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Introduction 

The evolution of the domestic chicken 
The domestication of animals started approximately 9,000-12,000 years ago 
[1]. By means of selective breeding, humans have changed the phenotypic 
appearance of wild ancestors into the domestic animals seen today. In fact, 
Darwin used domesticated animals as a model for phenotypic evolution by 
means of natural selection, when he proposed his, at that time controversial, 
evolutionary theory [2]. The genetic consequence is that alleles associated 
with favorable effects on the traits under selection increase in frequency, and 
eventually may become fixed in the population under selection [3]. 

The evolutionary history of the domestic chicken can for simplicity be di-
vided into three phases; first is the emergence of the genus Gallus, second is 
the domestication process from its ancestor(s), and third, the expansion into 
the more than 100 distinct breeds of chicken that we see today 
(www.amerpoultryassn.com). Chicken and other birds share a common an-
cestor with mammals that lived about 300 million years ago [4]. Modern 
birds are placed in the order Aves and are the most diverse vertebrate order, 
with approximately 9,600 extant species. Additionally, birds are the only 
living descendents from dinosaurs that became extinct approximately 65 
million years ago [5]. The defining characteristic of species within Aves is 
that all have feathers.  

Within the genus Gallus four sub-species have been suggested as possible 
progenitors of the domestic chicken; the red jungle fowl (G. gallus), the grey 
jungle fowl (G. sonnerati), the green jungle fowl (G. varius) and the Ceylon 
jungle fowl (G. lafayettei) [6]. The origin of the domestic chicken has been 
under debate for centuries, although the consensus view has been that the 
domestic chicken is descended from the red jungle fowl, a species that still 
habituates parts of Southeast Asia. The monophyletic origin of the domestic 
chicken, from the red jungle fowl, has been supported by genetic studies of 
the mitochondrial genome [7, 8]. Recently, however, strong genetic evidence 
was put forward that contradicts this thesis. Eriksson and co-workers ana-
lyzed the DNA sequences of the BCDO2 (beta-carotene dioxygenase 2) gene 
that is involved in the control of yellow skin pigmentation [9]. Surprisingly, 
sequence data obtained from several species of Gallus and domesticated 
chickens showed that the yellow skin allele at the BCDO2 locus, common 
among domestic chickens, must have originated from the grey jungle fowl 
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and not the red jungle fowl. To what extent genetic material from the grey 
jungle fowl has contributed to the genome of present-day domestic chickens 
and whether other species also have contributed remains unclear. Genomic 
sequencing, using new high-throughput technologies, of the four sub-species 
of Gallus together with domestic chicken breeds, will resolve the question 
regarding the origin of the domestic chicken. 

The process of chicken domestication is thought to have been initiated in 
Asia between 7,000-9,000 years ago [10]. From these original sites the do-
mesticated chicken has spread and is now present in most parts of the world. 
During the last 50 years or so, intensive breeding has dramatically changed 
the domesticated chicken in to a highly efficient production animal [11]. A 
modern egg-laying chicken (layer) produces approximately 300 eggs per 
year and chickens bred for meat production (broilers) have an adult body-
weight around four kilograms (kg) [12]. In comparison, the wild ancestor(s) 
weigh around one kg and are seasonal egg layers, producing on average 10-
12 eggs per clutch [13]. This response to selection for body-weight and egg 
production has been made possible through the combination of efficient 
breeding programs, large effective population sizes and the high genetic 
variability present within the domestic chicken [14-16]. 

The chicken is not only an important source of food, but also has a long 
tradition as a model organism for scientific research [17]. For example, the 
easily accessible chicken embryo has aided in the understanding of devel-
opmental processes such as limb formation [18, 19]. Genetic pioneers, such 
as Bateson and Punnett, used the chicken as a model to study the principles 
of Mendelian inheritance whilst historically the chicken has been used as the 
prime model organism for studies of other avian species [20, 21]. 

The chicken genome 
A draft genome sequence of the red jungle fowl was published in 2004 and 
represented the first non-mammalian amniote species to be sequenced [4]. In 
an accompanying paper, results from a sequence comparison between the 
jungle fowl reference sequence and partial sequences (0.25X coverage) gen-
erated from three domestic chicken breeds were presented [16]. The ge-
nome-wide comparison between the wild and domestic chicken yielded the 
discovery of 2.8 million single nucleotide polymorphisms (SNP). The mean 
nucleotide diversity was estimated to be approximately 5 SNPs/kb, in com-
parisons between domestic breeds to red jungle fowl, but also in compari-
sons between and within breeds of domestic chicken [16]. The high genetic 
diversity within and between domestic breeds shows that although the 
chicken has gone through a domestication process, vast nucleotide diversity 
remains in domestic populations. Given the short time scale that elapsed 
from the start of domestication (7,000 – 9,000 years ago) to the present, a 
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coalescence time of 1.4 million years would be required to account for ob-
served nucleotide diversity in domestic breeds [16]. Hence, most of the ge-
netic variation observed in the domestic chicken pre-dates the start of do-
mestication. The estimate of 5 SNP/kb in chicken is much higher than the 
observed rate of about1 SNP/kb in humans [22], and the rate in the dog [23, 
24] while similar to different sub-species of mice [25]. Domestication of the 
chicken must have involved a large founding population and possibly a large 
geographical region.  

The karyotype (i.e. chromosome organization) in birds differs from that in 
mammals. The chicken has 38 autosomal chromosome pairs (ten large mac-
rochromosome pairs and 28 pairs of small microchromosomes) and two sex 
chromosomes (Z and W) [26]. In contrast to mammalian species, where the 
male is the heterogametic sex (XY), birds display a reverse order with the 
female as the heterogametic sex (ZW) and males are homogametic (ZZ). The 
sex chromosomes in the avian genome are not homologues to the X and Y 
chromosomes in mammals, and have evolved from a different autosomal 
chromosome pair [27]. 

 Characteristic features of a typical avian karyotype include a larger num-
ber of chromosomes and also substantial size variants between chromosomes 
[26]. Macro- and microchromosomes are also found in reptiles and some fish 
[28-30]. The macrochromosomes are relatively few, and about the same size 
as an average-sized mammalian chromosome (i.e. ~ 140 Mb). Microchromo-
somes vary in size from 2-15 Mb [4]. Mammalian chromosomes also show 
size variation, however the span is small compared to that detailed in birds. 
There are interesting structural differences between macro- and microchro-
mosomes, for example, GC content and gene density are higher on the mi-
crochromosomes, whilst intronic lengths are shorter [4]. In addition, repeti-
tive sequence elements are generally less common on microchromosomes [4, 
31].  

The haploid size of the chicken genome is approximately 1 x 109 base-
pairs (bp) [4], compared to 3 x 109 bp in the human [32, 33] and 2.7 x 109 bp 
in the mouse [34]. The smaller genome size of avian species is mainly due to 
a reduction of repetitive sequences and, in general, less non-coding se-
quences [4]. The number of genes contained in the avian genome is equiva-
lent to that in the human genome (about 20,000 genes) [4, 35]. The stream-
lined genomes of avian species have been suggested to have evolved as an 
adaptation to the high metabolic demand associated with flight [36, 37]. 
Consistent with this hypothesis, flightless birds have larger genomes com-
pared to flying birds, and bats have smaller genomes than other mammalian 
species in the same order [36, 38]. The possibility remains, that the small 
genome size of birds could have evolved from the flightless dinosaur ances-
tor and so merely reflects the neutral evolutionary processes of selfish repeti-
tive DNA sequences [39]. Testing this hypothesis would require a compara-
tive analysis of the genomes from the extinct predecessors of avian species, 



 10 

although to date such, an analysis has not been possible. In a recent study by 
Organ and colleagues, the absence of data from extinct species has been 
overcome by exploring the positive correlation between genome size and 
cell volume [40]. First, the authors showed that bone-cell size correlates well 
with genome size in extant vertebrates, and then used this relationship to 
estimate genome size from the bone-cell cavities found in fossilized bone 
remains. They employed this method to estimate genome sizes from 31 ex-
tinct species of dinosaurs together with extinct avian species. The results 
from their analysis suggested that a small genome size, evolved long before 
the appearance of the first birds. 

Mendelian genetics 
The basic principles of inheritance were first established by Gregor Mendel 
(1822-1884). Mendel studied different strains of garden peas and after a 
series of experiments conducted during 1856-1863, formulated the funda-
mental rules concerning the transmission of hereditary characters from par-
ent to offspring and the inheritance of those characters to subsequent genera-
tions [41]. Mendel focused his studies on phenotypic traits that are qualita-
tive and could easily be classified in two categories, such as the color and 
morphology of seeds (i.e. green/yellow, round/wrinkled, etc.). This approach 
enabled Mendel to successfully elucidate the basic principles of inheritance 
and formulate what we now know as the Mendelian laws of inheritance. 
However, the ideas of Mendel were not appreciated by the scientific com-
munity until the beginning of the 20th century, when his work was re-
discovered by de Vries, Correns and von Tschermak [42]. The domestic 
chicken played a prominent role in the early days of genetic research as it 
was the first animal in which the Mendelian principles were confirmed [43]. 

Genes are the basic units that determine phenotypic characteristics and are 
transmitted from parent to offspring. For example, the peas that Mendel used 
in his studies segregated for genetic variants that determine the color of the 
shell. In diploid species, two copies of a gene are present in all cells of an 
adult organism, with the exception of the haploid germ cells (gametes) that 
carry only one copy of each gene. A gene can exist in different forms owing 
to variation within the genetic code and the alternative copies of a gene are 
called alleles. The total number of alleles within a population for a certain 
gene is not restricted to two, but can vary and multiple alleles are common. 
The particular combination of the two alleles constitutes the genotype of an 
individual, while the observed characteristics caused by the genotype are 
denoted as the phenotype of an organism. Each gene has a certain position 
on the chromosome that is designated as a locus. An individual, who carries 
two identical alleles at a locus, is said to be homozygous, while an individual 
that carries two different alleles are referred to as heterozygous.  
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Mendel´s first law, the law of segregation, states that phenotypic characters 
are controlled by pairs of genes (or alleles) that segregate during the forma-
tion of the gametes. Consider gene A that has two alternative alleles (A and 
a). An individual that has genotype ‘AA’, will only produce one type of 
gametes that carry the ‘A’ allele, whereas an individual that is heterozygous 
‘Aa’ can either transmit the ‘A’ or the ‘a’ allele. In the latter case the two 
kinds of gametes are normally produced in equal proportions. Suppose we 
cross an ‘AA’ individual with an ‘Aa’ individual, the offspring would either 
have genotype ‘AA’ or ‘Aa’ in the proportions 1:1. Figure 1 describes the 
segregation of alleles at gene A in a mating between two individuals homo-
zygous for different alleles. The genotype of an individual is determined by 
the two alleles at the locus, however the phenotypic expression of the trait 
controlled by the gene depends on the nature of the alleles. For instance, if 
the phenotype of the heterozygote is identical to one of the homozygotes, the 
allele causing the phenotype is called dominant and the allele that is con-
cealed is called recessive. 
 

 

Figure 1. Segregation pattern of allele ‘A’ and ‘a’ in a mating between two homo-
zygous parental genotypes and a subsequent mating between F1 individuals to pro-
duce an F2 generation. The segregation of alleles in the F1 parents are visualized by 
a Punnett square, with the expected genotype ratios shown underneath. 

 
Mendel´s second law, the law of independent assortment, declares that the 

segregation of alleles for two or more genes is independent from each other. 
For simplicity, assume that we have two genes A and B, and that both have 
two alleles ‘Aa’ and ‘Bb’. Based on the assumption of independent segrega-
tion, the two genes should form nine possible genotype combinations in 
total. There are however, situations where genes do not show independent 
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assortment and alleles tend to be inherited together. In general, genes located 
on different chromosomes show independent assortment, whereas genes that 
are sufficiently close to each other on the same chromosome will exhibit 
genetic linkage. Co-segregation, or genetic linkage, between pairs of loci 
was not observed by Mendel but was later discovered by Correns, Bateson 
and Punnett [44].  

Linkage analysis and construction of linkage maps 
This section aims to summarize the requirements of and give a theoretical 
background to genetic linkage analysis and the methods used to construct 
linkage maps. An in-depth theoretical discussion on the topic is given by Ott 
[45]. Linkage maps display the linear order and the relative distances be-
tween loci.  

Genetic markers  
In the previous section it was shown how Mendel used morphological varia-
tions in peas as genetic markers to study the principles of inheritance. A 
morphological marker is generally easy to observe, however, they are lim-
ited in number and therefore of restricted use as markers. Linkage mapping 
was seriously handicapped by the lack of markers until 1980, when a semi-
nal paper by Botstein and colleagues described a method to use DNA poly-
morphisms as a phenotype, and thereby opened up the possibility to con-
struct linkage maps in humans [46]. The use of anonymous DNA polymor-
phisms as genetic markers has since enabled the construction of comprehen-
sive linkage maps that cover the entire genome of numerous organisms 
including humans [47], domestic animals (dog [48], chicken [49], pig [50],) 
and model organisms (mouse [51], rat [52]). Genotyping refers to the proc-
ess by which DNA is analyzed to determine which genetic variant (i.e. al-
lele) is present for a certain marker. 

A DNA marker could in essence be any type of variation found in the ge-
netic code and could be located within a gene or in any other part of the ge-
nome. The ideal genetic marker for use in a mapping experiment should be 
easily scored, display high levels of polymorphism and preferably be co-
dominant (i.e. all three genotypes can be scored: AA, Aa, aa). Two com-
monly used markers are microsatellites (tandem repeats) and single nucleo-
tide polymorphism (SNP). 

Microsatellites or Simple Sequence Repeats (SSR) are defined as long 
stretches of short sequences (1 – 6 bp) tandemly repeated, for instance 
(CA)n. These type of repetitive DNA sequences are highly abundant and 
approximately randomly scattered throughout the genome. Due to the higher 
mutation rate of this marker type compared to SNPs, microsatellites tend to 
be variable, with multiple allele size variants usually found within a popula-
tion [53]. A SNP represents a single base variation in the genome where the 
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DNA sequence is variable between individuals (i.e. tgcAtag versus tgcTtag). 
Today, SNPs are the favored marker type in genetic studies due to their high 
abundance in the genome, and due to the cost effective way they can be 
genotyped. The most prominent SNP genotyping platforms are the Illumina 
BeadArray technology (Illumina Inc., San Diego, CA, USA) and the Affy-
metrix SNP array technology (Affymetrix Inc., Santa Clara, CA, USA). Both 
methods enable rapid genotyping of several thousand, and even up to one 
million SNP markers, in a single reaction. 

Principles of linkage analysis by means of meiotic recombination 
When ordinary somatic cells divide, the cell undergoes a procedure named 
mitosis. During that process two daughter cells are produced that have iden-
tical genetic material. However, during the production of gametes, the cells 
divides according to a different biological pathway called meiosis, that after 
completion has produced four gametes which are haploid and carry a random 
set of one copy of each chromosome. In the course of meiosis, homologous 
chromosomes will pair, form chiasmata and exchange genetic material under 
the process known as recombination or crossing-over (Figure 2). 
 

 

Figure 2. Schematic drawing of the process of crossing-over between loci A and B. 
(A) Two homologous parental chromosomes, one that carries alleles ‘A’ and ‘B’, 
and an other that carries alleles ‘a’ and ‘b’. (B) Chromosomes goes through replica-
tion, generating two pairs of identical sister chromatids. (C-D) Cross-over occurs 
between two of the chromatids resulting in two recombinant (R) and two non-
recombinant (NR) chromatids (figure adapted from Wu et al. [54]). 

 
The purpose of linkage analysis is to determine whether or not pairs of 

genetic markers show independent assortment. To illustrate genetic linkage, 
let us consider the formation of gametes from an individual that is a double 
heterozygote (Aa/Bb) for two loci (Table 1). If the two loci in this example 
are located on different chromosomes, or far away on the same chromosome, 
they will segregate independently during meioses, and thus, there is a 0.5 
probability that alleles at different loci will be inherited together. The inde-
pendent segregation of alleles from the two loci would lead to the formation 
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of four different gametes in equal proportions (i.e. AB, Ab, aB and ab). In 
contrast, if two loci are located on the same chromosome they tend to show 
genetic linkage and the proportions of gametes will be distorted and not pro-
duced in equal numbers. In this case we have to consider that two alternative 
linkage phases exist; either that allele A is coupled to B or alternatively A 
could be coupled to b. In Table 1, we see that the majority of gametes corre-
spond to either ‘AB’ or ‘ab’. Those represent the parental or non-
recombinant haplotypes (NR). 

Table 1. Segregation of alleles in a double heterozygote individual. Independent 
segregation yields equal proportions (25%) of each possible gamete, whereas link-
age causes a distortion of the proportions of the gametes and they are not formed in 
equal numbers. Recombinant chromosomes are denoted as R and non-recombinants 
as NR. 

 

In practice, recombination between homologous chromosomes means that 
the physical linkage between marker alleles on the same chromosome will 
occasionally be broken up by recombination events and that the linkage be-
tween two alleles will be incomplete. The more distant two markers are on a 
chromosome, the more likely it is that recombination events will break up 
the linkage between the markers. 

The genetic distances between pairs of genetic markers can be calculated 
by scoring recombinant and non-recombinant gametes transmitted from par-
ents to offspring and by subsequently dividing the observed number of re-
combinants with the total number of informative meioses. A requirement for 
the estimation of the recombination fraction is that recombinant and non-
recombinant chromosomes can be distinguished. The genetic markers used 
for linkage experiments must therefore be polymorphic and heterozygous in 
the parental individuals in the linkage pedigree. Two markers are considered 
linked when the observed proportion of recombinants is significantly less 
than 0.5. To test if the observed recombination fraction (�) deviates signifi-
cantly from the null hypothesis of independent assortment (� = 0.5) a LOD 
score is calculated. The LOD score is the log (base 10) odds ratio determined 
by dividing the likelihood of the alternative hypothesis (linkage between a 
pair of markers) by the likelihood of the null hypothesis (independent as-
sortment, � = 0.5) [55]. The threshold for rejecting the null hypothesis is 
usually a LOD score of 3 or more and a LOD score value of less than -2 is 
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taken as evidence against linkage at a given recombination fraction. A LOD 
score of 3 corresponds to the odds of 1000:1.  

The two-point linkage test described above provides a method of inferring 
linkage between pairs of markers and is also used to estimate the recombina-
tion fraction between markers showing linkage. It does not provide the linear 
order of several markers, so two-point analysis can only be used to organize 
markers into linkage groups, i.e. a group of markers that show linkage to one 
or several other markers within the same group.  

The next step is to determine the most likely order of markers within link-
age groups. The inherent problem with constructing multi-point linkage 
maps is the multitude of potential marker orders. For example, in a situation 
where you have five markers and wish to decide the internal order, there are 
a total of 120 possible combinations. In reality this number is only 60, as 
half of the combinations are the same but in reversed order (i.e. ABCDE and 
EDCBA). To overcome the problem of multiple testing, many methods for 
map construction apply a step-by-step approach, starting with a small num-
ber of markers and then gradually adding markers one by one to the map. By 
calculating the maximum likelihood (ML) probability as this progresses, it is 
possible to find the most likely marker order. Computer algorithms are nec-
essary to handle the numerous and complex calculations associated with 
linkage analysis in large pedigrees containing hundreds of markers. The 
CRI-MAP software [56, 57] calculates the ML score for a given marker or-
der and compares the likelihood scores for different orders. This software 
was used in paper II, III and IV to evaluate marker orders and to compute 
map distances between loci. 

Whilst the recombination fraction (�) reports the observed frequency of 
recombination between two parental chromosomes, there are complications 
in terms of relating this ratio directly to the distance separating two loci. 
Discrepancies arise because double recombinants may occur if the distance 
between two loci is large, and so an even number of recombination events 
along a chromosome would create the appearance of a non-recombinant 
haplotype. Except for very closely linked loci, there is no complete linear 
relationship between estimates of recombination fraction and the actual map 
distance between two loci. With a marker dense linkage map however, the 
problem with double recombinants is limited, as every recombination event 
can be observed. Although if markers are sparse, the observed recombination 
fraction can be transformed using empirical models called map functions to 
compensate for multiple crossing-over events. These models were first de-
veloped by Halden [58] and have been modified by Kosambi [59]. Distances 
between loci on a marker map are expressed in units of centiMorgan (cM) 
which are additive between loci, and reflect the expected number of recom-
bination events between loci. The total length of a linkage map represents 
the average number of recombination events per meiotic cell.  
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As discussed above, recombination between the maternal and paternal 
chromosomes occurs during meiosis, whereby homologous chromosomes 
are paired and genetic material is exchanged. At a genomic level the ex-
change of genetic material between chromosomes produces diversification 
by shuffling allelic variants, and hence results in novel haplotype combina-
tions that are transmitted to the next generation. Therefore, recombination 
has considerable influence on the genome diversity and on evolution. At a 
molecular level, the process of recombination generates a temporary connec-
tion between chromosomes (chiasma). At least in mammals and chicken, a 
minimum of one chiasma appears to be necessary to ensure the proper seg-
regation of each chromosome pair during meiosis [60]. The failure of proper 
segregation can lead to aneuploidy, which is highly deleterious and is the 
major genetic cause of miscarriage in humans [61] as well for genetic disor-
ders such as Down´s syndrome, caused by an additional copy of chromo-
some 21 [61]. There are species that lack recombination. For example in 
Drosophila melanogaster, males go through meiosis without recombination, 
and thus other mechanism have to ensure proper segregation [62]. The mo-
lecular process of segregation has been reviewed in great detail by Petronc-
zki and colleagues [63]. Although recombination appears to be tightly regu-
lated, there is variation between individuals, sexes and between species [60]. 
Moreover, the distribution of recombination events appears to be non-
randomly distributed along the length of chromosomes. Regions that more 
frequently recombine are referred to as ‘hot-spots’ and are surrounded by 
areas where levels of recombination are suppressed (‘cold-spots’).  

Several approaches have been used to study the frequency and the chro-
mosomal distribution of meiotic cross-over events. Historically, recombina-
tion was studied directly, by observing chiasmata in cells going through 
meiotic division using cytogenetic methods. The cytogenetic approach can 
be used to examine the total number of cross-over events per cell as well as 
the number or events per chromosome. Whilst this method can reveal gen-
eral patterns, it fails to provide a detailed view of the distribution of recom-
bination events. Indirectly, recombination can be monitored by the construc-
tion of genetic maps to estimate the frequency of recombination between 
pairs of loci. The resolution of a linkage map is dependant on the marker 
density and the number of observed meiosis. Fine-scale patterns of recombi-
nation can be studied by observing the degree of linkage disequilibrium (LD) 
between marker loci in natural populations [64]. LD measurements can infer 
the historical level of recombination that occurred in a population, however, 
because it is a population based parameter, it fails to provide information 
about the variation among individuals and between sexes. Genomic regions 
that have historically experienced high levels of recombination show lower 
levels of LD, whereas low levels of recombination results in higher LD. The 
clear advantage of the LD approach is that we are indirectly observing a vast 
number of recombination events that occurred during many generations and 
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therefore a higher resolution can be achieved. On the other hand, the pattern 
of LD in a population is influenced by events other than recombination, such 
as natural selection, migration and genetic drift [65]. Thus, interpretation of 
LD patterns should be made with caution. 

Quantitative genetics  
Up to this point, phenotypic traits that are largely dependent on the genotype 
at a single locus and segregate according to Mendelian principles, have been 
discussed. However, most phenotypic traits have a quantitative or complex 
genetic background. Body-weight and height are typical examples of quanti-
tative traits, because they do not form discrete categories and have a con-
tinuous or normal distribution within a population [66]. There is no simple 
relationship between genotype and phenotype for any given quantitative or 
complex trait. This is in contrast to a Mendelian trait, where a one to one 
relationship between genotype and phenotype exists. As a consequence, the 
segregation of individual loci effecting quantitative traits cannot be as easily 
observed as those for Mendelian traits. It follows that methods used to ana-
lyze simple segregation patterns cannot be applied to quantitative traits, even 
though these are inherited according to the same genetic principles as quali-
tative traits. A locus affecting a quantitative trait is termed a Quantitative 
Trait Locus (QTL). The variation observed for a quantitative trait is usually a 
result of the simultaneous segregation of multiple QTL, where each contrib-
utes a small fraction to the total trait variation. Also, non-genetic factors, 
usually termed ‘environmental effects’, may have large influences on the 
phenotype. The difference between a locus affecting a quantitative trait and a 
locus determining a Mendelian character merely lies in the effect of the gene 
relative to the other genetic and environmental components. The importance 
of quantitative genetics is obvious for plant and animal breeders as most 
traits of economic value are quantitative.  

Much of the theoretical basis concerning the inheritance of quantitative 
traits was established by the work of Fisher, Haldane, Wright and has since 
been further developed by others (reviewed by Lynch and Walsh [67], Fal-
coner and Mackay [66] and by Roff [68]). The phenotypic variance of quan-
titative traits, are as we discussed above, affected by genetic as well as envi-
ronmental factors and can be partitioned and formulated as follows:  
 
VP �VG �VE

VG �VA �VD �VI

 

where we have first partitioned the phenotypic variance (VP) into compo-
nents of genetic (VG) and environmental variance (VE). The genetic variance 
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can be further subdivided into parts that result from the additive effects of 
alleles (VA), the dominance effect from the interactions of alleles within 
locus (VD), and the effects of interactions between alleles at different loci 
(VI). The ratio of VG to VP gives the broad sense heritability (H2), and de-
scribes to what degree the phenotypic variance is genetically determined. 
Heritability estimates can range from 0.0, when all of the phenotypic varia-
tion is caused solely by environmental factors, to 1.0 when all the variance is 
due to genetic factors. The phenotypic effect caused by dominance or inter-
action, will not be transmitted to the next generation because the effect of 
these components is determine by the genotypic combination in the progeny. 
The only genetic component that contributes to the resemblances between 
relatives is the additive component, as the effect of alleles is not dependent 
on interactions with other alleles, or other alleles at different loci. The nar-
row sense heritability (h2) is the ratio of the additive variance to the total 
phenotypic variation (VA/ VP), and is used to quantify the degree to which 
the phenotype will be passed on to the offspring. The value of h2 is an impor-
tant measurement for breeders as it can be used to predict the selection re-
sponse for a trait in a population. Estimates of heritability (H2 and h2) are 
only applicable to the specific population and generation studied, and cannot 
be used to draw conclusions about the heritability of the same trait in another 
population. The reason being that genetic variance is dependent on QTL 
allele frequencies and environmental factors, and both of these factors may 
differ between populations. There exist numerous estimates of heritability 
(h2) both in experimental and livestock species. In general, morphological 
traits have higher heritabilities, whereas life history traits and behavior traits 
have lower heritabilities [68].  

QTL mapping  
The development of molecular genetic techniques, which enable vast marker 
sets to be genotyped in hundreds or even thousands of individuals, allows for 
the dissection of the genetic variance of a quantitative trait into the contribu-
tors from individual QTL affecting that trait. The original paradigm of QTL 
mapping can be traced back to the beginning of the 20th century [69].  

At a basic level, genetic markers dispersed throughout the genome are 
genotyped for individuals within a population, which have also been charac-
terized at a phenotypic level. If a genetic marker is closely linked with a 
QTL, marker alleles and QTL alleles may be in linkage disequilibrium (LD) 
within the population, and an association between marker genotype and trait 
variation can be detected if the power in the experiment is sufficient. Re-
quirements to identify QTL are thus; a genome-wide set of polymorphic 
markers and a ‘mapping’ population that shows heritable variation for a 
quantitative trait. The association between markers and QTL can be studied 
in either a large random set of unrelated individuals, in existing pedigree 
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materials or in experimental crosses [70]. The resolution of a QTL mapping 
experiment is proportional to the number of observed meiosis. These control 
the number or recombination events that can occur between marker and QTL 
and thereby reduce LD. In studies using pedigree material, the number or 
meiotic events are equal to and restricted by the number of individuals in-
cluded in the pedigree. Association studies using unrelated samples have 
greater resolution than pedigree studies due to the many generations of re-
combination events that have served to reduce the LD between marker and 
QTL. As a consequence of this, detecting LD between marker and QTL in 
unrelated populations requires marker densities several magnitudes higher 
than those needed in pedigree studies. The number of association studies 
performed in humans has greatly increased since the Hapmap project was 
completed and genome-wide LD patterns between millions of marker were 
reported [64].  

By means of QTL mapping we can address questions relating to quantita-
tive genetics, such as; ‘How many loci affect a trait?’, ‘Are there loci with 
large effect or is the variation caused by many loci each with a small indi-
vidual effect?’, ‘Which gene and mutation underlie the QTL effect?’. The 
following text provides a brief introduction to the concepts required to map 
QTLs in experimental crosses. These theories have been described in detail 
by Lynch and Walsh [67]. Studies in unrelated individuals, such as associa-
tion studies in humans have been reviewed elsewhere and will not be con-
sidered further [71].  

The first step in any QTL mapping experiment is to establish a mapping 
population, where QTL affecting a trait are segregating. In order to maxi-
mize the chance of identifying QTL, it is desirable to produce a cross be-
tween two phenotypically divergent breeds or strains. If there is a large aver-
age trait difference between the parental lines when raised in a common en-
vironment, then the observed phenotypic difference is likely to have a ge-
netic basis. In this scenario, the only QTL that can be mapped in the cross 
are those that show allelic differences between the parental lines. Numerous 
QTL studies have used crosses between phenotypically divergent inbred 
lines of model organisms (Drosophila [72], mouse [73]). Crosses between 
outbred animals have also been commonly used (farm animals [3, 74], 
mouse [75], zebrafish [76]). Papers I and IV included in this thesis utilized a 
cross between two chicken lines divergently selected for body-weight to map 
QTL.  

There are several types of breeding schemes that can be used to produce a 
QTL mapping population. For example, recombinant inbred lines, advanced 
intercross lines, backcrosses and F2 intercrosses, with the latter two being the 
most commonly used. In a backcross, two parental lines are mated to pro-
duce an F1 generation that is further crossed back with one or both of the 
parental strains to produce the mapping population. An F2 mapping popula-
tion is formed by intercrossing F1 individuals. The advantage of using an F2 
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intercross over the backcross is that three QTL genotype classes (i.e. QQ, Qq 
and qq, where Q and q represents alternative marker alleles derived from 
respectively parental line) will be present, whereas the backcross only gener-
ates two genotypic classes for any given locus. Hence, in the F2 design it is 
possible to estimate both the additive effect and the degree of dominance 
interaction between alleles at QTL. In a backcross design the additive and 
dominance effect is confounded, which will decrease the power to detect 
dominant QTL. Furthermore, the F2 design is more suitable for detection of 
interaction between loci (epistasis).  

A backcross or F2 intercross between inbred lines is a powerful tool for 
mapping QTL as both QTL and marker alleles are fixed for different variants 
in the parental lines. The resulting F1 offspring from line crosses are het-
erozygous for marker and QTL alleles and have a known linkage phase. 
Analyzing crosses between divergent outbred lines is complicated by the fact 
that the degree of homozygosity at QTL and marker loci is unknown. In 
these cases it is often assumed that QTL are fixed for alternative alleles in 
the outbred parental lines during the analysis. This is a reasonable assump-
tion if the parental lines have been selected for different purposes over mul-
tiple generations [77]. This may not be true in some cases and thus will 
negatively influence the power to detect QTL [78]. 

In the case of an inbred line cross, a simple way of detecting association 
between a marker and a QTL is to first categorize individuals according to 
QTL genotype class based on marker genotypes, followed by a statistical test 
to determine whether there is a significant difference between the mean trait 
values of the marker classes. If significance is shown, a QTL is located in 
the vicinity of the genetic marker. The additive (a) and dominance (d) effect 
of a QTL can be defined as follows: 
 
a � 0.5(�1��3)
d � 0.5(2�2��1 ��3)

 

where μ1 represents the mean trait value of QQ, μ2 is the mean of Qq and μ3 
is mean of QTL genotype class qq [44].  

A drawback with the single-marker approach is the inability to distinguish 
if the marker associated with the phenotypic effect is tightly linked to a QTL 
with a small effect, or loosely linked to a QTL with a major effect. A more 
efficient and accurate approach that overcomes the disadvantages of single-
marker analysis is interval mapping. This technique was first described by 
Lander and Botstein, for inbred line crosses [79] and later modified by Haley 
et al. [78, 80] for analyzing outbred line crosses. Interval mapping uses a 
genetic linkage map as a framework to locate QTL. The position and genetic 
effect of a QTL can be modeled using maximum likelihood (ML) as origi-
nally proposed by Lander and Botstein or with regression-based methods 
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developed by Haley and co-workers. In the regression-based approach, QTL 
genotype (i.e. QQ, Qq or qq) probabilities are calculated at defined genomic 
locations conditionally on the genotypes of markers for each individual in 
the pedigree. Probabilities are usually calculated in a 1 cM grid throughout 
the genetic map. Conditional QTL genotype probabilities are then used to 
estimate regression coefficients of additive and dominance effect for putative 
QTL at the predefined locations in the genetic map. The phenotype is then 
regressed onto these indicator variables to estimate QTL effect at these loca-
tions. An F-ratio is calculated at each position by testing the null hypothesis 
of no QTL versus the alternative hypothesis of a QTL at the position. To 
visualize the results from a genome scan where all locations in the grid are 
tested for QTL effects, the F-values from the regression analysis are plotted 
against the corresponding positions on the linkage map. The most probable 
QTL location is the position on the genome with the highest F-value. Within 
the framework of regression-based interval mapping, the model can be ex-
tended to include parameters for estimating interaction between alleles at 
different positions [80]. Epistatic QTL analysis can reveal novel loci that 
mainly affect the phenotype through interaction with other locus and hence 
would not be detected in a QTL analysis that only models individual loci 
effects [81]. In addition, an epistatic model also exposes pair-wise interac-
tions between loci that have an individual marginal effect, but where the 
combined joint effect is greater than the sum of the individual effects of the 
two loci [82, 83].  

QTL mapping involves a large number of statistical tests as we test for 
presence of QTL throughout the entire linkage map. Therefore the signifi-
cance threshold needs to be adjusted to account for the multiple testing in 
order to control the number of false positives (type I errors). Appropriate 
significance levels for a QTL mapping experiment involving experimental 
crosses can be determined by permutation testing as described by Churchill 
and Doerge [84]. 

The mapping resolution in a typical F2 QTL experiment is low, and the 
size of the genomic region statistically associated to a QTL can usually span 
10-30 cM [77]. Hence, a QTL defined in a mapping experiment does not 
represent a single gene locus, but a chromosomal region containing multiple 
genes in which one or several mutations affecting the trait reside. The preci-
sion with which a QTL can be mapped to a genomic region depends to a 
large degree on the individual effect of the QTL, the scale of the experiment 
(i.e. the size of the mapping population) and to some extent upon the marker 
density and local recombination rate in the QTL region. The number of QTL 
detected in a study is mainly a function of the size of the experimental popu-
lation, and thus, the detected QTL only represent a minimum of the total 
number of QTL contributing to the variance of a trait in a mapping popula-
tion [68]. Increasing the experimental population size would enable detec-
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tion of additional QTL with smaller effect sizes as well as separation of 
closely linked QTL. 

Narrowing down a QTL region generally involves further intercrossing to 
increase the number of meiotic events, which breaks down the LD between 
marker and QTL. Whilst increasing the sample size of an F2 population will 
enhance QTL resolution, an alternate and more efficient method involves the 
use of an advanced intercross line (AIL). AILs are produced by repeated 
intercrossing of individuals from F2 and subsequent generations [85]. The 
strategies used in high-resolution QTL mapping experiments are to a large 
degree dependent on the species investigated and are dictated by such things 
as generation time and the genomic resources available for the species. It 
should be stated that high-resolution mapping attempts, especially in ani-
mals, is at present very time consuming and expensive. Due to this, identifi-
cation of the gene and mutation underlying QTL effects detected in mapping 
populations has thus far been relatively unsuccessful. A small number of 
studies have, however been able to clone the gene and provide extensive 
evidence pointing out a genetic variant responsible of influencing a quantita-
tive trait. For example, in cattle, a missense mutation in the ABCG2 gene has 
been reported as the causative mutation underlying a QTL affecting milk 
yield [86]. Additionally, in pigs, a SNP in a conserved sequence element that 
influences the levels of IGF2 expression has been shown to be the causative 
mutation underlying a QTL effect influencing muscle growth and fat deposi-
tion [87]. 
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Aims of this thesis 

The main objectives of this thesis have been to: 
 

� Investigate the genetic background to the eight-fold difference in 
body-weight between two divergently selected chicken lines (Paper I 
and IV). 

 
� Construct an updated consensus linkage map for chicken and to 

study patterns of recombination throughout the chicken genome 
(Paper II and III). 
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Present investigations 

Construction and analysis of genetic linkage maps in 
chicken (Paper II and III) 
 
Background  
Linkage maps have for a long time provided the basis for mapping mono-
genic traits and QTL, and can be used to study patterns of recombination 
[51]. Linkage maps can also serve as reference points during whole genome 
sequence assemblies. The first chicken linkage map was published in 1930 
and since that time has been updated by more marker dense maps (reviewed 
by Romanov et al. [88]). The most comprehensive linkage map prior to this 
thesis included 1,889 molecular markers and formed 50 linkage groups [49].  

Construction of high-density linkage maps has been possible since the re-
lease of a draft genome sequence of the chicken genome together with a 2.8 
million SNP map [4, 16]. A 6.6x coverage sequence assembly was generated 
from an inbred female red jungle fowl and released in February 2004. The 
use of a female bird meant that the W chromosome would be included in the 
genome sequence, however this came at the cost of only about 3X sequence 
coverage for both the Z and W chromosomes. The draft assembly was by no 
means perfect, with only 30 of the 38 chromosomes present in the assembly 
and with numerous gaps along the length of chromosomes. These gaps were 
particularly notable on the sex chromosomes, mainly due to the reduced 
sequence coverage. The assembly of the W-chromosome was further ham-
pered by the repetitive structure of that chromosome [26]. To improve the 
draft assembly, additional sequence reads were generated and together with 
new SNP linkage data and radiation hybrid data, a second assembly was 
made available in May 2006. The updated genome assembly enhanced the 
sequence coverage of the Z chromosome, however the W chromosome re-
mained partial. The genome sequence is still incomplete as eight micro-
chromosomes are missing from the current assembly. 

Paper II included in this thesis describes a dense SNP-based linkage map 
of the Z chromosome and further assigns three more genes to the gene poor 
W chromosome. An updated high-resolution consensus linkage map, includ-
ing 9,268 genetic markers is presented in paper III, together with an evalua-
tion of patterns of recombination in the chicken genome. The SNP markers 
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used in both studies were randomly selected from the 2.8 million polymor-
phisms previously discovered when domestic sequences reads were com-
pared to the reference genome sequence [16]. A proportion of the selected 
SNP markers were located on contigs which had not been assigned to a 
chromosome in the draft assembly. 

Results and Discussion  
Paper II (A high-resolution linkage map for the Z chromosome in 
chicken reveals hot spots for recombination) 
Genotype data from about 9,000 SNP markers, analyzed in a set of 182 birds 
representing several different breeds, was used to identify SNP markers that 
displayed sex chromosome inheritance. Based on genotype distributions in 
males and females, 308 markers could be placed on the Z chromosome and 
13 markers on the female specific W chromosome. Z-linked loci were identi-
fied as those SNP loci where only males were heterozygous and all female 
genotypes were homozygous. W-linked loci were recognized as SNPs that 
exclusively gave genotype calls in females. The majority of the Z-linked 
SNPs identified in this study were subsequently assigned to this sex chromo-
some in the updated assembly (May, 2006), with only 12 out of the 308 Z-
linked SNP markers still located to unassigned contigs. A linkage map for 
the Z chromosome was constructed using a population of 47 F2 birds that 
represent a subset of a large intercross population between the red jungle 
fowl and White Leghorn [13]. The map presented in paper II includes 208 
markers that segregated in our pedigree with a total length of 200.9 cM, giv-
ing an average cross-over frequency of two events per meiosis. 

The overall quality of the linkage map reported in paper II appears to be 
high. This conclusion was based on a comparison to the marker order of the 
May 2006 assembly. Of the 208 segregating markers, only a single microsa-
tellite marker was out of agreement. This discrepancy could be due to geno-
typing errors giving rise to a false marker order or alternatively, a potential 
mistake in the assembly process. Importantly, the dense nature of the map 
would have allowed suspicious double-recombinants to be easily identified 
in the dataset. None was observed. 

Rates of recombination are often expressed as cM/Mb, where the physical 
distance is in units of one million basepairs (Mb). Paper II reports an average 
recombination rate of 2.7 cM/Mb on the Z chromosome based on comparing 
the total map length to the physical map (May, 2006), an estimate that re-
sembles previously published results for chicken macrochromosomes [4, 
89]. However, the distribution of recombination events appears to be uneven 
along the Z chromosome (Figure 2, Paper II), with hot- and cold-spots of 
recombination. An increased recombination rate was also observed at the 
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telomeric ends of the chromosome, a result which has been reported in other 
species [60].  

The results from paper II show that the May 2006 assembly of the Z 
chromosome is both comprehensive and accurate. A precise sequence as-
sembly enables positional cloning of Z-linked traits and could also shed light 
on the mechanisms of sex determination which in birds is currently unknown 
[90]. Further, complete sex chromosomes sequences are vital for the study of 
avian sex chromosome evolution [91]. 

 

Paper III (A high density SNP based linkage map of the chicken genome 
reveals sequence features correlated with recombination rate) 
Paper III presents an updated consensus linkage map constructed by analyz-
ing the genotype data obtained by screening 13,000 SNPs across three sepa-
rate pedigrees. The Wagerningen (WU) pedigree was derived from a cross 
between two commercial broiler lines and 92 F2 individuals were used in this 
study [92]. Eighty-eight birds from the East Lansing (EL) pedigree, a back-
cross between a red jungle fowl line and an inbred White Leghorn line, were 
also included [93]. The third pedigree from Uppsala University (UPP) is an 
F2 intercross between red jungle fowl and a White Leghorn lines used to 
build the Z linkage map presented in paper II, and described previously in 
the text. 

From the initial 13,000 SNPs, 8599 segregating SNPs were combined 
with a subset of microsatellites (669) from the previous consensus map [49]. 
The new consensus map has marker coverage on chromosomes 1-28, chro-
mosome Z and additionally five small linkage groups not assigned to a 
chromosome in the current genome assembly. The number of autosomal 
chromosomes that are currently covered should therefore be 33, if each of 
the five small linkage groups represents separate chromosomes. This then 
leaves five microchromosomes that are still lacking marker coverage.  

The length of the current sex-average map is about 3200 cM, which is 
considerably shorter then the previous consensus map that had a total length 
of approximately 4200 cM [49]. The reduced map length is due in large part 
to the high quality of genotype data obtained from SNP array assay com-
pared to previous microsatellite genotyping. The previous map was inflated 
due to genotyping errors in microsatellite and AFLP markers, which could 
easily be detected with the current dense marker coverage.  

Variations in the rates of recombination between genders are common in 
many species, and in humans the female linkage map is almost two-fold 
longer than the male linkage map [47]. However, only a minor difference 
was observed between the sex-specific linkage maps constructed in the cur-
rent analysis, which is in concordance with previous studies in chicken [13]. 
The same result has also been noted in a recently published zebra finch link-
age map [94]. A dramatic difference was however observed between pedi-
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grees, with an approximate 600 cM difference in the total sex-average maps 
length between the domestic broiler cross (WU population) compared to the 
EL and UPP pedigrees. The latter are both crosses between the red jungle 
fowl and White Leghorn lines. Burt and Bell (1987) reported that domestic 
animals have a higher chiasmata count compared to natural populations, and 
further suggested that the higher rate in domestic animals could be a conse-
quence of an indirect selection pressure for increased recombination rates. A 
high recombination rate would allow an increased selection response to a 
phenotype as unfavorable genetic correlations can be broken up by recombi-
nation. 

Comparisons between genetic and physical maps clearly show that the 
rates of recombination vary considerably between species [95]. The genome 
average recombination rate estimated from the current linkage map amounts 
to 3.1 cM/Mb. This is almost two-fold higher when compared to humans, 
where the recombination rate is about 1.2 cM/Mb [47]. Even lower rates of 
recombination have been reported for rodents (rat and mouse 0.5 cM/Mb 
[95]). Additionally, the recombination rate observed in the chicken genome 
is two-fold higher than estimates from the zebra finch [94]. The difference 
between chicken and zebra finch is foremost caused by differences on the 
macrochromosomes.  

As stated, the chicken genome-wide average recombination rate was 3.1 
cM/Mb, however the distribution of recombination along the chromosomes 
was found to be highly variable, ranging from 0 to 20 cM within 1 Mb win-
dows. The recombination rate also varied considerably between chromo-
somes. Recombination rate was negatively correlated with chromosome size, 
similar to what has been reported in other species [96]. In concordance with 
studies in mammalian species, the recombination rates in chicken tend to be 
higher at the end of the chromosomes and lower in centromeric regions [96]. 
Several studies have investigated the correlation between recombination 
rates and different sequence parameters. For example, GC-rich genomic 
regions, nucleotide diversity and gene density have all shown a positive cor-
relation to recombination rate in several species [51]. In the current study, 
we tested the correlation between recombination rates, GC-rich sequence 
motifs and to repeat element content, in one Mb intervals. The results 
showed a clear positive correlation to GC-rich sequence motifs and a nega-
tive correlation to AT-rich sequences, whilst repeat structures were nega-
tively correlated to recombination rate. The overall features of recombina-
tion in chicken appear to be similar to observations made in mammalian 
species. 
 
 



 29

Future perspective 
Although we screened a large number of SNPs, many of which had not been 
assigned to chromosomes in the draft assembly, we failed to provide a com-
plete linkage map representing all 38 autosomal chicken chromosomes. The 
chromosomes missing both from the assembly and our updated linkage map 
are microchromosomes. These are characterized by small size and a have a 
higher GC content compared to the macrochromosomes. A complete linkage 
and sequence map are essential requirements for future detailed studies of 
recombination processes, in addition to providing a framework for investi-
gating evolutionary processes that have shaped the chicken genome, such as 
the size differences between the macro- and microchromosomes. The in-
complete map of the chicken genome also hampers attempts, to discover, 
clone and characterize any trait loci residing on these missing chromosomes.  

The absence of sequence data from a proportion of the microchromo-
somes is quite puzzling. The missing sequence could possibly reflect a clon-
ing bias, perhaps due to high GC content or other sequence characteristics. 
The end result could have been reduced cloning success of microchromo-
somes sequence fragments in libraries used to generate the whole genome 
sequence. Such a bias could be overcome by generating sequence data from 
recently developed sequencing systems that do not require vector based 
cloning, such as the 454 system provided by Roche. Such attempts are on the 
way and will hopefully result in a complete chicken genome sequence. 

Genetic analysis of two extreme selection lines – 
QTL mapping (Paper I and IV) 
 
 Background 
In 1957, Prof. Paul Siegel at Virginia State University started a long-term 
selection experiment in chickens. His objective was to study the genetic and 
physiological effects of divergent selection on juvenile body-weight [97]. 
The study population was created by first intercrossing seven partially inbred 
White Plymouth Rock broiler lines. From this base population, two diver-
gent lines were selected based on high and low body-weight at 56 days of 
age (with this being the sole selection criterion) [98]. The two lines have 
been reproduced annually since the start of the experiment, with breeding 
and hatch always taking place at the same date every year to allow a valid 
comparison between generations. In March 2008, the 50th generation of the 
two selection lines were hatched. The selection responses in the High-
Weight Selected (HWS) and the Low-Weight Selected (LWS) lines have 
been remarkable (See Figure 1, Paper I). Sex-average gain in the HWS line 
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up to generation thirty-seven was 19.7 g per generation, whist within the 
LWS line an average body-weight reduction per generation have been re-
ported to be 19.6 g [99]. At generation forty, an approximate eight-fold dif-
ference in body-weight was observed between the two divergently selected 
lines. This equated to a sex-average body-weight of about 1.5 kg for the 
HWS line compare to an average of about 0.2 kg for the LWS line. Selection 
for body-weight has also rendered a series of correlated responses to various 
body-weight related traits. For example, the appetite in the HSW line birds 
has increased whereas in the LWS line the chickens display an anorectic 
phenotype, exhibiting extremely low appetite. In order to maintain a breed-
ing flock the HWS line has to be feed restricted after 56 days of age (the 
selection age) to avoid metabolic disease. In the LWS line, the selection for 
reduced body-weight has led to the appearance of an anorexia phenotype 
from generation 25 [99]. For each subsequent generation, approximately 5-
20% of the LWS line birds die before the age of selection due to inadequate 
basal food consumption. Numerous reports have been published discussing 
the effects of divergent selection on these chicken lines (for a comprehensive 
review see Dunnington and Siegel [97]).  

In order to identify the genetic components that have responded to selec-
tion and caused the observed differences in body-weight between the two 
lines, an intercross between the lines was produced. A reciprocal HWS/LWS 
intercross was bred constituting a mapping population of about 850 F2 birds. 
Body-weight measurements were collected at hatch and in subsequent two-
week intervals until slaughter. At 70 days of age, the F2 population was sac-
rificed and an additional set of body-weight related traits was collected. 
These included body-composition, metabolic and immune response traits. 
Park et al. have reported results from a QTL analysis for body-composition 
and metabolic traits collected from this intercross [100]. 

Paper I in this thesis describes results from a QTL analysis based on the 
intercross for body-weight traits, as well as anorexia, packed cell volume 
(PCV), blood protein and a immune response trait (SRBC). In paper IV, we 
constructed an updated linkage map by further including an additional 316 
SNP markers and report results from a revised QTL analysis of body-weight 
traits. Using the extended genetic map we also conducted a pair-wise ge-
nome-wide search for epistatic QTL pair affecting body-weight traits. A 
previous study by Carlborg et al. had suggested that interactions between 
loci contributed to the variation in body-weight in the two chicken lines [83]. 
Their analysis exposed a genetic network of interacting loci affecting body-
weight at 56 days of age. In total, five locus-pairs were detected. All pairs 
shared one common locus on chromosome 7 (Growth9), which appeared to 
be the key regulator of this network of epistatic QTL. 
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Results and Discussion  

Paper I (Many QTLs with minor additive effects are associated with a 
large difference in growth between two section lines in chickens) 
A genome scan including 145 microsatellite markers was conducted in order 
to map QTL segregating in the HWS/LWS intercross. The genetic map in-
cluded marker coverage on 25 autosomal linkage groups with a total map 
length of 2,426 cM [89]. QTL analysis was performed using a least square 
interval mapping method for outbred intercrosses [78], implemented in the 
web-based QTLExpress software [101].  

The analysis revealed 13 chromosomal regions affecting body-weight or 
growth (Growth 1-13, Table 2, Paper I). Each individual QTL explained 
only a small proportion of the total phenotypic variance in the F2 population 
(1.3 -3.1%). The majority of the QTL showed additive effects, however there 
were two QTL that displayed negative over-dominance (i.e. an enhanced 
growth in the heterozygote genotype class). Only five of the 13 QTL re-
ported in paper I, reached the 5% genome-wide significance level set by 
permutation testing [84]. For all QTL, the HWS line alleles were associated 
with enhanced body-weight. This implied that most of the QTL are real, as 
such an outcome would be unlikely if the majority of the QTL were false 
positive. In a joint regression analysis including only QTL with additive 
effect, we estimated that the combined effect could, at most, explain about 
half of the difference in body-weight at 56 days between lines, and roughly 
13% of the residual variance in the F2 population. No QTL were detected for 
anorexia, PBC, blood protein or for the antibody response to SRBC. The 
main conclusion from paper I was that the divergent selection response ob-
served in the two chicken lines was most likely a result of a fixation of many 
alternative QTL alleles in the selected lines each with individually small 
additive effects.  

The genetic map used for QTL analysis in paper I only covered 24 out of 
the 38 autosomal chromosomes. The incomplete map coverage could have 
influenced the main conclusions of this paper, as it is possible that additional 
QTL with large effect were segregating on the 13 uncovered chromosomes. 

 

Paper IV (Genetic analysis of an F2 intercross between two chicken lines 
divergently selected for body-weight)  
To enhance the map coverage in the HWS/LWS intercross, 316 SNP mark-
ers distributed over marker gaps and on uncovered chromosomes were geno-
typed using the Illumina GoldenGate assay. A general increase in marker 
density was sought to enhance the precision of the QTL analysis, and to pro-
vide power to detect additional QTL. Highly informative genetic markers 
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were chosen from a panel of 13,000 SNPs genotyped in 15 individuals of 
each line.  

The linkage map, including the previously genotyped microsatellite and 
the new SNP markers, comprised 434 genetic markers distributed over 31 
linkage groups. The map spanned 2954 cM, in comparison to the previous 
microsatellite map that covered 2,426 cM. The current map has a higher 
average markers density than the previous map, with one marker per 6.9 cM 
compared to one marker every 16.7 cM. Additionally, seven microchromo-
somes are now covered, leaving only seven chromosomes without markers. 
A comparison between the two linkage maps used for the QTL analysis in 
papers IV and I are presented in Figure 1, paper IV.  

Using the updated genetic map, we re-analyzed the intercross data. First, 
we scanned the genome for QTL with marginal effect (additive and domi-
nance) for body-weight traits and second, we extended the regression model 
to also account for epistatic interactions. Epistatic QTL analysis was con-
ducted as previously described by Carlborg et al. [102, 103].  

The results from the QTL analysis for marginal effect on body-weight 
traits were to a large degree in concordance with our previous study (Paper 
I). No additional QTL were detected on previously uncovered chromosomes. 
In total, we report seven QTL each with small effect sizes, five of which 
were significant at the 5% genome-wide level. Six QTL that we reported in 
paper I, did not reach the significance threshold set in paper IV (see discus-
sion paper IV).  

In the epistatic QTL analysis, we identified 19 QTL pairs where the inter-
actions were significant at the 1% level and an additional six pairs signifi-
cant at a 5% interaction level. The 25 pairs represented 15 unique interacting 
QTL pairs (Figure 2, paper IV). Of those 15 pairs, nine involved interactions 
with the Growth 9 QTL. The current epistatic analysis, using the updated 
linkage map, supported the main results and conclusions of Carlborg et al. 
who used the microsatellite-based linkage map [83]. Our results showed that 
epistatic interactions between loci can contribute substantially to the varia-
tion for a quantitative trait.  

Epistatic effects between alleles at different loci have for a long time been 
known to influence Mendelian traits, such as coat color variation in pigs 
[104] and also comb types in chickens. To what degree epistasis is involved 
in regulating quantitative trait variation is not clear. Several studies have 
reported epistatic QTL in various model organisms, such as mammalian 
species [105, 106], Drosophila [107-109] and plants [110], while others have 
failed to detect interacting QTL effects [111]. A recent study by Hill et al. 
reported that most trait variation in humans was typically dependent on addi-
tive genetic variation, with limited or no effect of dominance or interaction 
components [112]. Whilst epistasis is unlikely to affect every trait in every 
population, it is clearly worthwhile investigating and should not be ignored 
when studying quantitative traits [81, 82].  
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The intense bi-directional selection during forty generations is expected to 
have resulted in allele frequency changes within and between the two 
chicken lines at QTL. Strong directional selection on QTL alleles will lead to 
selective sweeps, as favorable QTL alleles increase in frequency and replace 
other alleles at loci present in the population [3]. This process will lead to a 
reduction of nucleotide diversity around selected QTL due to hitchhiking 
effects with nearby loci, and result in a fixation of haplotype blocks [113]. 
The size of the haplotype block depends both on the time required to bring 
the favorable mutation to fixation in the population and on the local recom-
bination rate. An example of a selective sweep is the IGF2 locus in domestic 
pigs [87]. Reduced nucleotide diversity within a genomic region could be a 
result of selection on favorable mutation(s), but may also be a result of 
demographic processes that have occurred in the population, such as bottle-
necks and genetic drift [114]. 

At QTL that have responded to selection in the two chicken lines, we ex-
pect high allelic divergence between lines as they have been selected in dif-
ferent directions, coupled with increased homozygosity within lines. If such 
regions of low nucleotide diversity could be identified within QTL intervals, 
this could potentially narrow down a large QTL area to the region that har-
bors the causative mutation underlying a QTL effect. A search for signs of 
selective sweeps, using genotype data from 13,000 SNP markers scored on 
15 individuals from each line, in large failed to detect homozygosity sur-
rounding QTL regions affecting body-weight. The current marker density 
represented one segregating SNP per 200 kb.  

Despite the large difference in body-weight between the HWS and LWS 
lines, we only identified a handful of QTL, each with small marginal effect 
on body-weight in the intercross population. From the current studies we 
draw the conclusion that many loci, each with small effect, were contributing 
to the difference in body-weight between the two divergently selected 
chicken lines. This is also in agreement with the consistent progressive re-
sponse to the selection on body-weight, as illustrated in Figure 1, Paper I. If 
several major QTL had been segregating in the base population, the response 
curve over generations would be expected to show more dramatic changes. 
No major leaps in body-weight between generations have been observed in 
the two populations. This also implies that no novel QTL mutation with 
large effect have appeared during the course of the selection experiment. The 
continued response to selection on body-weight throughout the experiment 
most likely reflects selection on the standing genetic variation present in the 
founder population. The failure to detect selective sweeps using the current 
marker set also supports the hypothesis that selection has primarily been on 
standing genetic variation. The epistatic effects we observed illustrate that 
this mechanism has played an important role in mediating the selection re-
sponse. Although 31 of the 38 autosomes were covered in this experiment, it 
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is still possible that major QTL are segregating in our intercross but re-
mained undetected due to incomplete genome coverage. 

Future perspective 
Results from paper I and IV present an overall view of the genetic basis of 
the large body-weight difference observed between the HWS and LWS lines 
following long-term bi-directional selection. To gain further insight, a com-
plete genome scan that covers all chromosomes must be performed. This 
would provide a comprehensive catalog of QTL segregating in the inter-
cross, and would reveal if any QTL with large effect were segregating on 
currently uncovered microchromosomes. There are however limitations with 
the power to detect QTL using the current size of the intercross. At present, 
only those QTL with reasonable sized effects can be detected and therefore, 
the current population does not reflect an accurate estimate to the true num-
ber of QTL that have responded to selection for high and low body-weight 
respectively. To increase the statistical power and to gain an enhanced view 
of the number of QTL that have been selected would require a much larger 
sample size than the approximately 850 individuals which were used in pa-
per I and IV.  

Identifying genes and the causative mutations affecting QTL is key to ad-
vancing our understanding of the underlying molecular mechanisms that 
control phenotypic variation. While there is a limitation to the number of 
QTL the current intercross can detect, there is also a limitation with regards 
to the mapping resolution gained using the current F2 population. The confi-
dence intervals for the seven QTL that we reported in paper IV are between 
10-30 cM, which relate to genomic regions of between 3.5 – 9.7 Mb. Within 
such large regions, tens or hundreds of genes are normally located. Increased 
map resolution can be achieved by using an Advanced Intercross Line (AIL) 
as described in the QTL mapping section [85]. An AIL has been maintained 
for the HWS/LWS intercross by further crossing F2 individuals and subse-
quent generations (F3, F4, etc.). As recombination events accumulate over 
several generations of intercrossing, the linkage disequilibrium between 
marker and QTL is reduced, and hence, a higher map resolution can be ob-
tained. For generation F8 we produced a population consisting of approxi-
mately 400 birds that will be used for fine-mapping QTL that were discov-
ered in the F2 intercross.  

Genetic research has gone through a technological revolution during the 
last five years. First with the development of highly efficient SNP genotyp-
ing technologies, such as the Illumina and Affymetrix systems. Secondly, 
new sequence technologies that can generate vast amount of sequence data 
in a short time frame to a relatively low cost compared to conventional 
Sanger sequencing are now available.  
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In paper IV we used a SNP map comprising on average 1 SNP/200 kb to 
search for selective sweeps. With that marker density constrained to large 
QTL interval, our attempt failed to locate selective sweeps within QTL re-
gions. This suggests that sizes of potential selective sweep regions present in 
the two selection lines are small, and that the detection of sweep intervals 
would require an increased SNP density. Applying these new technologies, 
the levels of genome-wide nucleotide variation within and between the HWS 
and LWS line can be determined. This information coupled with segregation 
data from the AIL can be a powerful approach to identify candidate poly-
morphisms that underlie the QTL effects causing the dramatic phenotypic 
differences between the lines. 
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