

Charles R. Darwin combined geological, geographical and biological obser-
vations together as support for his theory that all organisms on planet Earth 
share a common ancestry and that organisms are constantly evolving through 
natural selection (1). Throughout his published work, Darwin used the pro-
cess of domestication of animals and plants as a proof-of-principle that natu-
ral selection exists and acts (1, 2). He argued that if man through selective 
breeding (artificial selection) has altered the morphology, physiology and 
behavior (phenotypes) of the domesticates compared to their wild ancestors, 
then the selective forces of the environment must achieve similar changes in 
wild organisms (natural selection), however at a much slower rate. Darwin 
was so amazed by the phenotypic variation observed in domestic animals 
that he even devoted some of his precious time writing a book about the 
subject: The variation of plants and animals under domestication (1868).  

Darwin could never explain how the variation in traits arose or how the 
variation was inherited from parents to their offspring. The publication “Ver-
suche über Pflanzenhybriden” in 1866 by Gregor Mendel gave some an-
swers to the latter question. However, it did take almost more than half a 
century until Mendel’s laws of inheritance were combined with Darwin’s 
theories of natural selection to form the modern theory of evolution, known 
as Neo-Darwinism. A number of landmark discoveries, such as the structure 
of DNA (3) and the unearthing and deciphering of the genetic code, were 
required until we had a clear picture that the variation in phenotypic traits is 
caused by mutations in the DNA sequence that makes up our heritable genet-
ic material, the genome. 

In the year 2000, the sequence of the human genome was presented by 
two separate efforts; private and public consortiums directed by Craig Vent-
er and Francis Collins respectively. The analyses of the genome sequences 
were published the year after in the scientific journals Nature and Science (4, 
5). This has been followed by a number of generated genome sequences for 
different animal and plant species in the last ten years, with an enormous 
increase in the recent past as a consequence of the launch of new DNA se-
quencing technologies. The current sequencing technologies—massively 
parallel sequencing or next-generation sequencing technologies—can read 
~250 billion bases in a week, compared to 5 million bases in the same time 
period in the year of 2000 (6). The big challenge for contemporary molecular 
geneticists is thus not to generate DNA sequences, but to decipher the ge-
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nome sequence—i.e. to understand how the genetic material determines how 
we appear and function which is also known as the genotype-phenotype 
relationship.   

Domestic animals are excellent model organisms for exploring genotype-
phenotype relationships due to the enormous phenotypic variation among 
them. No other experimental organism displays so much variation in pheno-
typic appearance in comparison to domestic animals. Information about the 
genetic mechanism underlying a phenotypic trait in domestic animals—
leading to the identification of the causal gene—can shed light on the func-
tion of the human orthologous genes. Humans do in fact share a lot of genes 
with domestic animals, and homologous vertebrate genes do often exert the 
same function. 

In this thesis, I will present two papers where we have used the chicken as 
a model to identify genes that control variation in carotenoid- and melanin-
based pigmentation (Papers I and III). The two identified genes are excellent 
candidates for explaining the variation in carotenoid- and melanin-based 
pigmentation that is observed in many other vertebrate species. In paper II, 
we utilize newly emerging technological breakthroughs in DNA sequencing 
to identify genomic regions that may have been under selection during both 
domestication and the subsequent specialization of the chicken. This helps to 
decipher the genetic basis of chicken domestication and the following spe-
cialization of egg and meat producing chicken lines. 

Mutations – the Source of Genetic Variation 
Mutation and selection are the driving forces of evolution. Mutation is the 
random process that increases variation, while selection primarily decreases 
the levels of variation in the population (7). Mutations are changes in the 
DNA sequence—or RNA in the case of some viruses—that arise during 
DNA replication, recombination of chromosomes in meiosis, and also 
through genetic transposition. Mutations can be categorized on the basis of 
how they affect the DNA as: single nucleotide polymorphisms, small inser-
tions or deletions, structural variation and transpositions. Single nucleotide 
polymorphism(s) (SNPs) are the most common type of genetic variation, and 
are associated with errors made by polymerase during genome replication. 
Due to their high genomic abundance and ease to score, SNPs have become 
the primary genetic marker used for genetic mapping and comparative anal-
yses. Small insertions and deletions (indels) arise also primarily during ge-
nome replication, whereas structural variants (large insertions and deletions, 
duplications and inversions) are errors made in the recombination process 
during meiosis. The last type of mutation, transposition, is caused by “jump-
ing genes” named transposable elements (TE) (8). 
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Functional Categorization of Mutations 
The majority of mutations that arise do not have a functional consequence. 
Those that can have a functional effect can be categorized as to whether they 
affect the biochemical properties of the encoded protein or mature RNA: 
coding mutations; or alter gene expression: cis-regulatory mutations (Figure 
1) (9). Coding mutations fall within the exons of genes and alter the amino-
acid sequence of the encoded protein or the nucleotide sequence of the ma-
ture RNA (10).  

Cis-regulatory mutations occur in sequence elements of DNA that regu-
late the transcription of genes, namely cis-regulatory elements. The cis-
regulatory elements—e.g. promoters, enhancers, silencers, and insulators—
are scattered throughout genomes and via interaction with trans-acting fac-
tors (i.e. transcription factors) determine the timing and location (spatiotem-
poral) of gene transcription (11). The spatiotemporal transcription of a spe-
cific gene is under the control of a number of cis-regulatory elements, but 
primarily those in close proximity to the gene, termed the cis-regulatory 
module (CRM) (11). The regulation of gene expression—at the transcrip-
tional level—via the interaction between cis-regulatory elements and trans-
acting factors, is fundamental to the differentiation of various cell-types and 
therefore the development of complex organisms (11).   
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Figure 1. A figure depicting a few types of coding and cis-regulatory mutations. An 
asterisk (*) represents the location of the mutation. Cis-regulatory elements can be 
located within, upstream or downstream of the regulated gene. The mutations occur-
ring in the genes encoding a miRNA or trans-factor may have secondary trans-
acting effects on gene expression, but they are still considered to be coding muta-
tions since they are located in coding sequences. Modified from Coyne and Hoekstra 
(2007) (12).  

Mutations in cis-regulatory elements have been suggested to play an im-
portant role in the evolution of phenotypic variation (13). King and Wilson 
(1975) observed that human and chimpanzee showed surprisingly few pro-
tein sequence differences, and proposed that those alone could not account 
for the phenotypic differences evident between the species. With the notion 
of transcriptional regulation in mind—discovered by the bacterial geneticists 
Jacob and Monod (1961) (14)—they suggested that mutations that affect the 
regulation of gene expression could account for the majority of the pheno-
typic differences observed between human and chimpanzee (15). A more 
recent argument is that a cis-regulatory mutation is expected to be less plei-
otropic—affect fewer phenotypes—compared to a coding mutation, due to 
the modular organization of the regulatory regions (13). A mutation in an 
enhancer can, for instance, alter the expression of a gene in one tissue but 
leave expression unaltered in other tissues. In contrast, a functional coding 
mutation affects the function of the protein in all tissues in which it is ex-
pressed. This could lead to negative pleiotropic effects on many traits and 
such mutations would thus be the object of purifying selection and perhaps 
eliminated from the gene pool.   
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In paper I, we demonstrate that the yellow skin phenotype is caused by 
one or several mutation(s) in cis-regulatory element(s) that alters the expres-
sion of the beta-carotene oxygenase 2 gene (BCDO2 or BCO2) in skin but 
not in liver. A complete loss of function of BCO2 would most likely result in 
negative pleiotropic effects on other traits, since the BCO2 protein has been 
shown to play a protective role against carotenoid-induced mitochondrial 
dysfunction (16). 

Nevertheless, most of the mutations underlying phenotypic variation that 
have been found to date have been coding (10). This can partly be explained 
by the fact that once the gene controlling the trait has been determined, it is 
much easier to identify a coding mutation than a regulatory mutation. The 
genetic code makes it easy to predict if a mutation alters the function of the 
protein by searching for non-synonymous, frameshift or nonsense mutations 
(10). Mutations affecting transcription are much harder to identify due to our 
limited knowledge regarding the location and function of cis-regulatory se-
quence elements. Functional and biochemical experiments are also often 
required to confirm cis-regulatory mutations (9).  

Identification of Sequence Elements Regulating Gene 
Expression 
Comparative genomics—the comparison of genome sequences from differ-
ent organisms with the aim to identify DNA sequences that are under evolu-
tionary constraint and thus predicted to confer a biological function—has 
proven to be a successful approach for predicting the genomic location of 
sequences that control gene expression (17). The genome sequence compari-
son between human and mouse revealed that more than 5% of the human 
genome has been under purifying selection during the past 100 million years 
and is thus probably functional (18). Surprisingly, only ~1.5% of the human 
genome is protein coding, which implies that the majority of evolutionary 
conserved sequences maintain other functions, such as gene regulation (18). 
The study by Lindblad-Toh et al. (2011), which compared the genomes of 29 
placental mammals, confirmed that ~5% of the human genome has under-
gone purifying selection. In addition they located constrained elements cov-
ering 4.2% of the human genome—of which more than two thirds were 
found to reside within non-protein-coding regions—and experimental data 
suggested that a large proportion of these are cis-regulatory elements (19).  

Comparative analysis of genome sequences from species within the same 
animal lineage can be used to identify sequences that are of functional im-
portance for that specific animal lineage. For instance, the comparison of the 
chicken, turkey and zebra finch genome sequences revealed that since they 
shared a common ancestor, 8.6% of the chicken genome has been under 
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purifying selection (20). Some of these constrained sequences may be im-
portant in maintaining a number of traits that are specific for birds. 

ENCODE, the Encyclopedia of DNA Elements, is a major research effort 
with the aim to identify all functional elements in the human genome 
through a combination of comparative genomic and experimental studies 
(21). In 2007, only 1% of the human genome had been investigated, but the 
effort continues and new data are released continuously (21). The above-
exemplified efforts in annotating genomes for functional elements will great-
ly simplify the detection of mutations that affect gene expression.  

Domestication 
Domestication refers to the human-directed process of making wild plants 
and animals adapted to new environments and human needs. This adaption 
has been achieved through selective breeding, or artificial selection, and has 
resulted in an enrichment of mutations that control the phenotypes desired by 
man (22).  

The early domestication of animals was most likely unintentional, where 
individuals carrying genetic variants predisposing them to be less afraid of 
human approach were likely rewarded with food and protection (23). This 
was later followed by intentional human selection for tame animals and other 
desirable phenotypes, such as coat color variants (24, 25). Other typical phe-
notypic changes associated with animal domestication are as listed in the 
review article by Jensen and Andersson (2005): 
 
I External morphological changes (e.g. altered body size, fur and feather 

color and growth pattern) 
II Internal morphological changes (e.g. reduced brain size) 
III Physiological changes (e.g. altered reproductive cycle and endocrine 

response) 
IV Developmental changes (e.g. earlier sexual maturity)  
V Behavioral changes (e.g. reduced fear, increased sociability and reduced 

antipredator responses)     
 
Many of these phenotypes frequently occur together as a block in numerous 
different domesticated species, suggesting that they may represent general 
adaptations to captivity and domestication (26). Belyaev and colleagues 
showed in their classical selection experiment on silver foxes (Vulpes fulvus) 
that many of the domestication phenotypes—as described above—could be 
achieved by simply selecting against aggression (reviewed in Trut, 1999). 
The reduction in aggression achieved after a few generations of selective 
breeding was accompanied by a number of physiological and morphological 
changes similar to the domestication phenotypes, such as coat color altera-
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tions, dropping ears, shorter legs and tail, earlier sexual maturity, longer 
mating seasons and alterations in skull morphology (27).  

The rapid change in traits observed by Belyaev and colleagues’, together 
with the catalogue of shared domestication phenotypes among domestic 
animals, have led some scientists to speculate that there are so-called “do-
mestication genes” with large pleiotropic effects and that these created the 
domestication phenotypes (28).  

It has been proposed that thyroid hormones play an important role in ani-
mal domestication (29). Susan J. Crockford—the main advocate of this theo-
ry—came to this conclusion after observing the similarities between domes-
tication phenotypes and those associated with hypothyroidism (29). Crock-
ford suggested that only a few changes of the regulation of thyroid hormones 
during development, would be required to achieve many of the phenotypic 
changes associated with the process of domestication. In paper II of this 
thesis, we present data suggesting that the thyroid stimulating hormone re-
ceptor (TSHR)—a key player in the regulation of thyroid hormone expres-
sion—has played an important role in shaping the domestic chicken.  

As described above, the domestication of animals has led to dramatic 
changes in the phenotypic appearance of these individuals compared to their 
wild ancestors (30). This long (~10 000 years) and intense selective breeding 
has also created an enormous range of phenotypic variation within the do-
mesticated species. The majority of these selected mutations have a favora-
ble phenotypic effect on the selected trait (e.g. egg production or coat color) 
but rarely a deleterious effect on other traits (22). Mutations with deleterious 
effects are most often eliminated from the domestic animal breeding pool, 
and so very few remain in the populations at large. The dog may be consid-
ered as an exception to that general rule, since selective breeding for specific 
characteristics has resulted in pathological outcomes—either due to pleiot-
ropism or linked deleterious mutations—that have been accepted by the 
breeders (31, 32).  

The domestication of plants and animals is considered to be the most im-
portant development during the last 10 000 years of human history (33) and 
was a prerequisite for the rise of civilization. Maintaining animals and plants 
under our provision at the farm instead of hunting and gathering our food, 
led to a population explosion due to the increased accessibility to food (33). 
Permanent settlements could be established due to the decreased need for 
migration to follow the seasonal shift in wild food supplies. It is no coinci-
dence that inventions such as the wheel, metal tools, writing and advanced 
social systems arose in the same areas as early domestication (33).  
 



 16 

Domestication of the Chicken 
The domestic chicken belongs to the genus of Gallus that comprises the four 
wild species of jungle fowls: red jungle fowl (Gallus gallus), grey jungle 
fowl (G. sonneratii), Ceylon jungle fowl (G. lafayetii) and green jungle fowl 
(G. varius) (34). All four jungle fowl species inhabit different geographical 
regions of South Asia and exhibit quite extensive differences in morphology 
(Figure 2).  

 
Figure 2.  Panel A depicts a map of South Asia onto which the ranges of the four 
species of jungle fowl are drawn. Panel B depicts a European domestic chicken. 
Red, grey, blue and green regions represent the respective ranges of red, grey, Cey-
lon and green jungle fowls. Images of these birds are presented in panels C through 
F respectively, within colored borders that correspond to the colors on the map. The 
figure was adapted from Eriksson et al (2008).    

The origin of the domestic chicken, in terms of geographical origin and 
ancestry, has been an issue of debate since Darwin first proposed the Indian 
red jungle fowl (Gallus gallus) as the single ancestor of all domestic chick-
en, and thus a monophyletic origin (2). He based his theory on the marked 
morphological similarities between the domestic chicken and the red jungle 
fowl, and the fact that crosses between the two generated fertile offspring, 
while crosses between domestic chickens and the three other jungle fowl 
species resulted in low survival of the chicks (2).  

The alternative hypothesis for the ancestry of chicken—the multiple-
species or polyphyletic origin—was first proposed by F.B. Hutt in his book 
Genetics of the Fowl (1949). He claimed that potentially all four wild species 
of jungle fowl may have contributed material to the genetic makeup of the 
domestic chicken. He mainly based his hypothesis on the fact that a number 
of phenotypes observed in domestic chickens are not found in the red jungle 
fowl population, but are present in the other species of jungle fowl (35).  
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Early molecular genetic studies of mitochondrial DNA (mtDNA) sup-
ported the initial view that the red jungle fowl was the sole ancestor of the 
chicken (36, 37). However, the study by Nishibori et al. (2005)—which 
compared sequences of mtDNA and five autosomal loci from domestic 
chickens and all four jungle fowl species—suggested that two additional 
species of jungle fowl (grey and Ceylon jungle fowl) might hybridize with 
the domestic chicken (38). Nevertheless, this study did not provide an an-
swer to the question of whether they had contributed to the domestication of 
chicken. In paper I of this thesis, we present the first conclusive genetic evi-
dence supporting the theory of a hybrid or polyphyletic origin of the domes-
tic chicken.  

The earliest archeological findings of chicken remains—bones larger than 
the red jungle fowl—were found in Southeast Asia and were estimated to be 
almost 8000 years old (39). Additional archeological findings—bones and 
art objects depicting chickens in the Indus Valley dated to about 2500 
B.C.—suggested that there have been multiple domestication events of the 
chicken (34). The multiple geographical origin of the chicken is also sup-
ported by molecular genetic data that further implies that the majority of 
European and Middle Eastern domestic chickens originate from India (40, 
41). Further molecular studies present evidence that American, Oceanic and 
African chickens also originated from India, suggesting that India was the 
original platform for the worldwide dispersal of chicken (42-45).  

Chicken was most likely initially domesticated for mainly cultural reasons 
such as religion, art and entertainment and much later as a source of food 
(34). This would consequently imply an early selection for increased body 
size, an important feature in cockfighting, and for plumage variants, used as 
decorative art. Most of the hundreds of chicken breeds currently in existence 
were formed during the 1800s, when selection for fancy characters—such as 
plumage and skin color variation, amount of feathering, size of various ex-
ternal organs—became high fashion among the royalties and the upper clas-
ses in Europe and America (34). Many Asian breeds were at that time im-
ported to Europe, and very often hybridized with European breeds to create 
new stocks with fascinating characters (34).  

It was first during the 20th century when more systematic breeding 
schemes focused on production traits were initiated (34). Chicken lines were 
created with the sole task of producing either eggs or meat—to overcome the 
negative genetic and phenotypic relationship between reproduction and 
growth (46). This has resulted in extreme differences in reproduction be-
tween the modern egg-layer chicken and its main wild ancestor, the red jun-
gle fowl. The modern layer used in commercial egg production produces 
more than 300 eggs per year, while a pure red jungle fowl lays around 5 eggs 
once per year (47). The same extreme difference is observed in body weight 
between the modern commercial broiler and the red jungle fowl, 4-5 kilo-
gram (kg) versus 1 kg respectively (34). This great response to selective 
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breeding for egg and meat production has thus been achieved by sophisticat-
ed breeding programs, and is made possible due to the high genetic variabil-
ity and large effective population sizes within the domestic chicken popula-
tions (46). 

In paper II we, utilize massively parallel sequencing technology to search 
for haplotypes in the chicken gene pool, which are thought to be responsible 
for some of the phenotypic changes that have taken place during the domes-
tication process, and the subsequent selection for specialized breeds used for 
food production. 

Chicken as Model Organism 
The chicken has a long and proud history as a model organism. It was the 
first animal in which the Mendelian inheritance of traits was demonstrated 
(48), and scientific discoveries made with the chicken as an experimental 
system in developmental biology (49), virology (50) and immunology (51) 
have been awarded with Nobel Prizes.   

The chicken possesses a number of features which make it particularly 
suited to the study of genotype-phenotype relationships. Firstly, there is a 
great diversity in phenotypes—such as plumage and skin color, body com-
position, production traits—providing material for dissecting the genetic 
mechanisms underlying phenotypic variation. Secondly, the chicken is easy 
and cheap to breed, permitting the construction of large pedigree material 
which segregates for the trait of interest (46). Third, the chicken genome has 
a high recombination rate compared to many mammalian species (46, 52). 
Fourth, many mutations underlying traits are shared between chicken breeds 
due to gene flow and the recent history of breed creation (22). Fifth, there is 
high genetic diversity within the chicken gene pool (53, 54). The last four 
points provide excellent conditions for powerful genetic analyses to deter-
mine genotype-phenotype relationships.  

Identifying the genes underlying some of the enormous variation in 
chicken phenotypes is of great importance since it can be used to improve 
the future breeding of domestic animals and also as it can provide infor-
mation about the function of orthologous genes in vertebrates. 

Pigmentation 
One distinctive feature of all domestic animals is the huge variation in color-
ation among and within these individuals compared to their wild ancestors 
(55). Selective breeding, since the early days of domestication (24, 25), has 
achieved this phenomenon. The reason for that phenotypic selection might 
have been to reduce camouflage in order to facilitate animal husbandry, 
and/or to make the domesticated forms distinct from their wild ancestors, or 
just as a human preference for novelty (24). The mutations controlling pig-
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mentation variation were either present in the wild species prior to domesti-
cation or arose during domestication (55).   

Pigmentation serves many different functions in animals, such as camou-
flage, mimicry, intraspecific communication, and protection against ultravio-
let radiation (UVR) (56, 57). The mouse is the prime organism for the identi-
fication of genes controlling pigmentation due to the extensive mutagenesis 
projects that have generated a tremendous number of pigment mutants. To 
date (November, 2011), 171 genes have been identified which influence 
pigmentation in the mouse in various ways, and more than 200 loci remain 
to be mapped (58). Many of these genes have also been reported to affect 
pigmentation in other vertebrate species, suggesting a high degree of conser-
vation for the genes and molecular pathways controlling pigmentation in 
vertebrates (55). 

The chicken has also proven to be an excellent model organism for under-
standing the genetics of pigmentation—illustrated by the number of pigmen-
tation genes mapped in chicken (59-68). The identification of genes underly-
ing plumage and skin color variants in the domestic chicken will provide 
new insight about basic pigmentation biology.  

Carotenoid-Based Pigmentation 
Carotenoids are pigments—yellow, orange or red in color—that are synthe-
sized by plants and microorganisms where they, for instance, facilitate pho-
tosynthesis and in plants protect chlorophyll from photo-damage (69). Ani-
mals lack the ability to synthesize carotenoids and must therefore acquire 
them from their feed (69). Carotenoids serve several important functions in 
vertebrate physiology. They act as precursors to vitamin A and retinoic acid 
(70); anti-oxidative molecules (71); and photoprotectors of the human retina 
(72).  

Carotenoids are also important as pigments and add coloration to the tis-
sue/organ where they are deposited, as observed in insects, fish, reptiles, 
birds and mammals (69, 73). For instance, carotenoids are responsible for 
the color of the egg yolk, lobster shell, salmon flesh and the flamingo plum-
age (69). In birds carotenoid-based pigmentation is known to act as an hon-
est signal of the condition of a male carrier and functions as a sexually se-
lected trait (74, 75). There is a trade-off between the allocation of carote-
noids for colorful ornamentation versus the maintenance of carotenoids for 
important physiological processes—e.g. as antioxidants in the immune sys-
tem (74, 75)—and only males in a good physical condition can afford to 
allot carotenoids to ornamentation.  

The genetic mechanisms involved in the metabolism and deposition of ca-
rotenoid pigments in animals were elusive until recently. In paper I, we pre-
sent the first genetic mechanism underlying variation in carotenoid-based 
pigmentation in animals. We conclude that a decreased expression of the 
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enzyme BCO2 (beta-carotene oxygenase 2) in the skin—allowing the depo-
sitions of colorful carotenoids—causes the yellow skin and beak phenotype 
in the domestic chicken.  

Melanin-Based Pigmentation 
The melanocyte is the cell type responsible for the synthesis of melanin 
pigment in birds and mammals. Two types of melanin—the brown/black 
eumelanin and the red/yellow pheomelanin—are synthesized in the melano-
cyte-specific organelle, the melanosome (57). The melanin packed melano-
some is later transferred to surrounding keratinocytes in the skin, eye, hair or 
feather, where it provides color and photoprotection (57). It is the number, 
size, cellular distribution and type of melanosome—pheomelanosome or 
eumelanonsome—that determines the color of the pigmented organ (76). 

Research in the field of melanin-based pigmentation biology is extensive, 
and so I will focus my review on the pathway that affects my work, namely 
the synthesis of melanin—also know as melanogenesis—or more specifical-
ly the production of pheomelanin pigment. 

Melanogenesis 
The production of melanin pigment is primarily initiated by the interaction 
of external signaling proteins—e.g. α-melanocyte stimulating hormone (α-
MSH) or agouti signaling protein (ASIP)—to the melanocortin-1 receptor 
(MC1R) that is located in the membrane of the melanocyte (77). The interac-
tion between α-MSH and MC1R leads to elevated levels of intracellular cy-
clic AMP (cAMP) that increases the transcription of the genes encoding 
tyrosinase (Tyr) and the tyrosinase related protein 1 (Tyrp1) and 2 
(Tyrp2/Dct) (78). Tyrosinase (Tyr) catalyzes the conversion of L-tyrosine or 
L-dopa to dopaquinone, which is the precursor molecule to both eumelanin 
and pheomelanin. The Tyrp1 and Tyrp2 enzymes catalyze reactions in the 
biosynthesis of eumelanin (eumelanogenesis) with dopaquinone as the sub-
strate—leading to the production of the brown/black eumelanin pigment. 

The interaction between ASIP and MC1R leads to lowered intracellular 
levels of cAMP resulting in pheomelanin synthesis, which is also known as 
pheomelanogenesis. The biosynthesis of pheomelanin requires the amino 
acid cysteine in addition to dopaquinone (79). But unlike eumelanogenesis, 
no additional enzymes seem to be required for pheomelanogenesis to pro-
ceed: pheomelanin is produced in the presence of dopaquinone and cysteine 
(80). The potential lack of enzymes in pheomelanogenesis could explain 
why only a scarce number of mice mutants (dwarf gray, lethal grey, grizzled, 
subtle grey) (58) displaying a specific dilution or removal of pheomelanin 
pigmentation have been identified. In contrast, numerous mice with muta-
tions affecting only eumelanin pigmentation have been identified, and of 
these 56 are caused by a mutated Tyrp1 gene (81).  
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Dopaquinone—the melanin precursor molecule—and intermediate mole-
cules produced in melanogenesis are known to be toxic to the melanocyte 
(57). To cope with those cytotoxic intermediates, melanogenesis takes place 
in the closed environment of the melanosome (57). Occasionally some leak-
age to cytosol from the melanosome occurs, and protective mechanisms have 
evolved to incapacitate the cytotoxic intermediates (57). One example of 
such a mechanism is the O-methylation of the melanogenic intermediates 
mediated by catechol-O-methyltransferase (COMT), leading to a reduced 
cytotoxicity of the intermediates (57).  

In paper III of this thesis, we propose that catechol-O-methyltransferase 
domain containing 1 protein (COMTD1) is affecting pheomelanin pigmenta-
tion either; by the detoxification of cytotoxic pheomelanin intermediates 
leaked from the melanosome; or by altering the cellular levels of cysteine; or 
by acting as a regulator of pheomelanogenesis—this is because a frameshift 
mutation in COMTD1 is underlying the Inhibitor of Gold phenotype in 
chicken.  

The Chicken Genome 
The draft genome sequence of a single red jungle fowl female (UCD 001) 
and the associated analysis was published in 2004 (52). The rationale for 
sequencing a female bird was in order to generate sequence for both the Z 
and W sex chromosomes, since in birds the female is the heterogametic sex 
(82). In addition to the sex chromosomes, the chicken karyotype is made up 
of 38 autosomal chromosome pairs that are divided into 10 large macro-
chromosome pairs (chromosome 1-10) and 28 small microchromosome pairs 
(chromosome 11-38) (82). The microchromosomes generally have a higher 
G+C content, gene density and recombination rate compared to the macro-
chromosomes (52). High G+C content is normally associated with low se-
quence representation in genome assemblies, which is reflected by the lack 
of sequences assigned to ten of the 28 microchromosomes in the current 
genome assembly (version 2.1, Washington University).  

The recombination rate varies between 2.5 and 21 cM Mb-1 across the 
chicken genome, but is on average higher compared to human (~1 cM Mb-1) 
and mouse (~0.5 cM Mb-1) (52). The number of genes in the chicken genome 
is estimated at 20 000–23 000 of which 60% have a single human orthologue 
(52). The haploid size of the chicken genome is around 1x109 basepairs (bp), 
which is almost one third of most mammalian genomes (83). This size dif-
ference is likely due to lower numbers of interspersed repeats, segmental 
duplications and pseudogenes (52). Small genome size is a feature observed 
in most bird species and has been proposed to be an adaptation to the higher 
rate of oxidative metabolism required to meet the energetic demand of flight 
(83).  
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In order to assess the nucleotide diversity between and within domestic 
chicken breeds, low coverage genome sequences (0.25 X) from three domes-
tic chicken breeds (a Chinese silkie chicken, a broiler and a layer), were 
generated by random-shotgun sequencing (53). The study identified 2.8 mil-
lion single nucleotide polymorphisms (SNPs) and the analyses revealed a 
remarkably high nucleotide diversity between and within breeds; on average 
5 SNPs were detected every 1000 base pair (bp) in the pairwise comparisons 
between and within breeds. This was comparable to the same amount of 
variation that was observed in the domestic breeds to red jungle fowl com-
parisons. In conjunction, this suggested that there had been a historically 
large population size of domestic chicken and that a significant amount of 
the genetic variation has been captured from the wild ancestors (53).  

Methods for Genetic Mapping 
Introduction 
A major challenge in biology and medicine is the assignment of function to 
the sequences in the genome, with the ultimate goal being to understand the 
link between genotype and phenotype. This has proven to be very challeng-
ing in the case of quantitative traits, to which multiple loci with small ef-
fects, environmental effects and epistatic interactions between loci all con-
tribute to the resultant phenotype. Monogenic traits—those that are deter-
mined by a single locus—are on the other hand relatively easy to determine 
the genotype-phenotype relationship of, and there are numerous molecular 
and bioinformatic tools available that can be utilized for such studies. In 
paper I and III, we identify the genes responsible for two monogenic traits, 
using some of the methods that are available for gene mapping.  

The new generation of sequence technologies has opened up a number of 
possibilities for determining genotype-phenotype relationships. For instance 
it is now possible, and cost-effective, to use massively parallel sequencing 
and pooled samples to estimate the allele frequencies at all polymorphic loci 
in different populations (84). Bioinformatic analyses of these data sets can 
reveal genomic regions showing signs of positive selection—as a reduced 
degree of heterozygosity—in phenotypically similar populations. These re-
gions are likely enriched for adaptive genetic variants that control the pheno-
typic differences observed between the compared populations. The regions 
can be used as candidate regions to be further scrutinized by follow-up ex-
periments in order to determine the link between the selected locus and a 
phenotype.   

In paper II, we use bioinformatics—on whole genome sequence data gen-
erated from different DNA pools of domestic chicken breeds and the red 
jungle fowl—to identify genomic regions that most likely have been under 
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positive selection during the domestication process and the subsequent spe-
cialization of meat or egg producing chicken lines.  

Linkage Analysis 
Linkage analysis is a method used to identify a chromosomal region harbor-
ing a gene that underlies a phenotypic trait of interest. In order to perform a 
linkage analysis three prerequisites need to be fulfilled: (i) a pedigree mate-
rial segregating for the trait, (ii) genotype data from polymorphic genetic 
markers and (iii) phenotype data of the individuals in the pedigree material. 

Linkage analysis utilizes the “phenomena” of genetic linkage to identify 
genetic markers that co-segregate with the phenotype of interest in a pedi-
gree material. Genetic linkage refers to the observation that the closer two 
genetic loci physically are to each other, the greater chance that they will be 
inherited together—i.e. they will not be separated by recombination during 
meiosis (85). The genetic distance between marker pairs is measured in cen-
ti-Morgans and can be directly inferred from the recombination fraction: 1% 
recombination between markers equals 1 centi-Morgan. The recombination 
fraction (Θ) between markers is calculated by dividing the number of re-
combinant gametes with the total number of informative meiosis. Markers 
are considered linked if the recombination fraction between them is signifi-
cantly less than 0.5.  

When performing linkage analysis, the phenotype is treated as a marker 
with a specific mode of inheritance, and the aim is to detect genetic markers, 
of known genomic positions, that are inherited together with the phenotypic 
trait. To each marker-phenotype combination, a logarithm of odds (LOD) 
score is assigned to statistically test the chance of obtaining a similar out-
come as if the markers were unlinked (Θ=0.5) (85). A LOD score of 3 is 
generally considered to be significant evidence of linkage and means that 
there is a 1 in 1000 chance that the observed linkage would have occurred by 
chance (85).  

Identical-By-Descent Mapping 
Identical-by-descent (IBD) mapping, or linkage-disequilibrium analysis, is a 
natural follow-up to linkage mapping and is used to refine the position of a 
locus controlling a phenotypic trait. IBD mapping has proven to be especial-
ly powerful for detecting genes underlying phenotypic traits in domestic 
animals (22).    

IBD mapping utilizes the fact that many mutations underlying selected 
phenotypes within domestic animals have been inherited in a manner termed 
identical-by-descent (IBD) from a common ancestor and are therefore shared 
between populations of a domesticated species (30). The intense selection 
for such mutations in domestic animals has created so-called selective 
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sweeps in populations selected for the same phenotypes. A selective sweep 
is characterized by a loss of heterozygosity at the selected locus and nearby 
linked polymorphic loci, due to genetic hitch-hiking (86). The size of region 
affected by a selective sweep is determined by both the local recombination 
rate and the number of generations it took for the favorable haplotype to 
become fixed in the selected population (87). 

IBD mapping aims to detect a minimum haplotype shared across individ-
uals from different breeds selected for the same phenotype (Figure 3). This is 
usually performed by genotyping a dense set of polymorphic markers in the 
trait-associated region—across a large set of animals that are segregating for 
the phenotype of interest—in order to identify a minimum haplotype that is 
completely associated with the phenotype across breeds. It is also feasible to 
use the massively parallel sequencing technique on pooled samples to detect 
selected loci—which we prove in paper II of this thesis. 

IBD mapping provides a much higher resolution in trait mapping than 
linkage analysis, because the size of the associated region is based on many 
historical recombination events, whereas linkage analysis is based on re-
combination events occurring within the pedigree and is limited by the size 
of the pedigree material.     



 25 

 
Figure 3. Identical-by-Descent Mapping. An allele (ig) with a phenotypic effect 
arises by mutation (*) in generation 0 (g=0). The mutant allele (ig) will be in com-
plete linkage disequilibrium (LD) with alleles at other loci on the same chromosome. 
LD will decay as a consequence of recombination, as the mutant chromosome is 
passed down through the generations, but will although persist between the mutant 
allele and alleles at closely linked loci. In generation n, a sample of ig and Ig chro-
mosomes are genotyped to determine the minimum haplotype that is shared among 
all animals carrying the ig allele. The minimum shared haplotype (yellow box) is 
assumed to harbor the casual mutation. The figure was kindly provided by Dr. A. R. 
Hellström who modified it from Andersson and Georges (2004). 

Mutation Detection 
Mutation detection used to be a daunting task due to the time-consuming 
processes of primer-design, PCR amplification and nucleotide sequence 
determination of the trait-associated region. Today, using the latest sequenc-
ing technologies provided by companies such Illumina and Life Technolo-
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gies, it is possible to generate sequence for the trait-associated region within 
a week (88). The generated sequence reads are mapped against a reference 
genome sequence and sequence variants (SNPs, indels and structural vari-
ants) can be identified using various bioinformatic tools. The detected poly-
morphisms may then be intersected with exons of protein coding genes and 
investigated as to how they affect the encoded protein sequence using public 
software e.g. Variant Effect Predictor (89) and SIFT (90). Polymorphisms 
may also be intersected with sequences that have been identified to be under 
evolutionary constraint—suggesting that they possess a function, e.g. cis-
regulatory elements. Candidate mutations can, in the case of domestic ani-
mals, be further scrutinized by experimentation if they are shared between 
breeds that display the same phenotype but are absent in those breeds for 
which the phenotype is also absent. 
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Aims of this thesis 

The overall aim of this thesis was to utilize genetic and genomic methods to 
develop our understanding of the genetic mechanisms underlying phenotypic 
variation and consequently add function to vertebrate genes.  
 
The specific aims were to: 
 
• Identify the casual genes for two pigmentation phenotypes, yellow skin 

(W) and Inhibitor of Gold (IG), in the domestic chicken (Paper I and 
III). 
 

• Utilize massively parallel sequencing technology to search for signatures 
of positive selection during chicken domestication, and the subsequent 
artificial selection for egg and meat producing chicken lines (Paper II).  
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Present Investigations 

Mapping Monogenic Traits in Chicken 
Background 
The long period of intense phenotypic selection has created an enormous 
resource of variation in phenotypes within domestic animals. This rich re-
source is ready to be utilized, with the modern techniques in gene mapping 
and mutation detection, in order to explore the genetic mechanisms underly-
ing the variation in phenotypic traits. Whereas major efforts—both financial 
and time—have been put into understanding the genetic mechanisms under-
lying quantitative traits of agricultural significance in domestic animals (22), 
very few resources have been allocated to study the genes behind the numer-
ous monogenetic traits observed in domestic animals. This is somewhat sur-
prising since considerable amounts of money are spent on mouse mutagene-
sis programs to develop mutants that are used to assign function to genes 
(22). The great number of monogenetic traits in domestic animals is there-
fore an underutilized resource with a great potential to assign function to 
vertebrate genes and to determine genotype-phenotype relationships (22).   

Numerous genes underlying coat color variation in mouse have been 
identified (58). This is primarily due to the ease of detecting coat color phe-
notypes in mutagenesis screens, in comparison to many other internal and 
external phenotypes that require more effort to detect. In addition, pigmenta-
tion phenotypes are also easy to score within the pedigree materials that are 
established to identify the genes underlying pigmentation phenotypes. The 
chicken has also proven to be an excellent model organism in which to iden-
tify genes underlying variation in plumage and skin pigmentation (59-66, 
68). In paper I and III of this thesis, we report the identification of two 
genes—never previously associated with variation in pigmentation—to con-
trol the pigmentation phenotypes yellow skin and Inhibitor of Gold in chick-
en.      

Understanding the genetics behind pigmentation in model organisms is, 
for instance, of great importance when it comes to understanding what goes 
wrong in human pigmentation disorders and skin cancers. 
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Yellow Skin Phenotype  
The yellow skin phenotype in chicken was one of the first traits in animals 
described to exhibit Mendelian inheritance, and was at the same time 
demonstrated to be caused by the recessive autosomal yellow skin (W*Y) 
allele at the W locus (48). Birds homozygous for the yellow skin allele dis-
play both yellow skin of the legs and body, and also a yellow beak. This is 
the result of depositions of yellow carotenoids that the birds acquire from 
their feed (35). The dominant white skin (W*W) allele does not allow deposi-
tions of carotenoids in the skin and beak, but does not seem to affect carote-
noid depositions in other tissues (35). Today yellow skin is a very common 
phenotype, and nearly all chicken used in commercial meat and egg produc-
tion in the Western world possess yellow skin—corresponding to billions of 
chickens. 

The red jungle fowl (Gallus gallus) has long been considered to be the 
sole wild ancestor of the domestic chicken (1, 2). This was however chal-
lenged by Hutt (1949), who proposed that as many as three additional jungle 
fowl species—the grey (G. sonneratii), Ceylon (G. lafayeteii) and green (G. 
varius) jungle fowls—may have contributed to the genetic makeup of the 
domestic chicken. He based his view on the observation that a number of 
phenotypes in the chicken are either found in the grey, Ceylon, and green 
jungle fowl, but missing in red jungle fowl (35)—including yellow skin. 
Early molecular genetic studies have supported the view of the red jungle 
fowl as the sole ancestor (36, 37). However a study from 2005 proposed the 
possibility of hybridization between chicken and grey and Ceylon jungle 
fowl (38), but it did not answer the question as to if they contributed to 
chicken domestication.  

 

Inhibitor of Gold Phenotype 
The Inhibitor of Gold (IG) or Cream phenotype is a relatively common phe-
notype amongst chicken and is characterized by the dilution of the red 
pheomelanin pigmentation of the plumage. Taylor first described IG in 1932 
to be caused by the autosomal recessive IG*IG allele (91), which was later 
confirmed by Punnett in 1948 (92). The wild type allele—leaving the 
pheomelanin pigmentation unaffected—was later denoted IG*N.  

The regulation of the biochemical pathway leading to the production of 
the red/yellow pheomelanin pigmentation is considered to be less understood 
than the production of the black/brown eumelanin pigmentation. Only a few 
mutations in the genes Slc7a11, Ggt, Ostm1 and SLC45A2 have been associ-
ated with a specific dilution of pheomelanin pigmentation (60, 93-95). Iden-
tification of the gene responsible for the Inhibitor of Gold phenotype in 
chicken would thus provide a primer to decipher the biochemical regulation 
of the synthesis of pheomelanin pigment. This is of great importance since 
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pheomelanin is thought to be involved in the development of UV-induced 
skin cancer due to its phototoxic properties (96)—however this is under de-
bate (97).  

Results and Discussion 
Paper I – Identification of the yellow skin gene reveals a hybrid origin of 
the domestic chicken 
In paper I, we demonstrate that the yellow skin phenotype is caused by one 
or several tissue-specific cis-regulatory mutation(s) that leads to a reduced 
expression of BCO2 (formerly BCDO2) in the skin, but not in liver. Surpris-
ingly, we also demonstrate that the yellow skin allele most likely originates 
from the grey jungle fowl and not from red jungle fowl, and thus present the 
first evidence of a hybrid origin of the domestic chicken.      

A combination of linkage analysis and IBD mapping across breeds with 
the yellow skin phenotype was used to identify the gene responsible for yel-
low skin. Linkage analysis was performed using a backcross pedigree-
material (W/Y×Y/Y), comprised of 91 individuals, that was provided by Hen-
drix Genetic B.V. The yellow skin locus—previously assigned to chicken 
chromosome 24 (98)—was found to be in linkage with a SNP on chromo-
some 24 at nucleotide position 5,237,523 (LOD score=16.4; recombination 
fraction=6.9%). The BCO2 gene located in proximity to the linked SNP 
stood out as a candidate for yellow skin, as BCO2 encodes the enzyme beta-
carotene oxygenase 2 that had been reported to turn colorful carotenoids into 
colorless apocarotenoids (99).  

Partial resequencing—followed by SNP genotyping—of the BCO2 gene 
in birds representing breeds segregating for yellow skin, revealed a 23.8 
kilobase (kb) haplotype that all tested yellow skinned chicken were fixed for. 
The haplotype—assumed to have been inherited identical-by-descent from a 
common ancestor—spanned the major part of BCO2 and the putative gene 
BX935617.  

Reverse Transcription PCR followed by pyrosequencing, of six heterozy-
gous birds (Y/W), revealed that more than 90% of the BCO2 transcripts in 
skin originated from the white skin (W*W) allele, whereas in liver, no differ-
ence in transcription from the Y and W alleles was detected. This suggests 
the presence of one or several cis-regulatory mutation(s) affecting the tran-
scription of BCO2 in skin, but not in liver. Consequently, we postulated that 
both genotypes take up colorful carotenoids in the skin, but in white skinned 
birds the carotenoids are degraded to colorless apocarotenoids by the action 
of the BCO2 enzyme. After this study was published, mutations in BCO2 
have been reported to be associated with increased carotenoid levels in: cow 
milk (100, 101); cow fat (101); and sheep fat (73).   
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Sequence comparisons between the yellow skin and wild type alleles re-
vealed the surprisingly high sequence difference of 0.81%, which was much 
higher than the previously reported genome average of 0.5% (53). This ob-
servation, combined with the notion that both Ceylon and grey jungle fowl 
have yellow/red legs, led us to sequence the 23.8 kb IBD region in the addi-
tional three jungle fowl species. The subsequent phylogenetic analysis re-
vealed that the sequences clustered into two distinct clades (Figure 4). The 
first comprised of BCO2 sequences from red jungle fowls and white skinned 
(W/W) chickens, while the second clade comprised of sequences from yellow 
skinned chickens and Ceylon and grey jungle fowls. We concluded that the 
most plausible explanation to the observation was that the yellow skin allele 
originates from the grey jungle fowl—possibly Ceylon jungle fowl—and 
was introgressed into the chicken genome sometime during early domestica-
tion. Resequencing of the yellow skin interval in Chinese Shek-ki chickens—
known to express the yellow skin phenotype—revealed that they carried 
alternative yellow skin haplotype that was slightly different to yellow skin 
haplotype found in Western breeds. The Chinese yellow skin haplotype did 
however cluster with the Western yellow skin haplotype and BCO2 sequenc-
es from grey and Ceylon jungle fowls. The existence of two different yellow 
skin haplotypes suggested that there have been multiple introgression events 
of the yellow skin gene into the chicken gene pool.   

Phylogenetic analyses of sequences of mtDNA and random nuclear loci 
(38) derived from the four species of jungle fowl and yellow and white 
skinned chickens, revealed a tight cluster of chicken and red jungle fowls 
sequences separated from the other jungle fowl species—which suggested a 
limited contribution of genetic material from the grey jungle fowl to the ge-
netic makeup of domestic chicken.   
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Figure 4. A neighbor-joining tree depicting the relationships between sequences 
derived from 23.8 kb of the BCO2 locus. Wild and domestic samples possessing 
white and yellow skin clearly separate into two divergent clades. Node support val-
ues were generated from 1000 bootstrap replicates.  

Since yellow skin is a very common phenotype—it has nearly replaced 
white skin in commercial populations—we wanted to examine if the yellow 
skin allele had any pleiotropic effects on other traits. Quantitative trait locus 
(QTL) analyses on a pedigree material segregating at the yellow skin locus 
revealed no significant association between the approximately 80 recorded 
traits—including egg production and growth—and yellow skin. We speculate 
that the strong positive selection for yellow skin may be for cosmetic reasons 
only, or that yellow skin had been used as an indicator of the egg-laying 
capacity of a hen: egg-laying bleaches the skin color, as all acquired carote-
noids are allocated to the egg-yolks (35), and this may have been utilized by 
the early farmers to assess the length of a hens egg-laying period, a trait cor-
related with total egg-production. 

Paper III – A frameshift mutation in COMTD1 specifically dilutes 
pheomelanin pigmentation in chicken 
In paper III (manuscript), we present genetic data implying that the Inhibitor 
of Gold phenotype is caused by a frameshift mutation in the previously un-
characterized catechol-O-methyltransferase domain containing 1 
(COMTD1) gene. This adds a new gene to the list of few genes that affect 
the red pheomelanin pigmentation but which leave the brown/black 
eumelanin pigmentation unaffected.  
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The Inhibitor of Gold locus was mapped—by linkage analysis in a pedi-
gree segregating for IG—to a 3.58 megabase (Mb) region located between 
the nucleotide positions 12,388,399–15,970,174 on chicken chromosome 6. 
No recombination was observed between genetic markers within the 3.58 
Mb region and IG, which was a much larger non-recombinant region than 
expected considering the size of the pedigree material (166 informative mei-
osis) and the high average recombination rate of the chicken genome (52). 
However, a low recombination rate in the chromosomal region was also 
observed in the consensus map for chicken (102), which made us conclude 
that IG*IG allele is not associated with a large inversion—inversions are 
known to suppress recombination. 

Using IBD mapping—under the assumption that most IG*IG chromo-
somes trace back to one common ancestor—we identified a shared haplotype 
among IG birds from 5 different populations that spanned 438,921 bp. The 
region harbored three ENSEMBL gene predictions corresponding to the 
protein-coding genes COMTD1, C10ORF11 and ZNF503. A forth EN-
SEMBL gene prediction (ENSGALG00000024010) was also located in the 
region but was only supported by a weak sequence similarity to a protein 
encoded by the baboon herpes virus (Uniprot ID; Q9Q5K9). An even small-
er haplotype associated with Inhibitor of Gold—containing only 
COMTD1—was also determined. This IBD region was just supported by one 
recombinant IG*IG chromosome and further analyses were performed on the 
high confidence 439 kb minimum shared region.   

To search for potential causal mutations for the IG phenotype, the whole 
genome sequence of a bird homozygous IG*IG was generated, using next-
generation Illumina sequencing technology. Polymorphic sites, including 
single nucleotide polymorphisms, small insertions and deletions and large 
structural variants, were identified and intersected with coding and evolu-
tionary conserved sequences within the high confidence IBD region—in 
which the causative mutation was supposed to be located. The only mutation 
that fell in the coding or highly conserved sequences was a 2-bp-insertion in 
the 5th exon of the COMTD1 gene. The insertion was predicted to alter the 
reading frame of COMTD1 resulting in a premature stop codon.  

Reverse Transcriptase PCR analysis of RNA samples derived from feath-
er follicles representing the three genotypes at the IG locus, revealed the 
presence of two different COMTD1 transcripts associated with the IG*IG 
allele: one full-length transcript with the 2-bp insertion, and a second with 
the 2-bp insertion that was lacking the 6th exon of COMTD1. The proteins 
(Chicken_IG1 and Chicken_IG2) translated from the two IG*IG associated 
transcripts, were both predicted to be completely or partially non-functional, 
as both were lacking C-terminal sequences that were highly conserved 
across vertebrate orthologs (Figure 5). 
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Figure 5. A protein sequence alignment of COMTD1 homologs in vertebrates, 
including the wild type chicken COMTD1 and the two predicted protein sequences 
encoded by the IG*IG allele. Periods (.) in the alignment indicate the same amino 
acid as the full-length chicken master sequence and dashes (–) indicate gaps in the 
alignment. An asterisk (*) indicates positions which have a single, fully conserved 
residue. A colon (:) indicates conservation between amino acid groups of strongly 
similar properties and a dot (.) indicates conservation between groups of weakly 
similar properties according to the Gonnet Pam matrix made by Clustal X (103). The 
arrows indicate residues that are in direct contact with the cofactor, S-Adenosyl-
Methionine, based on the crystal structure model of COMTD1 (104). The black 
square surrounding residues 13–33 indicates the putative membrane-binding domain 
while the black square spanning residues 62–265 indicates the putative O-
methyltransferase domain.  
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Chicken RKDDLATQSIHHLNEKLVRDARVNISMIPMGDGVTLVFKL
Chicken_IG1 
Chicken_IG2 .............................M..........
Zebra finch ......A....R.....L.........L.V......A...
G. Anole ERYGGEV..M.E..K.IF..P..T....LM......A...
Pufferfish AP...D.VA.DK..K.LF..T..TL..LTV...L..AM..
Dog QPR.VQARCVQN...RIL.....H..LL.L...L..A..I
Human P.G.V.AECVRN...RIR..V..Y..LL.L...L..A..I
Salmon AA..ID..A.DK..K..Y..V.I....LTV......A...
Mouse QPRNKTVECVRN...RIL.....Y.S.L.LD..LS.A..I
    ..230.......240.......250.......260.....

.................................................. ......................
................................................. ....................................................................... ......................

KPLTLLSLMRIKKATMSTMKNVCAS
-----

                                     . * :*:*.:*:**** *  *

 :: * :      *:: :*:*::*** :**:***.:::*. ***.:* :**.:*  * :::*::.   .::*:*.*

             ::*   :**:**::** : * **:*::  * * *  ***...:**** .               ***:.*       *:: **::*:           *:    *  *: :* 

                .   .  .: .**:: :  **   *:   :*::  :. ** :: * . : *:  

Figure 4
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Homozygosity for the 2-bp insertion in COMTD1 was shown to be in 
complete association with the Inhibitor of Gold phenotype in a pedigree 
material segregating for IG. The 2-bp insertion was also demonstrated to be 
in near complete linkage disequilibrium with IG*IG across breeds segregat-
ing for the phenotype. These results combined with the predicted severity of 
the mutation—a complete or partial loss-of-function—led us to propose that 
the 2-bp insertion in COMTD1 is the causative mutation for the Inhibitor of 
Gold phenotype.  

We present three hypotheses that could explain how a non-functional 
COMTD1 would result in specific dilution of pheomelanin pigmentation. 
These theories are based on the known function of the well-characterized 
catechol-O-methyltransferase (COMT) protein, which significantly resem-
bles COMTD1 in terms of sequence and structure, including the predicted 
O-methyltransferase domain. 

We first propose that the COMTD1 protein may have the ability to alter 
cysteine homeostasis—cysteine is required for the synthesis of 
pheomelanin—due to its predicted function as an O-methyltransferase. O-
methyltransferases are known to catalyze the transfer of a methyl group from 
S-Adenosyl-Methionine (SAM) to a variety of substrates (105). This transfer 
results in the conversion of S-Adenosyl-Methionine to S-Adenosyl-
Homocysteine (SAH), which is an intermediate molecule in the cysteine 
biosynthesis pathway (106). A non-functional COMTD1 protein would thus 
potentially decrease the levels of cysteine—due to reduced SAM to SAH 
conversion—and that could subsequently affect the production of 
pheomelanin.   

The second hypothesis is that the COMTD1 protein regulates one of the 
many reactions in the pheomelanin biosynthesis pathway. The COMT en-
zyme has been suggested to act as a regulator of melanogenesis due to its 
ability to O-methylate L-dopa, which is a precursor molecule to melanin 
(107, 108). We therefore speculate that the COMTD1 protein may act as a 
pheomelanin synthesis specific pathway regulator. 

The last theory we put forward is that COMTD1 exerts a protective role 
against the cytotoxic metabolites produced during pheomelanongenesis. The 
actual production of melanin—both eu- and pheomelanin—has been shown 
to be cytotoxic due to the production of toxic intermediates that occasionally 
leak from the melanosome into the cytosol (57). COMT has been proposed 
to be involved in the detoxification process of these cytotoxic melanogeneic 
intermediates (107) and COMTD1 may act in a similar manner during 
pheomelanogenesis, but lack specificity to the intermediates produced as a 
result of eumelanogenesis.        

 
 



 37 

Signatures of Selection in the Chicken Genome 
Background 
A selective sweep—characterized by a reduced degree of nucleotide varia-
tion at linked loci in a gene pool of interest—is the product of strong positive 
selection. Selective sweeps arise when a favorable allele at a genetic locus, 
and hitchhiking neutral variants at neighboring loci, reach fixation or close 
to fixation in a population (86). This can occur as a consequence of strong 
natural or artificial selection and the size of the selective sweep region de-
pends on the local recombination rate and the number of generations it took 
for the selected allele to reach fixation.          

Selective sweeps are a common feature in populations of domestic ani-
mals due to both the strong and recent selection for mutations with pheno-
typic effects—exemplified by the selective sweeps at the IGF2 locus in lean 
pigs (109) and at the BCO2 locus in yellow skinned chickens (64). In 2004, 
it was proposed that low-coverage whole-genome-sequences of domestic 
animals—selected for the same purpose—could be used to identify selective 
sweeps on a genome-wide basis (30).  

In paper II of this thesis, we describe the use of next-generation sequenc-
ing technology on pools of DNA samples—representing different domestic 
chicken populations and red jungle fowl populations—to identify haplotypes 
that may have undergone selective sweeps during chicken domestication and 
the latter specialization of egg and meat producing chicken lines. These hap-
lotypes may contain alleles that could explain: how the domestic chicken can 
produce up to 300 eggs per year in comparison to its major ancestor, the red 
jungle fowl that lay a single clutch of 5 eggs per year (47); or how the com-
mercial broiler easily can weigh 4–5 kg compared to the ~1 kg of the red 
jungle fowl (34).  

The chicken was selected for this experiment due to its small genome size 
(~1Gb) and high neutral variation rate (~5SNPs/kb) within and between 
chicken populations. For this study four broiler chicken lines were selected: 
two commercial broiler lines collected in the AvianDiv project (110) and the 
High and Low growth line (111) that have been divergently selected for 
body weight at 8 weeks for more than 50 years. In addition, four egg-layer 
chicken lines were selected: two White Leghorn populations, the OS-line 
(112) and a commercial Rhode Island Red line (110). We also collected 
samples from two red jungle fowl zoo populations. For each population we 
selected the DNA from 8-11 birds to pool prior to the resequencing on the 
Applied Biosystems SOLiD platform. 
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Results and Discussion 
Paper 2 – Whole-genome resequencing reveals loci under selection 
during chicken domestication. 
In paper II, we identify a number of loci showing a low degree of heterozy-
gosity in eight domestic chicken populations, and which likely are the prod-
ucts of positive selection during chicken domestication. These regions are 
assumed to be enriched for functional variants that have facilitated the trans-
formation of the wild red jungle fowl to the domestic chicken. We also de-
tected regions that have been under positive selection during the formation 
of egg and meat producing chicken lines. In addition, we present a large 
number of deletions in eight chicken populations, some of which may have 
functional importance. The putative selective sweep regions provide an im-
portant raw material that can be used to investigate the differences observed 
between the red jungle fowl and domestic chickens, and may also shed light 
onto the genetic basis of the domestication process.   

The whole-genome sequences were generated from the pools of DNA 
samples representing eight different domestic chicken populations and a pool 
of red jungle fowls. The genome sequence of the red jungle fowl (UCD 001) 
bird—previously used to generate the chicken genome assembly (52)—was 
also resequenced to function as a quality control for the sequence data gen-
erated with the SOLiD technology (Applied Biosystems, U.S.A). The short 
35-bp sequences were aligned to the reference genome sequence and single 
nucleotide polymorphisms (SNPs) were identified. Rigorous quality 
checks—including the experimental verification of 318 SNPs using an Illu-
mina GoldenGate assay—suggested that the majority of the identified ~7,5 
million SNP loci were true variants.  

Next, the allele counts at all polymorphic sites were determined in three 
different groups (breed pools) selected to represent the same purpose: all 
eight domestic lines, three egg-layer lines (WL-A, WL-B and RIR) and two 
broiler lines (CB-1 and CB-2). The rationale behind this move was to mini-
mize the risk of detecting genomic regions fixed due to genetic drift. Puta-
tive selective sweeps were identified by calculating the pooled heterozygosi-
ty (Hp) in 40 kb windows—using the allele counts within the three breed 
pools—sliding along the autosomes with the step size of 20 kb. The Hp val-
ues of each window were Z-transformed (ZHp) based on the observation that 
the distributions of the Hp values in the three comparisons resembled normal 
distributions. A window displaying a ZHp score of –6 or less was considered 
to be a potential locus of selection, since these were in the extreme lower end 
of the distributions.  

The previously identified yellow skin allele at the BCO2 locus (64) was 
used as a proof-of-principle for our approach to detect true selective 
sweeps—since all sequenced chicken populations were assumed to be fixed 
for yellow skin. The 40-kb window that overlapped the yellow skin/BCO2 
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region showed the forth-lowest ZHp score (−8.2) among all ZHp scores in the 
all-domestic comparison, and thus confirmed the capacity of our approach to 
detect true selective sweeps.  

For the all-domestic comparison, a total of 58 windows representing 21 
loci, displayed a ZHp score lower than −6. The putative selective sweep with 
the lowest ZHp score (−9.2) occurred at the locus encoding the thyroid 
stimulating hormone receptor (TSHR) on chromosome 5. This was a note-
worthy discovery since TSHR has a well-established role in metabolic regu-
lation and reproduction (113-116), changes in which are associated with the 
domestication process (26). To examine the geographical distribution of the 
selected TSHR haplotype, genotyping of eight SNP loci at the TSHR locus in 
271 birds representing 36 different chicken populations of a worldwide dis-
tribution, was performed. This revealed an amazingly high homozygosity at 
the TSHR locus: 264 of the 271 birds were homozygous for the TSHR sweep 
haplotype and the remaining 7 were heterozygous (Figure 6). This extreme 
fixation observed in distantly related chicken populations led us to propose 
that TSHR may be a so-called domestication locus, and have played an im-
portant role in shaping domestic chicken.  

To search for selected mutations, Sanger sequencing was utilized to cover 
gaps in the TSHR sweep region. The non-synonymous mutation at nucleotide 
position 43,250,347 on chromosome 5—resulting in the glycine (Gly) to 
arginine (Arg) substitution at residue 558 in the TSHR protein—was consid-
ered a top candidate for the selective sweep at the TSHR locus. The glycine 
at that position was found to be completely conserved among all known ver-
tebrate TSHR sequences, which suggested that the substitution most likely 
would alter the function of TSHR.  
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Figure 6. Allele frequencies of the selected TSHR haplotype—presented as pie 
charts—in chicken populations grouped on their continental origin (Europe, Asia, 
Australia, North America and Africa). The grey color of the pie charts represents the 
selected domestic TSHR haplotype while black represents non-selected haplotypes. 
The allele frequencies are taken from Rubin et al (2010) and are based on data from 
271 birds representing 36 different populations.     

A previous experiment aimed at identifying QTL for growth used an in-
tercross between the red jungle fowl and White Leghorn (117). Even though 
the TSHR locus was determined to segregate in the intercross, it did not 
overlap with any of the QTL regions previously reported, suggesting that the 
mutation is not affecting growth. Instead, we speculate that the domestic 
TSHR allele potentially acts to reduce the regulation placed on seasonal re-
production. TSHR signaling has an established role in the regulation of pho-
toperiodic control of reproduction (114-116), and the absence of strict regu-
lation of seasonal breeding is in fact a common feature in domestic animals 
(118).  

Several of the putative sweep regions identified in the commercial broiler 
lines occurred at genes with roles in obesity (TBC1D1), growth (IGF1, 
INSR), and regulation of appetite (PMCH). This was anticipated since broiler 
chickens have primarily been selected for muscle growth. An additional 5 
putative selected loci with ZHp scores less than –6 were also identified in the 
broiler lines.  

We also searched for loss-of-function mutations—nonsense mutations 
and deletions—in the sequence data, since these have been proposed as an 
important factor in rapid evolution (119). Very little evidence was found that 
the selection of loss-of-function mutations had been important during the 
domestication process of chicken. Out of 1300 identified deletions, only 
seven affected coding sequences, and two of those were considered to be 
functional. The first deleted sequence in the growth hormone receptor (GHR) 
gene, which was previously described to cause sex-linked dwarfism (120). 

www.VectorOpenStock.com
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The second was a deletion in the uncharacterized gene SH3RF2 (SH3 do-
main containing ring finger 2). This deletion was considered to be especially 
interesting since it sat within a QTL region for growth identified in the F2 
generation of a cross between the High and Low growth lines. The High 
growth line was fixed for the deletion, while it occurred at a low frequency 
in the Low Growth line, and expression data from the hypothalamus showed 
SH3RF2 expression in the Low growth line but not in the High growth line. 
A QTL analysis with genotype data from the SH3RF2 locus in the F8 gener-
ation of the High and Low growth line intercross revealed a strong associa-
tion between the deletion and increased growth. This suggests that the dele-
tion in SH3RF2 is the causal mutation for the QTL on chromosome 20. 
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General Discussion and Future Perspectives 

In papers I and III of this thesis, we present two genetic mechanisms under-
lying some of the variation in carotenoid and melanin pigmentation observed 
in the domestic chicken. The genes identified to control the two monogenic 
traits are excellent candidates for deciphering the genetic basis of the varia-
tion in carotenoid and pheomelanin pigmentation that is observed in many 
other organisms. In paper II, we take one step closer to unraveling the genet-
ic basis for the transformation of the wild red jungle fowl into the highly 
productive domestic chicken. In combination, all three papers have advanced 
our understanding of the genetic mechanisms underlying phenotypic varia-
tion.   

The yellow skin study (Paper I) provides the first evidence of a hybrid 
origin of the domestic chicken—as proposed by Hutt in 1949. Despite that 
the amount of genetic introgression from the grey jungle fowl seems to be 
limited, it would be worthwhile to explore the extent of introgression from 
the grey jungle fowl and the additional two jungle fowl species on a genome-
wide basis. This may be achieved by generating the genome sequences for 
the four jungle fowl species, and a set of chicken breeds, and searching for 
genomic regions where the chicken sequences cluster tightly with one of the 
jungle fowls, rather than red jungle fowl. Such regions are thought to be 
enriched for functional alleles since they have not been removed from the 
chicken population through the extensive backcrossing that most likely took 
place after the introgression. These alleles would probably also exert large 
phenotypic effects on the selected traits, if we assume that the introgression 
occurred early during domestication and before the worldwide dispersal of 
chicken, when visual selection was the only selection method present. Muta-
tions with small phenotypic effects on traits such as growth and reproduction 
have probably first increased in frequency within the last 200 years or so, 
when more advanced methods for phenotypic selection were developed.  

This study also provides insight into the molecular mechanisms underly-
ing variation in carotenoid pigmentation between two distinct wild species— 
namely the red and grey jungle fowls—and thus sheds some light on the 
evolution of carotenoid-based pigmentation in wild species. Our study did in 
fact compare sequences from two different species even though the sequenc-
es were segregating in the gene pool of a single species. With the fact that 
grey jungle fowl has yellow/red skin and red jungle fowl white skin, we can 
be quite confident that the mutation controlling the variation in carotenoid-
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pigmentation arose prior to domestication. However, we are not able to de-
termine if it is yellow or white skin that represents the ancestral state—there 
is no reliable information of leg color of the closely related green jungle 
fowl. It is quite remarkable that a study aimed at to identify the gene respon-
sible for a phenotype observed within a single species, led to the detection of 
the genetic mechanism underlying variation in a phenotypic trait, observed 
between two distinct species.  

The BCO2 gene is hence an excellent candidate for examining the genetic 
mechanisms underlying variation in carotenoid-based pigmentation in other 
species. We have recently started a project—in collaboration with evolution-
ary biologists—to test if BCO2 underlies the variation in beak color (yellow 
or white/pink) observed in another bird species.  

Our study also adds support to the view that cis-regulatory mutations have 
played a significant role in the evolution of phenotypic variation—the yel-
low skin phenotype is caused by a cis-regulatory mutation affecting the ex-
pression of BCO2 in skin but not in liver. BCO2 has recently been shown to 
be a mitochondrial protein with an important role in carotenoid homeostasis 
and the protection of the mitochondria against carotenoid induced dysfunc-
tion (16). In addition Bco2 knockout mice display enlarged spleens and re-
duced testis size compared to wild-type mice after being fed a carotenoid-
rich diet (121). A complete loss-of-function mutation of BCO2 would most 
likely confer deleterious effects on many traits and hence would be removed 
from the gene pool. Interestingly, no adverse effects on health or develop-
ment are associated with the complete loss-of-function (nonsense) mutations 
of BCO2 causing increased carotenoid levels in cow milk (100, 101) and 
yellow fat in cow (101) and sheep (73). A more thorough investigation of 
numerous phenotypic traits for the different genotypes is required to truly 
rule out the presence of deleterious effects associated with loss-of-function 
mutations in BCO2 in these species.   

Regarding the Inhibitor of Gold locus (Paper III), several functional ex-
periments are required to develop our understanding of how the 2-bp inser-
tion in COMTD1 results in reduced pheomelanin pigmentation. Characteri-
zation of the morphology and the number of melanocytes in feather follicles 
derived from IG and wild type birds, would perhaps reveal if the COMTD1 
protein exerts a protective role against the toxic intermediates produced dur-
ing pheomelanogenesis. Whereas knock-down or over-expression experi-
ments of COMTD1 in melanocyte cell lines, followed by the quantification 
of pheomelanin using HPLC, would indicate if COMTD1 possesses a regula-
tory role in the synthesis of pheomelanin. To assess if COMTD1 is affecting 
pheomelanin pigmentation, through regulating the levels of available cyste-
ine for the pheomelanin synthesis, an appropriate experiment would be to 
measure the cysteine levels in blood plasma from IG and wild type birds 
(122).  
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It is interesting to speculate why COMTD1 has never previously been as-
sociated with pheomelanin pigmentation in other species—even through 
extensive mouse mutagenesis screens. One explanation could be that in other 
species, a mutant COMTD1 would only have a subtle effect on pheomelanin 
pigmentation and is thus not detected in the mouse mutagenesis programs. 
Another explanation is that COMTD1 mutations are perhaps lethal due to 
negative pleiotropic effects on essential physiological processes. The Inhibi-
tor of Gold bird represents a unique resource in which to study the function 
of COMTD1.  

In paper II, we identified a number of loci in the chicken genome that 
likely have been under selection during the domestication process of chick-
en. These regions are thus most likely enriched for alleles that can explain 
some of the major phenotypic differences observed between the major wild 
ancestor, red jungle fowl, and the domestic chicken. We also detected a 
number of putative selected loci specific to meat or egg producing chicken 
lines. The selected loci, found in broiler and layer chickens, may be utilized 
to advance our knowledge of how energy metabolism, appetite and repro-
duction are regulated in vertebrate species.  

First, further investigations in terms of genetic and functional experiments 
are required to establish if sweep signals are the result of selection or genetic 
drift. This may be followed up with experiments to determine the link be-
tween the selected haplotypes and phenotypes. One obvious effort that 
would add support to the premise that selection has created the sweep sig-
nals, is if the selected mutations responsible for the sweep signatures were 
found. For instance, non-synonymous single nucleotide polymorphisms 
(nsSNP(s)) are fairly easy to detect and may be examined using SIFT (90) or 
PolyPhen software (123), to predict the functional effect of the polymor-
phism. The nsSNPs—predicted to have a functional effect—could be further 
investigated using intercrosses between different chicken lines (e.g. egg lay-
er/broiler or White Leghorn/red jungle fowl) if they were found to segregate 
within these populations. QTL analyses with the SNP loci genotypes could 
reveal if they are associated with any of the phenotypes collected from the 
intercross. All putative sweep regions—with or without the presence of can-
didate mutations—should be genotyped in intercrosses that are believed to 
segregate at the sweep loci, in order to search for associations between the 
sweep haplotypes and the recorded traits. In fact, such analyses are now be-
ing performed with broiler sweep loci in an intercross between egg layer and 
broiler chickens.     

The genes within, or in close proximity to, the putative sweep regions 
should also be examined to see if they display differential expression be-
tween the appropriate populations—i.e. red jungle fowl vs. domestic and 
layer vs. broiler—that may unearth if the selected mutations have a cis-
acting effect on gene expression. The combination of results from the above-
described analyses will perhaps provide the evidence required to decide 
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which of the putative selective sweeps that are the result of selection or ge-
netic drift, and also possibly link the true selected loci to their phenotypes.  

The supposed domestication locus at the TSHR gene should be followed 
up with functional experiments and segregation analysis with data of pheno-
typic traits that are proposed to be affected by altered TSHR signaling. It is 
tempting to speculate that the regulation of thyroid hormone signaling is 
altered in other domesticated species—resulting in many of phenotypes as-
sociated with the domestication process. This may be settled when the data 
concerning the genetic basis of domestication in other animal species are 
examined and made public.   

Our study provides evidence that it is possible to detect loci that have 
been under strong positive selection during chicken domestication using 
next-generation sequencing technology on pools of DNA. The same should 
now be possible for mammalian domesticated species with larger genomes 
sizes than chicken, since the cost per sequenced base has dropped considera-
bly in the last two years. It would also be interesting to utilize our approach 
to detect signatures of selection in wild populations, in order to identify hap-
lotypes controlling phenotypic traits that are important for adaptation to dif-
ferent environments.  
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