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3’ 3-prime 
5’ 5-prime 
A Adenosine 
ANOVA Analysis of variance 
BBSRC Biotechnology and Biological Sciences Research 

Council
BC before Christ 
BLAST Basic Local Alignment Search Tool 
blastx translated query BLAST against a protein database 
bp base pair 
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C Cytosine 
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pol polymerase 
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Introduction

Exploring the realm of gene expression differences in White Leghorn and 
red junglefowl chickens. Hmm, one might say, catchy title. Somewhere out 
in the vast land of animal genetics there lies a realm waiting to be conquered 
by a tiny but inquisitive, exploratory scientist like me. But how should I get 
there? What tools or army should I take with me to conquer it? What does 
the landscape look like? Is it worth working for? Or will it only lead to 
chaos? Do I really need to go in the first place? 

Although these may seem like over-dramatic questions to be asking about 
an area of domestic animal research, the answers can lay the basis for a well-
planned research project. This thesis can be described as the middle chapters 
of a quest whose ultimate goal is to understand the physiological processes 
in the chicken. Gene expression is generally considered as the second crucial 
step that relays the genetic information encoded in DNA. This information 
orchestrates all aspects of phenotype other than epigenetic effects and the 
effects of the environment. Therefore it is very important to learn how gene 
expression works, and if there are differences in expression that can be asso-
ciated to phenotype differences. 

Accomplishing this task has been somewhat limited, until recent years 
most expression analysis was performed one transcript at a time, or by vari-
ous PCR amplification/subtraction techniques. However with the invention 
of microarrays, gene expression can be measured over many thousands of 
genes at one time, or even the entire transcriptome of an organism. What 
remains to be learnt is how reliable these measurements are, and if they 
really have meaningful effects on phenotype? 

So we have some reasons why it is important to enter the realm of gene 
expression, and some tools to take with us to help conquer it. They may not 
yet be the perfect tools, but one should not rely only on techniques. Research 
involves good planning, intuitiveness, and well, a little luck. But why study 
the chicken? As will be discussed later, the chicken holds a unique place in 
vertebrate evolution, and its easy accessibility and unique reproductive sys-
tem has given it a special place in the areas of embryonic and immunologic 
research. Its selection by humans has given rise to many phenotypically dis-
tinct breeds/lines, all originating from one group of birds, the red junglefowl. 
Therefore the genetic effects of intense selection can be investigated and 
serve as an evolutionary/selection model for other species. Both similarities 
and differences of chicken physiology with that of humans are useful to un-
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derstand, for there are many chicken models of human genetic diseases, 
metabolic disorders, etc. Finally the role of the chicken as a major supplier 
of protein to the world’s population also makes it a most worthy animal to 
study. 

This thesis describes the road we have chosen to investigate gene expres-
sion of a common domestic breed, the White Leghorn, and its wild ancestor, 
the red junglefowl. The work contained herein tells the tale from the begin-
ning, that being the reasons why the study was made, to the creation of the 
tools to study gene expression, and the first attempts to conquer the realm. It 
is by no means the end of the story, but gives some interesting insights to the 
mechanisms behind phenotypic differences between White Leghorn and red 
junglefowl, and how gene expression has been influenced after thousands of 
years of selection. 
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Chickens, evolution, and everything… 

Evolution of the domestic chicken 
Evidence for the earliest domestication of fowl has been found in China at 
around 6000 BC (West and Zhou 1988). Although phenotypic characteristics 
shared between Gallus gallus (red junglefowl) and domestic chickens had 
led scientists to believe that it was the sole ancestor, it wasn’t until the early 
1970s when several groups including Baker and colleagues studied ovo-
globulins, that physical evidence was put forward which strongly suggested 
that the other Gallus species could not have been involved in the ancestry of 
the domestic chicken (Baker et al. 1971). This was later confirmed by stud-
ies of mitochondrial DNA (Fumihito et al. 1994; 1996) which indicated that 
one subspecies, G. gallus gallus, was sufficient to create all the diverse 
breeds of domestic chicken. After genomic diversity was investigated be-
tween red junglefowl and three domestic chicken lines, it appears that do-
mestic chickens probably did not solely originate from a very small group of 
individuals (International Chicken Polymorphism Map Consortium 2004). It 
could also be that wild red junglefowl were introduced as breeding stock in 
many successive generations. 

In recent times, poultry have been selected for a wide diversity of pheno-
typic traits, leading to the highly specialized breeds or lines that are present 
around the world, which are suited to different production environments 
and/or goals. There are now approximately 115 poultry breeds recognized by 
the American Poultry Association (both full-size and bantam breeds). The 
White Leghorn is the breed most widely used for commercial egg produc-
tion. There is no recorded genetic history of the White Leghorn other than it 
originated in Italy. It is named after the city of Leghorn, Italy, from where it 
was first shipped to many areas of the world (Hawkins 2004) 
(http://www.afn.org/~poultry/breeds/leghorn.htm).

Present-day White Leghorns differ greatly from their ancestor, the red 
junglefowl, in many aspects. They grow faster, have acquired a higher re-
production (egg production) rate, and their desire to incubate eggs is almost 
completely eliminated. Other behavior characteristics, such as contrafree-
loading (a behavior where an animal would like to search for its food rather 
than consume it from an easily available source such as a trough or a dish), 
have also been quite diminished in commercial White Leghorn as compared 
to the red junglefowl (Schütz and Jensen 2001). These vast and interesting 



12

phenotypic differences make these two birds attractive to compare and con-
trast, and therefore an intercross was set up in Sweden which produced F2 
individuals in order to identify chromosomal regions (quantitative trait loci, 
or QTLs), influencing a variety of phenotypic characteristics (Schütz et al. 
2002; Carlborg et al. 2003; Kerje et al. 2003a; 2003b; 2004; Schütz et al. 
2004; Jensen et al. 2005). The parental lines of both the red junglefowl and 
White Leghorns used in the intercross are the same birds utilized throughout 
the examination of gene expression in this study. 

The red junglefowl
The red junglefowl line used in this study (Figure 1) was developed from red 
junglefowl chicks obtained from a zoo in the northern part of Sweden (Frösö 
Zoo). These red junglefowl had been imported from Thailand and were 
maintained at the zoo over several years. It was determined that they are 
most likely members of the subspecies Gallus gallus gallus or Gallus gallus 
spadiceus. It was apparent that there had been some interbreeding with do-
mestic chickens during its development since it displayed phenotypic charac-
teristics not typically found in what is considered wild junglefowl, such as 
egg color, and the fact that some chicks showed unusual traits in their plum-
age color before feathering (Schütz and Jensen 2001). 

Figure 1. The red junglefowl (left) and White Leghorns (right) maintained at SLU, 
which were utilized to create a large intercross, make cDNA libraries, and in the 
gene expression experiments. (Foto: Johanna Väisänen) 

Line 13 White Leghorn 
The line of White Leghorn used in this study, line 13 (Figure 1), is a produc-
tion line begun in 1987 at the Swedish University of Agricultural Sciences 
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(SLU). It had been selected for numerous egg characteristics such as in-
creased egg weight, egg number, and change of egg size over age. It has also 
been selected for metabolic traits such as feed efficiency and body weight. 
The line has now been sold to a private farm, although one population has 
been retained within the SLU poultry breeding facilities to facilitate further 
genetic, production, disease, and behavioral research. One chicken from this 
line was sequenced at a 0.3 X genomic coverage and used in a comparison of 
genomic sequence between the 6.6 X draft sequence of the chicken genome 
(which was obtained from an inbred line of red junglefowl maintained in the 
United States, UCD 001), a 0.3 X coverage of a broiler line obtained from 
the United Kingdom, and 0.3 X coverage of a Chinese Silkie breed chicken 
(International Chicken Genome Sequencing Consortium 2004; International 
Chicken Polymorphism Map Consortium 2004). 

QTL discovery in White Leghorn and red junglefowl 
In the afore mentioned intercross and QTL study made between White Leg-
horn and red junglefowl, one red junglefowl male was initially mated with 
three White Leghorn females to produce the F1 generation, and then four 
males and 37 females from this population were mated to produce ~ 850 F2 
individuals (Schütz et al. 2002; Carlborg et al. 2003; Kerje et al. 2003a; 
Schütz et al. 2004; Jensen et al. 2005). A genome scan with 105 markers has 
been completed on these animals and 38 genomic regions with a suggestive 
or significant QTL affecting at least one growth trait have been identified 
(Carlborg et al. 2003; Kerje et al. 2003a), and also QTLs for behaviour, egg 
production, and epistatic QTLs have been elucidated (Schütz et al. 2002; 
Carlborg et al. 2003; Kerje et al. 2003a; Schütz et al. 2004). Further genera-
tions have been produced and will be used for high-resolution mapping of 
QTL.

The chicken genome 
Genetic characteristics of chromosomes 
The karyotype of chickens and other birds is quite different from that of 
mammals. The chicken genome contains 38 autosomes and two sex chromo-
somes, Z and W. The most distinguishing characteristic is the existence of 
microchromosomes, which are also found in some reptiles and species of 
fish (Schmutz and Grimwood 2004). The autosomes in chicken have been 
divided into two categories, first the macrochromosomes (numbers 1-5), and 
the microchromosomes (numbers 6-38). The microchromomes were arbitrar-
ily divided into two separate groups on the basis of size, the intermediate 
chromosomes (numbers 6-10), and then microchromosomes (11-38) 
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(International Chicken Genome Sequencing Consortium 2004). There are 
various characteristics inherent to the chicken chromosomes that also distin-
guish the groups mentioned above, other than size. The macrochromosomes 
have a narrow distribution of G+C content while the microchromosomes 
have quite a wide distribution and it is generally shifted towards higher val-
ues (International Chicken Genome Sequencing Consortium 2004). The 
G+C content is linked to a higher density of protein-coding genes on the 
microchromosomes. Also, the recombination rate is much lower on the mac-
rochromosomes as compared with the microchromosomes. A phenomenon 
proposed to explain this correlation in G+C content and recombination rate 
is that of biased gene conversion, where chromosomes with a higher recom-
bination rate favor the inclusion of G+C-biased genes (Eyre-Walker and 
Hurst 2001; Marais 2003). Studies in other species have shown that an in-
creased G+C content is associated with a higher recombination rate (Jensen-
Seaman et al. 2004). Therefore a higher recombination rate would lead to 
increased G+C content, which would further increase recombination rate 
until a physical and genetic constraint was reached which prevented further 
increases in recombination. Microchromosomes are also characterized by a 
higher CpG island density, smaller gene size (mainly due to smaller intronic 
lengths), and less interspersed repeats (International Chicken Genome Se-
quencing Consortium 2004). An interesting discovery made during the 
analysis of the chicken genome is that an ancient microchromosome fused to 
the top of chicken macrochromosome 4 still retains characteristics of the 
microchromosomes, including a higher gene density and recombination rate. 

Genetic content 
The chicken genomic sequence is approximately 1.2 Gb long, which is about 
2 Gb smaller than the human, chimp, and mouse genomes (Venter et al. 
2001; Mouse Genome Sequencing Consortium 2002; The Chimpanzee Se-
quencing and Analysis Consortium 2005). Some of the main features which 
lead to this difference is the vast reduction in the number of interspersed 
repeats, large segmental duplications, and puedogenes found in the chicken 
genome (International Chicken Genome Sequencing Consortium 2004; 
Wicker et al. 2005). It appears that the revese transcriptase of the most 
prominent non-LTR retrotransposon, chicken repeat 1 (CR1), is not likely to 
reverse transcribe poly-A mRNAs (Haas et al. 2001), and thus could be the 
reason why only 51 incidences of puedogenes were identified in the chicken 
genome after sequence assembly (International Chicken Genome 
Sequencing Consortium 2004). There is also evidence that the CR1 reverse 
transcriptase may not be very progressive since many CR1 elements are 
truncated at their 5’ ends (Wicker et al. 2005). Since non-LTR retrotrans-
posons comprise the great majority of repeat content of the larger genomes 
(International Human Genome Sequencing Consortium 2001; Mouse Ge-



15

nome Sequencing Consortium 2002), the seeming lack of activity of non-
LTR retrotransposons can explain a lot of the differences in genomic length 
between chicken and mammals. 

It is estimated that there are about 20,000 to 23,000 genes in the chicken 
genome (International Chicken Genome Sequencing Consortium 2004). 
Approximately 60% of the protein-coding genes in chicken had a single 
human homologue, and generally shared less conservation in their amino 
acid sequences than human and mouse orthologues, as expected from their 
phylogenic distance. It appears that there is both a tissue-specific, and usage-
specific bias in the conservation of orthologous genes between chicken and 
humans, since genes expressed in some tissues, for example brain, were 
more conserved than those in testis, and that gene expressed in many tissues 
were more conserved than genes expressed in only a few tissues 
(International Chicken Genome Sequencing Consortium 2004). 

The sequencing of the chicken genome led to the identification and verifi-
cation of genes that are unique, have been expanded, or have been lost in 
chickens. The keratin family, which is responsible for the growth of feathers, 
scales and claws, was found to be unique to the chicken lineage. An expan-
sion of the scavenger receptor cysteine-rich (SRCR) domain, which may 
play a role in mucosal defense, was increased by 40% to that of human 
SRCR domains. Other genes that appeared in a greater number in the 
chicken genome were also involved in immunity and host defense, for ex-
ample the olfactory receptor genes, immunoglobulin-like receptor CHIRs, 
and major histocompatability complex class 1-like sequences. Genes and 
families absent from the chicken genome included casein milk proteins, 
enamel proteins, some saliva related proteins, vomeronasal receptors, and 
SCAN domains (International Chicken Genome Sequencing Consortium 
2004). In a comparison of orthologous genes of nine metazoan genomes, it 
was concluded that the chicken genome has lost more genes over its evolu-
tion than it has gained, which is in contrast to the other sequenced verte-
brates.

The Z and W sex chromosomes 
Chickens differ from mammals in that the females are the heterogametic sex 
(ZW), while males are homogametic (ZZ). The fact that point mutations are 
generally considered to occur faster in males because of physical factors 
such as spermogenisis, and that male chickens are the homeogametic sex, 
may allow for an increased rate of mutation on the Z chromosome, and then 
could lead to the selection of semi-recessive mutations on the Z chromosome 
in females if they are favorable (Charlesworth et al. 1987). Many traits that 
could be targets of sexual selection in birds that distinguish breeds are sex-
linked (Price 2002). It has been shown in previous studies involving two 
closely related flycatcher species (Ficedula hypoleuca and Ficedula albicol-
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lis) that the average variation of polymorphisms and divergence on the Z-
chromosome was much lower than neutral expectations based on the diver-
sity of autosomes between the two species (Borge et al. 2005). This study 
also showed that there was significant heterogenetity between patterns of 
polymorphism and divergence at several Z-linked loci, and that there was an 
absence of polymorphisms shared between the two species on the Z-
chromosome as compared to autosomes. Therefore it seems that the Z chro-
mosome in particular is important for the evolution of species differences 
between closely related birds. 

Polymorphism between White Leghorn and red 
junglefowl 
Approximately 900,000 single nucleotide polymorphisms (SNPs) were de-
tected between red junglefowl and White Leghorn after a comparison of 
sequence between the 6.6  coverage red junglefowl reference genome, and 
a 0.3  coverage of a White Leghorn (layer) bird that belongs to the same 
line of White Leghorn used throughout this thesis (International Chicken 
Polymorphism Map Consortium 2004). This translated into approximately 
5.21 SNPs/kb. This rate is significantly higher than what was reported for 
comparisons within species such as humans (The International SNP Map 
Working Group 2001), but lower than has been found between humans and 
chimps (The Chimpanzee Sequencing and Analysis Consortium 2005), but 
similar to what has been seen between mouse strains (Lindblad-Toh et al. 
2000). Other studies in chicken have reported various rates of polymor-
phism, including the first paper in this thesis, but from now on the rate re-
ported by the International Chicken Polymorphism Map Consortium will 
generally be regarded as standard. 

The rate of polymorphism does not vary across chromosomes despite 
their differences in recombination rates (with the exception of chromosome 
16 which contains the major histocompatability complex (MHC)), which has 
been hypothesized to be the result of a higher constraint on smaller chromo-
somes because of their greater gene density. A comparison of the rate of 
SNPs and indels per kilobase in different parts of identified transcripts in 
genomic sequences of layer and red junglefowl is given in Table 1. These 
are averages over the different transcript categories reported for layer and 
red junglefowl by the International Chicken Polymorphism Map Consortium 
(2004).
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Table 1. Polymorphism rates in different parts of transcripts between red junglefowl 
and layer. 

Part of transcript SNP/kb Indel/kb 

5’UTR 4.83 0.44 
Coding region 2.71 0.05 
Non-synonymous (Ka) 0.79  
Synonymous (Ks) 8.21  
Introns 5.60 0.48 
3’UTR 3.78 0.46 

The exonic rate of SNPs per kb is similar to that reported by Cargill and 
colleagues (Cargill et al. 1999), when investigating coding SNPs in human 
genes involved with cardiovascular disease, endocrinology and neuropsy-
chiatry. Studies in common inbred rat strains gave quite fewer reported 
SNPs in un-translated regions (UTR), coding, and intronic regions than in 
Table 1. SNP frequencies are highly dependent upon which genes have been 
studied, but it was felt that the results reported by the International Chicken 
Polymorphism Map Consortium reflect the general rate of polymorphism 
between layer and red junglefowl transcripts since it is based on a very large 
data set. 

Chickens in science 
Chickens occupy a unique place in evolutionary history as the link between 
modern mammals and other vertebrates, which can make them very impor-
tant in large-scale evolutionary studies over many species, or, as an out-
group in phylogeny analysis (for example, Bourque et al. 2005). As noted 
earlier, the genome of chicken is much smaller than that of mammals, which 
is mostly due to a diminution in repetitive sequences. Therefore an align-
ment of mammal and chicken sequence could help identify conserved non-
coding sequences with possible important functions that could not be identi-
fied between the repetitive-ridden mammalian genomes. 

In areas of immunology, reproduction, and embryogenesis, studies utiliz-
ing chickens have played a prominent role (Burt and Pourquie 2003). Chick-
ens have been important in the understanding of adaptive immunity, the role 
of gene conversion in the production of antibodies, disease resistant alleles 
of the MHC complex, and vaccine use and response (reviewed by Davidson 
2003). Since the embryo in chicken develops outside the body, it has been 
widely used to study gross morphological embryonic development, and is 
now also used to study the much more finer aspects of embryogenesis in-
cluding examinations at the molecular level. Chicken embryonic develop-
ment is also very susceptible to the production of transgenic chickens with 
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the use of retroviral vectors (Iba 2000), which in the future could make 
chickens a nice alternative to transgenic studies in mice. 

Since female chickens are the heterogametc sex while in mammals males 
are heterogametic, chickens provide us with a unique opportunity to study 
the special characteristics and evolution of sex chromosomes. Sex chromo-
somes are not homologous between chickens and mammals, but still play a 
role in sex-determination and share other sex chromosome linked character-
istics with mammalian chromosomes. Therefore their study can help deter-
mine if the evolution and differences between sex chromosomes and auto-
somes are a result of the sex chromosomes themselves, or the genes present 
on sex chromosomes. There is no apparent Z chromosome inactivation in 
chickens, although theories of dosage compensation are under debate 
(Ellegren 2002). This aspect also makes chickens an interesting model to 
contrast with mammalian systems. 

Poultry are one of the most important food animals in the world. It is rela-
tively easy to keep large populations in a small area, and they have a shorter 
generation interval than other farm animals, both of which makes them ideal 
for the investigation of production traits. Numerous QTL studies have been 
performed using chickens, including our red junglefowl/White Leghorn 
cross (Schütz et al. 2002; Carlborg et al. 2003; Kerje et al. 2003a; Schütz et 
al. 2004; Jensen et al. 2005), crosses made to investigate egg production 
traits (Tuiskula-Haavisto et al. 2002; Sasaki et al. 2004), plus studies per-
formed to investigate disease and immunological traits (Yonash et al. 1999; 
Siwek et al. 2003). The prevalence of growth and production QTL studies is 
very abundant. The high variety of breeds and lines lend a rich phenotypic 
resource in which to investigate a vast array of traits and gives chickens a 
prominent place as a research animal. 
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Gene Expression Quantification 

Techniques
Quantifying gene expression has been revolutionized over the past 15 years. 
Originally expression could only be measured one gene at a time, using PCR 
or Northern blotting techniques, and only semi-quantitative results could be 
obtained. Then many hybridization/subtraction strategies were developed 
which could identify differences in expression of a number of genes pro-
vided that the expression pattern was much different in the samples exam-
ined. Now it is possible to examine expression differences over thousands of 
genes in one sample, and also entire transcriptomes including the newly dis-
covered microRNAs. These new tools will help researchers begin to under-
stand the intricate balances of gene expression, regulation, and degradation. 

Historic quantification 
At the start of the era of RNA methods and investigation, most of the meas-
uring techniques were used to simultaneously determine the size and relative 
amount of an mRNA.  The earliest measurement techniques included S1 
analysis of mRNA (Sharp et al. 1980), ribonuclease protection assays 
(Melton et al. 1984), primer extension (Ausubel et al. 1998), and Northern 
blots (Alwine et al. 1977). Most could give a relative quantitation of mRNA 
transcript levels, but were quite laborious compared with the amount and 
quality of information gained compared with the techniques that followed 
them. Another primordial but elegant technique involves the binding of la-
beled mRNA to an excess of probe and measuring the ratio between hybrid-
ized and un-hybridized mRNA (Meinnel et al. 1989). With this technique 
one was able to measure the abundance of different transcripts and compare 
their magnitude against the other. Saiki and colleagues (1988), developed a 
method to measure the absolute quantity of an mRNA transcript in a sample 
by including an internal control transcript in the reverse transcription reac-
tion. All the aforementioned techniques involve previous knowledge of the 
sequence of the transcript to be investigated. 
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No sequence, no problem 
To find potentially important differences in gene expression between two 
samples without previous knowledge of the genes that could be differentially 
expressed between them, several different strategies have evolved. One of 
the earliest, subtractive hybridization (Hedrick et al. 1984), used subtracted 
cDNA  probes to screen a subtracted cDNA library. A PCR-based method 
that is relatively simple to use, differential display (Liang and Pardee 1992), 
amplifies mRNA with labeled primers after which the products are run on a 
gel and products that differ between samples or other products of interest can 
be excised and the sequence determined. To survey genes that are expressed 
in one sample but not another, shared transcripts can be repeatedly sub-
tracted from the ‘tester’ population by an excess of ‘driver’ transcripts using 
representational difference analysis (RDA) (Schatz and Hubamk 1994). A 
clever technique that also gives more quantative information on expression 
levels is serial analysis of gene expression, or SAGE (Velculescu et al. 
1995). Transcripts are reverse transcribed on a solid support, digested with a 
rare base cutter, ligated to a linker with an internal restriction enzyme site, 
and digested with the internal site enzyme, which also cuts frequently in the 
sequence. Then the small sequence pieces are ligated together and se-
quenced, and the number of times a restriction enzyme tag and similar se-
quence is produced gives the sequence’s expression level. Some prior se-
quence information is needed to truly take advantage of this technique. 

Real-time PCR 
In theory, robust PCR-based strategies could be very accurate to measure 
initial transcript levels, but they were hindered by the fact that the amount of 
amplified transcript could not be measured until the end of the PCR reaction. 
Higuchi et al (1993) reported the first quantitative monitoring of a PCR reac-
tion using a video camera and ethidium bromide placed in the reaction tube. 
Since ethidium bromide increases in fluorescence when it is intercalated into 
double-stranded DNA, as the PCR progressed the manufacture of more 
product could be observed as it happened. Since this time, real-time PCR 
quantification of transcripts amplified from a cDNA template has become 
the standard measure of DNA transcription. 

Of course the technology surrounding the detection of amplification in a 
PCR reaction has evolved considerably in order to detect specific, minute 
differences in gene expression. The most common and specific technique 
used today is that of TaqMan™ Probes developed by Applied Biosystems. 
The procedure is that of a 5’ nuclease assay in which a fluorescently-labeled 
probe, complementary to the target of interest, is cleaved by Taq polymerase 
as the target is amplified from sequence specific primers (Figure 2). The 
probe, which should span over an exon-exon boundary to amplify only 
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cDNA, has both a 5’ and 3’ fluorescent label. While the probe is intact, the 
3’ label absorbs or changes the signal emitted by the 5’ fluor when it is ex-
cited by an external light source. After cleavage of the 5’ flour by Taq poly-
merase it is free from quenching activity and emits its own characteristic 
wavelength of light, which is recorded by the optic system of the thermocy-
cler, where the PCR reaction is conducted. Once the PCR reaction produces 
enough transcripts (and free 5’ fluors) to reach the exponential phase of the 
PCR reaction (cycle threshold or Ct), the cycle at which this occurs is re-
corded and then compared between samples to obtain a relative difference in 
expression level. Including a standard curve with known amounts of target 
transcript, and comparing the Ct of the dilutions in the curve to that of the 
unknown samples, can give a good estimate of the initial number of tran-
scripts.

Figure 2. Schematic of a real-time PCR reaction using a TaqMan™ Probe. 

Gene expression arrays 
After the sequences of mRNAs/cDNAs started to accumulate, techniques to 
simultaneously quantify 100s and even 1000s transcripts at a time were de-
veloped. They were and still are based on hybridization, but contrary to ear-
lier hybridization techniques for example Northern blots, the probe was now 
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the entity immobilized to a solid surface, and the sample to be tested was 
labeled, hybridized to the probe, and then the excess washed away. Using a 
nylon membrane (or other equivalent material), macroarrays containing 
cDNAs of interest could easy be produced in any laboratory and used to 
probe many different samples of labeled cDNA. One sample is hybridized to 
each array, the signal of the corresponding spots between arrays compared, 
and relative levels of expression are calculated. In the early 1990s this proc-
ess was greatly enhanced by Brown and colleagues (1995) with their use of a 
custom-built arraying machine to spot cDNAs onto glass microscope-size 
slides (termed microarrays). These slides could be used to probe two (or 
more), differently labeled samples simultaneously (Figure 3), and the ex-
pression difference expressed as a ratio of the intensity signals recorded for 
each labeled sample. 

Figure 3. Procedure of a typical dual-sample microarray experiment. RNA is made 
into cDNA and labeled with a fluor. The cDNA is then hybridized to the microarray 
chip, the excess washed away, and then the fluorophors are excited with a laser and 
intensity of the fluorescence is recorded for each spot. 

In the beginning only cDNAs were placed on microarrays, but this soon gave 
way to a plethora of techniques, which enabled both long and short oligos to 
be placed on the slide surface, and increased spot densities that have piloted 
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the placing of entire genomic sequences (called tiling arrays), onto a single 
microarray chip (Gershon 2005). With these new arrays one no longer must 
be concerned with overlooking important transcriptional differences of un-
known transcripts such as microRNAs that have yet to be discovered. 

Microarray statistical evolution 
At first the designation of a gene to be differentially expressed relied mainly 
on fold-changes, genes that were expressed above and below a certain fold 
cut-off were considered significant. This analysis ignored genes with 
smaller, yet consistent fold-change differences between samples, and genes 
with large fold changes but also large standard deviations could be consid-
ered as significant. Now a revolution of statistical examination has taken 
place, utilizing traditional statistical methods that measure differences be-
tween samples, for example ANOVA (Kerr et al. 2000; Long et al. 2001), 
the Student’s t-test (Lönnstedt and Speed 2002), Bayesian methods (Baldi 
and Long 2001; Long et al. 2001; Lönnstedt and Speed 2002), and the 
Mann–Whitney test (Wu 2001). 

To determine a cut-off significance level for determination of differential 
expression is not very clear, although it is generally recognized that a correc-
tion in the significance values must be performed in order to accommodate 
the number of false positives created by the multiple testing of genes on a 
microarray. The most popular method for correcting for multiple tests, the 
Bonferroni method, which controls the family-wise error (FWE), is not use-
ful since the sample sizes in microarray experiments are much smaller than 
the number of tests being performed (i.e. the number of genes on the array). 
Therefore other methods that control the FWE in a modified matter have 
been recently developed. Currently one of the most popular ways to account 
for multiple testing is to control the false discovery rate (FDR), which is the 
proportion of false positive genes out of the total number of genes with re-
jected null hypotheses (Reiner et al. 2003). This is a modification of the FDR 
method of Benjamini and Hochberg (1995). The false discovery rate is a less 
stringent condition than the family wise error rate. Another popular method 
the control to error rate is SAM (significance analysis of microarrays) 
(Tusher et al. 2001). There are still more approaches than mentioned here 
that one could use, and therefore advice of a statistician for all areas of the 
analysis of microarray data, and the initial experimental design, is highly 
recommended. 

Microarray studies in chicken 
Due to the recent completion of several large chicken EST sequencing pro-
jects, and the sequencing of the red junglefowl (chicken) genome, large scale 
microarray analysis in chicken is just becoming accessible. A 13K cDNA 
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array is now available to academic researchers from a consortium involving 
major EST sequencing projects at the BBSRC, University of Delaware, and 
the Fred Hutchinson Centre (Burnside et al. 2005). Affymetrix (Santa Clara, 
USA), one of the leading companies in microarray manufacturing, has very 
recently released a 25-mer oligonucleotide probe Gallus gallus array, which 
contains transcripts which correspond to over 28,000 chicken genes (11 tran-
scripts/gene). Included in this array are 684 avian viral transcripts. Both ar-
rays will make it possible for researchers that do not have the resources to 
print their own microarrays to perform extensive gene expression analysis, 
which will be a great benefit to the knowledge of gene expression in the 
chicken community. 

Most of the results from microarray studies in chicken have been per-
formed with tissue/state-specific microarrays, and are just beginning to 
emerge in publication. There have been several examinations of gene ex-
pression in relation to immune response, for example viral infection or viral 
genes (Black et al. 2004; Karaca et al. 2004; Munir et al. 2004; Dar et al. 
2005), malabsorbtion syndrome (MAS) (van Hemert et al. 2003; 2004), and 
macrophage activation (Bliss et al. 2005). Microarrays have also been util-
ized to study the developing chicken embryo (Afrakhte and Schultheiss 
2004), and chickens with altered metabolic states (Cogburn et al. 2003). 
Given the chicken’s position as a model organism for many areas of re-
search, investigations into microRNA expression are also beginning to take 
place (Moore et al. 2005). Within the next five years the number of microar-
ray gene expression studies conducted in chickens is expected to grow sub-
stantially. 
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Aims of this thesis 

The objectives of this project have been to: 

Produce a cDNA microarray that would make it possible to meas-
ure the expression of several thousands of genes in a single experi-
ment.
Compare and contrast sequence and gene expression differences 
between White Leghorn and red junglefowl. 
Compliment the White Leghorn/red junglefowl QTL mapping 
study by identifying possible candidate genes via gene expression 
differences, which could be directly or indirectly related to the 
QTLs.
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Results and Discussion 

The main intention of the project was to develop a chicken cDNA microar-
ray and then use it to measure gene expression differences between selected 
White Leghorn and red junglefowl tissues. During this process we created 
cDNA libraries from White Leghorn and red junglefowl total brain and tes-
tis. From these libraries approximately 21,000 ESTs were generated, and 
were assembled into contigs in order to facilitate the spotting of one repre-
sentative clone of every transcript found in the libraries on to a microarray 
chip. At this time we performed an analysis of the assembly, annotation, 
expression levels, and unique transcripts of the ESTs sequenced from the 
four cDNA libraries (paper I). We then took the opportunity to examine the 
polymorphisms found between our White Leghorn and red junglefowl tran-
scripts (paper II). The cDNA microarrays were spotted and then used in the 
final two experiments in this thesis, the first in which hypothalamus and 
thalamus RNA of 16 White Leghorn/ red junglefowl individuals were hy-
bridized to the microarray (paper III), and the second where liver RNA from 
20 White Leghorn/ red junglefowl individuals (the same 16 individuals from 
the first analysis plus four extra) were used to hybridize to the microarray 
(paper IV). The results of the last two papers are compared and contrasted in 
order to shed new light into the general patterns of gene expression between 
the White Leghorn, and its wild ancestor, the red junglefowl. 

EST analysis of brain and testis cDNA libraries from 
White Leghorn and red junglefowl (paper I) 
In this paper we report an analysis of the assembly, annotation, expression 
levels, and unique transcripts of the ESTs sequenced from the four cDNA 
libraries (White Leghorn brain, White Leghorn testis, red junglefowl brain, 
and red junglefowl testis). The clones were sequenced from the 5’ end of the 
cDNA inserts, and then the sequences were assembled using the Paracel 
Transcript Assembler (PTA) program (Paracel). Similarity searches for an-
notation purposes were carried out using NCBI Blast (Altschul et al. 1997), 
in the nr (non-redundant protein) and nt (non-redundant nucleotide) data-
bases from NCBI, and Swiss Prot and TrEMBL plus the Gallus gallus sec-
tion of Unigene. Similarity searches were also made against NCBI’s dbEST 
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database, and the BBSRC chicken EST database (Boardman et al. 2002) in 
order to investigate the overlap of sequences generated from our project and 
other projects. The significance cut-off for similarity was an E value of 10-5.
The sequences were also scanned for protein domains using hmmsearch 
from the HMMER package (Eddy S., http://hmmer.wustl.edu) against Pfam-
A domain family models (Bateman et al. 2002). 

The transcripts were analyzed for coding sequence with the program 
ESTScan (Iseli et al. 1999) using parameters modeled from chicken mRNAs. 
It was determined that the program predicted a high false positive rate, there-
fore the parameters were adjusted so that the program would predict ap-
proximately 20% false positives. A separate analysis of maximum open 
reading frame (ORF) lengths of transcripts was conducted to investigate the 
amount of coding sequence content in the ESTs. Using a program developed 
for this project, Estzmate, the longest ORF was predicted in each transcript 
by searching for start and stop codons in all three reading frames on the for-
ward strands. To estimate the proportion of unknown transcripts that actually 
carried a true ORF, the length of the predicted ORFs in these transcripts was 
compared to predicted ORF lengths of transcripts in which the sequence had 
been randomized. The lengths of ORFs from the true transcripts were ex-
pected to be larger than ORFs predicted from the randomized transcripts. A 
Z score for the significance of the ORF length of each transcript was calcu-
lated based on the mean and standard deviation of the randomized data set. It 
was predicted that this program would yield approximately 14% false posi-
tives. A combined analysis using both programs yielded 4% false positives 
and was used for the final prediction of coding sequences in our ESTs. The 
estimates from both ESTScan and Estzmate and the combined analysis were 
adjusted by taking into account the rate of false negatives and false positives, 
by using the equation: 

C = (P – M) / (1 –  – )

where C is the number of coding transcripts after adjustment, P is the num-
ber of sequences identified as coding by a method,  and  are the false posi-
tive and false negative rates respectively, and M is the total number of tran-
scripts.

An electronic expression analysis was conducted where the number of 
ESTs representing a single transcript were counted in each strain and library 
type, and then a binomial distribution was used to indicate if there was a 
significant difference in the number of ESTs from groups being compared 
using a starting probability calculated from the total number of ESTs. 
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Results
After the EST sequences were screened for quality and contaminating mito-
chondrial transcripts, 21,285 sequences were assembled in the PTA program.  
The clustering and assembly resulted into 2,813 contigs and 9,737 singlets, 
which totalled 12,549 unique transcripts. An overview of the results of the 
similarity searches by library is found in Table 2. The top 50 represented 
transcripts constituted 10.0% of all ESTs. Of these 50 contigs, four did not 
find a significant match in gene/protein databases. Of the total number of 
transcripts, 4,129 (32.9%) did not find a significant match in gene/protein 
databases, and 1,649 (13.1%) did not have a match in any database including 
dbEST (which contains ESTs from the major chicken EST sequencing pro-
jects). Most of the transcripts without a match came from the testis libraries, 
which reflects the fact that testis have not been used in previous large-scale 
chicken EST sequencing projects. 

Table 2. Number of transcripts without significant matches found in each library 

Library Transcripts No match to gene/ 
Protein databases

No match to any 
database

red junglefowl brain 3,996 1,100 (27.5%) 286 (7.2%) 
White Leghorn brain 3,605 917 (25.4%) 235 (6.5%) 
red junglefowl testis 3,938 1,243 (31.6%) 638 (16.2%) 
White Leghorn testis 3,604 1,121 (31.1%) 591 (16.4%) 
All libraries 12,549 4,129 (32.9%) 1,649 (13.1%) 

Since transcripts with no matches in our data set would potentially repre-
sent novel genes, we investigated the probability that they contained true 
ORFs and were not UTRs, non-coding RNA genes, or genomic contamina-
tion. The transcripts were split into three groups, i) all transcripts, ii) tran-
scripts with no match to gene or protein databases, and iii) transcripts with 
no match to any database. After comparing the predicted ORF lengths of the 
transcripts in each group to that of randomised sequence, it was found that 
the mean ORF lengths for all three groups were larger than that of random-
ised sequence, indicating the presence of coding transcripts. When the pro-
grams ESTScan and Estzmate were used to identify coding transcripts in 
each group, plus a fourth group made up of transcripts with hits to 
gene/protein databases, the number of coding transcripts was adjusted using 
the equation C = (P – M) / (1 –  – ). The false positive rate of both pro-
grams was used in the equation, and a false negative rate was predicted by 
using the programs on group (iv), the gene/protein hit transcripts. The results 
are reported in Table 3. 
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Table 3. Predicted and adjusted numbers of ORF coding transcripts found in each of 
the data sets: i) all transcripts, ii) transcripts without a hit to gene/protein data-
bases, iii) genes with no hits in any database, and iv) genes with hits to gene/protein 
databases. 

  ESTScan  Estzmate  Both programs 

Data
set Number

Coding
transcripts 

Adjusted
estimate 

Transcripts 
with long 

ORF
Adjusted
estimate 

Coding
transcripts 

Adjusted
estimate 

(i) 12,549 8,204  6,062  5,443  
(ii) 4,129 1,263 705 755 361 389 400 
(iii) 1,649 548 352 294 129 166 180 
(iv) 8,420 6,941  5,307  5,054  

The table shows that a majority of the ESTs present in groups (ii) and (iii) 
probably do not contain coding sequence. Still there are approximately 400 
transcripts that could represent novel avian genes and gene families not pre-
sent in well-annotated databases. The estimates of novel genes in group (iii) 
may be conservative however, since some ESTs without an ORF may still 
represent novel avian transcripts. It was found that most of the predicted 
coding transcripts in group (iii) came from the testis libraries, and approxi-
mately 89.2% of these transcripts had a match to the chicken genome. 

Electronic expression analysis revealed that out of 525 transcripts that 
contained more than 5 ESTs, there were 47 instances where the transcript 
was significantly represented by more White Leghorn, or vice versa, red 
junglefowl sequences. By correcting for the number significant results ex-
pected by chance, this number became 21. Several transcripts involved in 
protein degradation were significantly higher expressed in the White Leg-
horn libraries, while a few genes involved in brain and nerve cell formation 
were expressed higher in red junglefowl. Of particular interest is the high 
abundance of a transcript for the env and pol genes of Myeloblastosis-
associated virus (MAV) type 1/2 in the White Leghorn brain library. This 
transcript may have recombined with endogenous retroviruses in the chicken 
genome and now its’ expression could have possibly been triggered by other 
internal and/or external forces. In conjunction with the MAV transcript the 
level of ovotransferrin is also increased, and previously this protein was 
shown to have anti-viral activity (Giansanti et al. 2002). This presents the 
possibility that the transcription level of ovotransferrin could be a result of 
the high abundance of MAV transcripts. 
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Detection of sequence polymorphisms in red junglefowl 
and White Leghorn ESTs (paper II) 
For the SNP/polymorphism analysis a total of 16,667 EST sequences were 
assembled using Phred/Phrap (http://www.phrap.org). This resulted in the 
identification 9,264 sequences of which 6,209 were singlets and 3,055 were 
contigs. Within the contigs there were 581 single reads, which are sequences 
that are similar to other sequences in the contigs, but may contain large in-
sertions/deletions which prevented their assembly. SNPs and polymorphisms 
were located manually by viewing the assembly using Consed 
(http://www.phrap.org/consed/consed.html) (Gordon et al. 1998). Some of 
the identified SNPs from the Phrap assembly were chosen for verification 
via sequencing of the genomic DNA from the founders of the cDNA librar-
ies to determine an expected false-positive rate for the presence of SNPs 
identified in the assembly. 

Full-length sequencing of 50 clones representing the same gene from both 
White Leghorn and red junglefowl was completed to gather information on 
the sequence diversity between the two populations. The full-contig se-
quences were aligned to each other using the Sequencher™ 3.1.1 (Gene 
Codes) sequence alignment program, and then the SNPs and inser-
tions/deletions were manually located. The ORF was estimated by the Se-
quencher program and then confirmed via blastx or tblastx against pro-
tein/nucleotide databases in GenBank. 

Results
A total of 746 SNPs and 37 small insertions/deletions were found within 480 
contigs. The number of transitions versus transversions was 76% and 24%, 
respectively. After a second assembly of the sequences using the Paracel 
Transcript Assembler (PTA) program, the number of SNPs identified fell to 
437 because of differences on how the two programs cluster sequences. Of 
these SNPs, 328 (75%) were visually predicted to lie in putative ORFs, and 
62 (14%) were found in putative 5’- and 3’-UTRs. Forty-seven (11%) of the 
SNPs could not be classified to lie in a particular transcript region. Eighteen 
SNPs were chosen for verification via sequencing. Six products were non-
specific after initial testing, and of the remaining 12 SNPs, nine could be 
confirmed. This could have been due to the fact that the founders of the brain 
libraries could not be tested, or possibly an error in cDNA synthesis, muta-
tion in the bacteria, or a sequencing error. Therefore we feel that most of the 
SNPs found in this study represent true polymorphisms. It is important to 
note that none of the SNPs were fixed for different alleles between the red 
junglefowl and White Leghorn. 

Out of the 50 pairs of clones used for full-length sequencing, three were 
left out of the analysis because of sequencing difficulties. In the remaining 
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47 pairs of clones the SNPs/1000 bp ranged from 1.90-2.19 depending on 
whether the highly polymorphic MHC class II B-LB1 contig pair was in-
cluded. A summary of the full-length sequencing results is found in Table 4. 
The total number of SNPs identified (excluding MHC) was 100, and inser-
tions/deletions were 10. The number of SNPs and insertions/deletions in 
ORFs were 64 and 2, respectively. Out of these 64 SNPs, 51 (80%) were 
synonymous, while 13 (20%) were non-synonymous, which is in good 
agreement with a study on SNPs found within a database of chicken ESTs by 
Kim et al. (2003). Also, four large insertions/deletions were discovered be-
tween the White Leghorn and red junglefowl contigs, but they appear to be 
the product of differential splicing events. 

Table 4. Summary of sequence polymorphism detected using comparisons of 47 
pairs1 of cDNA derived from White Leghorn and red junglefowl libraries.

Total aligned sequence of good quality: 52 740 bp 
Number of SNPs: 100 
SNPs/1000 bp: 1.90 
Deletions (< 20 bp): 10 
Deletions/1000 bp: 0.15 

Total aligned ORF sequence of good quality: 34 263 bp 
SNPs in ORFs: 64 
SNP/1000 bp ORF: 1.87 
Deletions (< 20 bp) in ORFs: 2 
Synonymous SNPs: 51 (80%) 
Non-synonymous SNPs: 13 (20%) 

Total transitions: 77 (77%) 
Total transversions: 23 (23%) 
Large insertions/deletions: 4 contigs 
1 Excluding MHC class II B-LB sequences. 

Since the publication of this paper the red junglefowl genome sequence 
has been released, and three other breeds of chicken have been sequenced at 
0.3 X coverage (International Chicken Genome Sequencing Consortium 
2004; International Chicken Polymorphism Map Consortium 2004). One of 
these chickens (layer) was from the same line used to make the brain and 
testis cDNA libraries. The number of SNPs/1000 bp detected between the 
red junglefowl and layer breed in coding regions of genes was approximately 
2.3, which is slightly higher than our estimate in this study. The prevalence 
of insertions/deletions (indels) in coding regions of White Leghorn (layer) 
and red junglefowl between this study and the Consortium study was ap-
proximately the same. 
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Measuring gene expression differences in the 
hypothalamus/thalamus and livers of White Leghorn 
and red junglefowl (manuscripts III and IV) 
These final studies describe the analysis of two gene expression comparisons 
in tissues of White Leghorn and red junglefowl, and are the final anticipation 
of a project that began with merely a proposal to measure gene expression on 
a large-scale basis. Twenty representatives from the parental lines of the 
White Leghorns and red junglefowl used in the QTL and EST studies were 
raised in the same environment and then sacrificed at 40 weeks of age. Many 
tissues of interest were collected including pectoral and femoral muscle, 
adipose tissue, bone, adrenal gland, kidney, liver, spleen, pancreas, small 
intestine, testis/ovary, and heart. With these tissues we can explore differ-
ences in metabolism, growth, calcium usage, reproduction, immunity, etc. 
We also collected very specific dissections of brain material, which included 
corpus pineal, cerebellum, optic tecta, telencephalon, thalamus, hypothala-
mus, mesencephalon, pons, nucleus tractus solitarius, medulla oblongata, 
and hypophysis. These dissections can be used in differential expression 
experiments directly, or to specifically pin-point differences of expression to 
certain areas of the chicken brain. 

For the first microarray experiment we decided to combine the hypo-
thalamus and thalamus of each individual bird to obtain the RNA to be used 
for hybridisation on the microarray chip, and for the second experiment we 
isolated RNA from each individual liver. Sixteen of the 20 individuals were 
used in the hypothalamus/thalamus experiment, while all 20 individuals 
were used in the liver experiment. The individual RNAs from each bird were 
labelled with Cy5 mono-reactive dye (Amersham Biosciences) in duplicate 
and hybridised to the microarray, along with a Cy3-labelled reference RNA, 
which had been made by pooling several different chicken RNAs. Scanned 
images of the slides were analyzed in the program GenePix 5.0 (Molecular 
Devices), where trouble spots were flagged and initial hybridization quality 
assessments were made. The intensity values for all spots were then ex-
tracted and placed in the R statistical environment (The R Development Core 
Team 2005). Background intensities were subtracted and then spots that did 
not pass various quality control parameters were removed from the analysis 
using the KTH package (Wirta et al. 2004). The remaining spots were nor-
malized both within and between slides, and then estimates of the fold-
change for each cDNA within each group (White Leghorn male, White Leg-
horn female, red junglefowl male, and red junglefowl female) against the 
reference cDNA were made, using a generalized least squares method of 
fitting a linear model for each gene using the limma package (Smyth 2005). 
At this point in the analyses the experiments differed, in the hypothala-
mus/thalamus data the previous step was performed taking into account the 
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greater correlation between duplicate spots for each cDNA, and then dupli-
cate arrays of the same individual were treated as if they were separate indi-
viduals. In the liver experiment the duplicate spots within the arrays had 
previously been averaged, so the correlation between duplicate arrays was 
used in the generalized least squares function.  Therefore duplicate slides 
were not treated as individuals. Then contrasts were made for every cDNA 
between the different groupings of birds and new fold-changes were calcu-
lated. Finally, the eBayes function of limma was applied which calculates 
the log-odds ratio of differential expression (B-value), a moderated t-
statistic, and then a p-value (from the moderated t-statistic) for each cDNA 
in each contrast. The final p-values were adjusted for multiple testing via the 
FDR method (Benjamini and Hochberg 1995), and then all fold changes and 
B-values, t-statistics, and p-values, were exported for each contrast and in-
vestigated. A B-value of > 0 was used to denote genes as significantly dif-
ferentially expressed in later analyses. 

The list of differentially expressed spots was explored for trends in differ-
ential expression between White Leghorn and red junglefowl with respect to 
library origin, spots found in QTL regions (Kerje et al. 2003a), chromosomal 
origin, over-representation of gene ontology (GO) terms, sex-chromosome 
gene expression, and potential loss-of expression genes. Nine spots were 
also chosen for verification via real-time PCR on the original RNAs used in 
the hybridizations. 

Results
The numbers of spots delineated as significantly differentially expressed 
after the analysis in R were 763 and 296 for the hypothalamus/thalamus and 
liver experiments respectively. There was a striking difference in the patterns 
of differential expression in the different tissues, with a much greater propor-
tion of down-regulated genes in White Leghorn in the hypothala-
mus/thalamus experiment (70%), while the proportion of up-regulated genes 
in the liver experiment were more-or-less even (49% down-regulated and 
51% up-regulated in White Leghorn). The number of up-regulated spots in 
White Leghorn and red junglefowl also showed a bias in their library/clone 
origins (Table 5). Chi-square tests revealed that these biases were significant 
with respect to the expected number of differentially expressed spots coming 
from each library. Spots down-regulated in White Leghorn tended to origi-
nate more from the red junglefowl brain library, and this trend was espe-
cially great in the hypothalamus/thalamus experiment (Table 5). Clones from 
this library were under-represented in the White Leghorn hypothala-
mus/thalamus up-regulated spots, while clones obtained from the BRSRC 
Gallus gallus EST project (Boardman et al. 2002), were over-represented. 
The BRSRC ChEST clones had been selected by ourselves so that the mi-
croarray would contain genes we were interested in. Therefore these clones 
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represented genes that were relatively well characterized and have originated 
from more-or-less known biological pathways. In liver the White Leghorn 
up-regulated spots did not show this trend, rather they were more repre-
sented by spots coming from the White Leghorn brain library. From these 
results we hypothesized that the expression of many genes in White Leghorn 
hypothalamus/thalamus were probably down-regulated, and now most ex-
pression has been shunted towards genes involved in major physiological 
processes that have been well studied. 

Table 5. Expected versus observed numbers of differentially expressed clones origi-
nating from each library/clone source for the red junglefowl and White Leghorn 
hypothalamus/thalamus and liver expression experiments.  

cDNA
Source

red jun-
glefowl 
brain 

red jun-
glefowl 
testis

White
Leghorn

brain 

White
Leghorn

testis

Mixed origin 
(2 or more 
libraries) ChEST Total 

Number of 
clones 2839 2790 2455 2472 2051 1136 13743 
Differentially expressed spots down-regulated in White Leghorn hypothala-
mus/thalamus
Observed 234 69 101 50 69 7 530 
Expected 109 108 95 95 79 44 530 
Differentially expressed spots up-regulated in White Leghorn hypothalamus/thalamus
Observed 27 27 52 42 46 38 232 
Expected 48 47 41 42 35 19 232 
Differentially expressed spots down-regulated in White Leghorn liver
Observed 48 29 20 18 24 5 144 
Expected 30 29 26 26 21 12 144 
Differentially expressed spots up-regulated in White Leghorn liver
Observed 31 22 43 28 16 12 152 
Expected 31 31 27 27 23 13 152 

Differentially expressed spots in QTL regions 
Numerous differentially expressed spots were found to be in the previ-

ously identified growth and egg QTL regions identified by Kerje et al. 
(2003a), but no over-representation of differentially expressed spots in QTL 
regions was detected in either experiment. Several spots representing genes 
located in the same chromosome region as the Growth9 QTL were verified 
by real-time PCR. 

Differentially expressed spots over the chicken genome 
There was a significant over-representation in the number of differentially 

expressed spots corresponding to unassigned contigs (chrUn) in both the 
hypothalamus/thalamus (this trend was much more pronounced in the male-
specific comparison). There is evidence that some of the corresponding 
genes are on the Z chromosome, but it also appears that some of the differen-
tially expressed chrUn spots may represent duplicated genes, and possibly 
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this characteristic might have led to both their potential for an increased 
chance of differential expression, and for ending up on unassigned contigs. 

The incidence of differential expression was explored across the anchored 
parts of the chicken genome. In general, it appears that differential expres-
sion is lower than expected on most macrochromosomes, while becoming 
much more variable as one moves towards the smaller chromosomes. The p-
arm of chromosome 4 in the hypothalamus/thalamus data was significantly 
over-represented in its number of differentially expressed genes, and most of 
these genes were down-regulated in White Leghorn. The p-arm of chromo-
some 4 is an ancient microchromosome, and is also homologous to a large 
portion of human chromosome X (International Chicken Genome Sequenc-
ing Consortium 2004), which has been found to contain genes that may be 
important for fertility and cognitive function, that can be proposed as poten-
tial targets for selection (Hurst and Randerson 1999; Saifi and Chandra 
1999; Gécz and Mulley 2000; Graves and Delbridge 2001; Wang et al. 
2001). Therefore further exploration of differential expression in this region 
of chromosome 4 may be important in elucidating links between differen-
tially expressed genes and behavioral and reproductive characteristics that 
phenotypically distinguish White Leghorn and red junglefowl. 

No evidence for loss of expression in domestic chicken 
In both experiments we conducted analyses that attempted to find loss-of-

expression genes from the individual averages of the spot intensity values on 
the microarrays. It was thought that loss-of-expression genes could be pre-
sent in our data since this phenomenon would be one of the simplest mecha-
nisms to change gene expression, and therefore phenotype, in the selection 
of a domesticated species. The averages over the intensities of spots between 
White Leghorn and red junglefowl were calculated, and then the averages of 
the White Leghorn spots were subtracted from red junglefowl, and spots that 
were greater than a specified cut-off value (  150 and 200 in hypothala-
mus/thalamus and liver experiments respectively), were selected. After real-
time verification tests were performed on some of the potential liver loss-of-
expression spots we found that none of these spots were actually loss-of-
expression genes and believe that a more sophisticated analysis and microar-
rays would be needed for this task. 

Real-time verification of differentially expressed genes 
We found that we could generally verify the array results about 70-80% 

of the time with the use of real-time PCR. But we also feel that making a 
correct choice of housekeeping gene is important and that several should be 
selected to give an overall impression of the non-biological differences in the 
individual RNA/cDNA samples. 
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Over-representation of biological processes 
Biological processes that appear over-represented among up regulated 

genes in White Leghorn are the Wnt signaling pathway in hypothala-
mus/thalamus, and activities surrounding the processing of proteins by the 
endoplasmic reticulum in liver. In red junglefowl there appears to be an in-
teresting over-representation of genes involved in the glutamate-signaling 
pathway in hypothalamus/thalamus, which has been shown to play a role in 
the development of memory and learning (Izquierdo and Medina 1997). In 
red junglefowl liver there appears to be an over-abundance of signaling ac-
tivity, plus genes involved in positive growth and metabolism. 

Genes expressed similarly between hypothalamus/thalamus and liver 
experiments 

In a final comparison of the liver and hypothalamus/thalamus experiments 
we searched for spots that were considered as differentially expressed (and 
expressed in the same direction) in both experiments. Eighty out of 296 dif-
ferentially expressed spots in liver experiment were also differentially ex-
pressed in the hypothalamus/thalamus, and all of the spots save one dis-
played differential expression of the same direction in both experiments. 
Therefore 26% of the liver list was shared with the hypothalamus/thalamus 
list. Thirteen spots located in QTLs were also among the spots shared be-
tween the liver and hypothalamus/thalamus experiments, but the number of 
these spots was not enriched in the shared list as compared with QTL differ-
entially expressed spots in each tissue list. For all spots shared between the 
hypothalamus/thalamus and liver lists we would only expect 16 spots to be 
selected by chance, and of these only 50% would show the same trend in 
expression. Since we found 79 differentially expressed spots shared between 
both tissues, all of which were expressed in the same direction, we feel that 
they represent true patterns of differential expression between White Leg-
horn and red junglefowl. 
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Conclusions

Sequencing of the White Leghorn and red junglefowl brain and tes-
tis libraries has revealed 400 transcripts that may belong to 
chicken-specific genes not detected in other groups of animals. 
The EST sequencing has produced approximately 180 transcripts 
not found in previous chicken EST sequencing projects, and there-
fore can represent novel chicken genes. This may reflect the fact 
that this was the first time large-scale sequencing on chicken testis 
cDNA libraries was made. 
There is a high nucleotide diversity between coding sequences of 
red junglefowl and White Leghorn as compared to similar studies 
in humans. This most likely reflects a much larger long-term effec-
tive population size in the chicken. 
Many of the SNPs found in the EST sequence comparison are real, 
but very few of them are fixed for different alleles in White Leg-
horn and red junglefowl. 
There appears to be a distinguishing pattern of differential expres-
sion between red junglefowl and White Leghorn hypothala-
mus/thalamus, where many more genes are down regulated in 
White Leghorn. Also, a signaling pathway connected with the abil-
ity to learn and retain memory appears to be down-regulated in hy-
pothalamus/thalamus of White Leghorn, plus many genes on the p 
arm of chromosome 4 which is an ancestral microchromosome. 
A significant proportion of differentially expressed genes are anno-
tated to unassigned contigs (chrUn) in the hypothalamus/thalamus 
experiment. This phenomenon is greatly enriched in the male-
specific comparison. 
No over-representation of differentially expressed spots in QTL re-
gions could be detected. 
Little evidence could be found for loss-of-expression genes in 
White Leghorns. 
In liver there appears to be a strong over-representation of genes 
involved in the endoplasmic reticulum processing of proteins in 
White Leghorns. 
As many as 26% of the liver differentially expressed spots are also 
significantly differentially expressed in the hypothalamus/thalamus 
list, and a great majority (79 out of 80) show the same trend in dif-
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ferential expression. Therefore there is strong evidence that a large 
proportion of differentially expressed spots detected in these stud-
ies represent true differential expression. 
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Future Prospects 

The results of this entire project have left us with, of course, many more 
questions. There is considerable evidence that there is down-regulation of 
gene expression in the hypothalamus/thalamus of White Leghorn as com-
pared with red junglefowl. A more complete annotation for these spots, and 
especially those originating from the red junglefowl brain library, needs to 
be obtained, and also verification of differential expression with other proce-
dures needs to be completed on the birds used in this experiment, and also on 
other individuals. 

The new build of the chicken genome may shed a lot of light on the ori-
gins of the spots assigned to chrUn, which are prominently featured as dif-
ferentially expressed spots in the hypothalamus/thalamus microarray ex-
periment. After new annotations for all spots on the microarray chip are ob-
tained, it will be very interesting to re-examine the analyses conducted here 
to investigate our ideas on the origins of chrUn spots identified as differen-
tially expressed in the different comparisons. 

Microarray experiments have also been performed on bone and heart tis-
sue for the very same birds used in this experiment (C. Rubin, un-published 
results). The addition of these data to that of the results of the hypothala-
mus/thalamus and liver experiments needs to be performed in such a way as 
to elicit meaningful patterns of differential expression between red jungle-
fowl and White Leghorn. As of now it is difficult to identify important gene 
expression differences that are related to domestication and selection, from 
that of random variation that has accumulated between White Leghorn and 
red junglefowl after the separation of modern poultry from wild populations. 
By examining several tissues in an organism to get a more complete over-
view of the behavior of genes with respect to downstream consequences, one 
can more truly reveal the significance of their differential expression in a 
biological sense. 

In relation to QTL discovery, the next big trend in gene expression analy-
sis is the identification of expression QTLs (eQTLs). This is performed by 
measuring gene expression in tissues of an F2 generation of an intercross 
between two lines. The differential expression of genes can then be mapped 
to causative positions along chromosomes. These positions may simultane-
ously harbor QTLs related to phenotypic traits, which could then potentially 
be linked to the expression QTL after closer examination of the genes with 
in that region. This strategy has been recently used to identify a candidate 
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gene responsible for a QTL found in mice that effects adiposity, plasma 
lipoprotein levels, and bone density (Mehrabian et al. 2005). Since the tools 
to analyze a large dataset such as one would obtain from an eQTL study 
have now been under development, we can predict that it will not be too far 
into the future when studies such as these will be conducted in chicken. 

Maybe after reading this thesis you may think that the goal will never be 
realized, the realm of gene expression in chicken may never be conquered. It 
is true that there remains several decades of work, and even only in the area 
of gene expression, in order deduce various biological pathways and how 
they are regulated via transcription. Plus, there is still the entire realm of 
proteomics to explore before the physiological processes in an organism are 
well understood. But hopefully as you can see from the results presented 
here that the journey can also be a very exciting one when interesting dis-
coveries, theories, and hypothesizes can be made, which can further lead us 
down the path towards understanding the intricateness of the realm. 
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Summary in Swedish 

Målet med denna avhandling var att studera skillnader i genuttryck mellan 
röd djungelhöna och Vit Leghorn (tamhöns). Röd djungelhöna är ursprungs-
formen för alla tamhöns. Många år av domesticering och selektion har orsa-
kat stora skillnader i deras egenskaper. Vit Leghorn blir ungefär dubbelt så 
stora jämfört med röd djungelhöna. De producerar nästan tre gånger så stora 
ägg samt värper ägg dagligen under ungefär ett halvår. Det finns även andra 
olikheter till expempel med avseende på färg, beteende och kalcium metabo-
lism. 

Denna avhandling utgör en del av ett större projekt som även omfattar en 
korsning mellan röd djungelhöna och Vit Leghorn som används för genkar-
tering. Många QTL (quantitative trait loci) har identifierats i denna korsning 
men att hitta den gen eller mutation som orsakar en viss fenotyp är svårt och 
tidskrävande. Denna studie av genuttryck startades som ett komplement till 
den genetiska kartläggningen av djungelhöna och Vit Leghorn. 

Vi har använt en cDNA microarray för att mäta genuttryck. Med en mic-
roarray kan vi mäta uttrycket av tusentals gener samtidigt. Projektet började 
under 2001 och då fanns ingen stor kollektion av höns-sekvenser eller 
cDNA-kloner tillgänglig så vi tillverkade våra egna cDNA bibliotek av hjär-
na och testis från röd djungelhöna samt Vit Leghorn. De första två artiklarna 
i avhandlingen presenterar resultaten av den storskaliga sekvenseringen av 
cDNA kloner (från testis och hjärna) som vi genomfört. Ingen har tidigare 
studerat transkript från testis hos höns. Studien visade att vi hade omkring 
fyrahundra transkript som förefaller representera okända gener som kan vara 
specifika för fåglar eftersom vi inte har funnit några homologer i däggdjur 
eller fiskar. Dessutom identifierade vi cirka 180 transkript som tidigare var 
okända från höns. 

Vi har analyserat alla cDNA sekvenser från röd djungelhöna och Vit Leg-
horn biblioteken för att identifiera ’single nucleotide polymorphisms’ 
(SNPs) och graden av sekvensskillnader mellan de två hönspopulationerna. 
Vi gjorde en genklusteranalys av alla sekvenser och granskade alla sekven-
ser manuellt. Vi hittade totalt 746 SNPs och 37 indels (insertio-
ner/deletioner). I genomsnitt fann vi 1.87 SNPs per 1000 baspar. I kodande 
regioner fann vi 80% synonyma och 20%  icke synonyma SNPs. Ingen av de 
SNP som vi verifierade var fixerade för olika alleler i de två populationerna. 

Vi har utvecklat en cDNA array med sekvenser från alla gen-kluster re-
presenterade och samlat in prov från flera vävnader från röd djungelhöna och 
Vit Leghorn. Två experiment har genomförts med vår cDNA array. Det för-
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sta var en hybridisering av inmärkt hypothalmus/thalamus RNA (cDNA) 
från 16 individer. I det andra experimentet användes RNA (cDNA) från le-
ver. Alla vävnader kom från samma individer men i leverexperimentet an-
vändes ytterligare fyra individer (20 individer totalt). Vi fann många intres-
santa skillnader i expressionsmönster mellan röd djungelhöna och Vit Leg-
horn, båda inom och mellan vävnaderna. Vi ser ett minskat uttryck av många 
gener i Vit Leghorn jämfört med röd djungelhöna hypothalmus/thalamus. 
Dessutom är gener från välstuderade biologiska processer överrepresentera-
de bland de gener som har ett högre uttryck i Vit Leghorn hypothala-
mus/thalamus. Vår hyptes är att det minskade uttrycket av gener i Vit Leg-
horn är kopplat till domesticering/selektion eller en konsekvens av dessa. 

Vi har undersökt vårt material för den eventuella förekomsten av gener 
som har stängts av  (loss-of-expression) i hypothalamus/thalamus och/eller 
lever som en följd av domesticeringen. Vi fann inga övertygande bevis för 
detta i våra data men det betyder inte att vi kan utesluta att sådana regioner 
förekommer i hönsgenomet. 

Vi kunde inte finna någon signifikant koppling mellan närvaron av diffe-
rentiellt uttrycka gener och de QTL regioner som identifierats i korsningen 
mellan röd djungelhöna och Vit Leghorn. Vi identifierade en kromosomre-
gion på den korta armen av kromosom 4 (4p) som hade en relativt hög andel 
differentiellt uttryckta gener i hypothalmus/thalamus. Denna del av kromo-
som 4 motsvarar en del av X kromosomen hos däggdjur. Gener i denna regi-
on kan ha en betydelse för olika fenotyper som skiljer röd djungelhöna och 
Vit Leghorn eftersom de bland annat påverkar fruktsamhet och kognitiv 
funktion. 

Slutligen jämförde vi de gener som var differentiellt uttryckt i både hy-
pothalmus/thalamus och lever. Vi fann att 26% av de gener som var differen-
tiellt uttryckta i lever också var differentiellt uttryckta i hypothala-
mus/thalamus. Dessutom var 99% av dem differentiellt uttryckta på samma 
sätt i de två experimenten. Dessa resultat ger att starkt stöd för vår tolkning 
att en majoritet av de differentiellt uttryckta gener som rapporteras i denna 
avhandling representerar verkliga skillnader och inte statistiska artefakter. 
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