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ABSTRACT

Microarrays have been widely implemented across the life sciences although there is
still debate on the most effective uses of such transcriptomics approaches. In genetical
genomics, gene expression measurements are treated as quantitative traits and genome
regions affecting expression levels are denoted as expression quantitative trait loci or
eQTL. The detected eQTL can either represent alocus that lies close to the gene that is
being controlled (cis-acting) or one or more loci that are unlinked to the gene that is
being controlled (trans-acting). One powerful outcome of genetical genomicsisthe
reconstruction of genetic pathways underlying complex trait variation. Among livestock
species, poultry iswell placed to embrace this technology with the availability of the
chicken genome sequence, microarrays for various platforms as well as experimental
populations in which QTL have been mapped. In the build-up towards full-blown eQTL
studies, we present two approaches in which gene expression studies have been
combined with QTL data: @) a study where a gene expression study between broilers
and layersis used to explore positional candidate genesfor a pair of epistatic QTL, b) a
study of the effects of amarked QTL at the gene expression level. In the latter, we have
identified a positional candidate gene for afunctional body weight QTL on chicken
chromosome 4 in breast tissue samples from chickens with contrasting QTL genotypes.

INTRODUCTION
Dissecting the genetic control of variation in complex traits and identifying underlying
loci controlling such variation has proved to be very challenging. While quantitative
trait locus (QTL) detection has been successful in identifying chromosomal regions
associated with awide range of complex traitsin many different species[e.g.
experimental crosses (Doerge 2002), livestock (Andersson 2001; Andersson & Georges
2004), humans(Flint & Mott 2001)], these regions are sufficiently large to contain
hundreds if not thousands of potential candidate genes. Likewise in chicken, many
QTL have been mapped in experimental as well as commercia populations (Hocking
2005a) but the underlying mutation remains unknown for all but afew QTL. Further
fine mapping of these QTL to reduce the size of these regions and hence refine the list
of potential candidate genes can be achieved by creating additional recombination
events through selective breeding (Darvasi 1998a) or by exploiting historical
recombinations (Cardon & Bell 2001)
An approach that has great promise to make a major contribution to the dissection of
complex traitsis genetical genomics; the combined study of gene-expression and
marker genotypes in a segregating population (Jansen & Nap 2001c; Jansen 2003).
Genetical genomicsis aimed at detecting genomic loci that control variation in gene
expression, so called expression QTL (eQTL) (to distinguish them from functional QTL
that affect traits at the whole-organism level). The detected eQTL can either represent a
locus that lies close to the gene that is being controlled (cis-acting) or one or more loci
that are unlinked to the gene that is being controlled (trans-acting) (Jansen & Nap
2001b). A major promise of genetical genomicsis that by examining the relationship



between transcript location, location of eQTL and pleiotropic effects of eQTL, it might
be able to reconstruct genetic pathways that underlie phenotypic variation (Jansen &
Nap 2001a). Additional information to reconstruct pathways comes from the
correlations between and among gene expression measurements and functional traits
(Hitzemann et al. 2003) and the epistatic interactions between eQTL and functional
QTL (Carlborg et al. 2004). Therefore, genetical genomics can be exploited as an
additional tool to dissect phenotypic variation into its underlying components and
elucidate how these components interact. If successful, genetical genomics will enhance
and accelerate the characterization of functional QTL, which remains an arduous task,
even in model species. At present, severa studies have demonstrated the feasibility of
eQTL studies and some of these have successfully integrated eQTL and gene expression
with data on traditional phenotypes. What all these studies have in common isthat, in
comparison to ‘traditional’ QTL studies of functional traits, the sizes of the experiments
are modest to small (de Koning & Haley 2005a). Consequently, the power of the studies
islow and many important QTL will not have been detected and interactions between
QTL will have been be missed. Thus the results to date have not been very successful at
reconstructing genetic pathways or identifying genes underlying functional trait
variation. Therefore, more powerful experiments addressing these issues are necessary
to realise the full potential of eQTL mapping.

A general conclusion from the published eQTL studiesis that the most convincing
evidence for eQTL isfor the cis-acting effects (de Koning & Haley 2005b) while the
reconstruction of genetic networks would require the identification of alarger
proportion of trans-acting eQTL, including those with moderate effects. In short,
current eQTL studies miss many important loci and fail to reconstruct genetic pathways
underlying functional variation. At the same time, effortsto find the gene(s) underlying
functional QTL viafine mapping and/or gene expression studies would be more
effectiveif they were better integrated.
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Integrating QTL and Gene Expression studies

In anumber of casestraditional QTL studies have been supplemented with
microarray datain an attempt to move from afunctional QTL to the underlying gene(s)
(Wayne & Mcintyre 2002). Below, we outline a case study where detection of
functional QTL was followed up by a gene expression analysis. In this example,
microarray experiments were carried out on the founder lines of the study. The
underlying idea was that genes that were differentially expressed between the founder
lines AND were located in the areas of the QTL that were found in the cross resulting
from these lines, would be prime positional candidates for the functional genes
underlying the QTL. The concept of such a combined approach isillustrated in Figure
1. In genetical genomics terms, this type of analysis explores whether the functional
QTL isaso acis-acting eQTL. It would be much more difficult for such a study to
determine the genetic basis of a QTL that had its functional effect through trans-acting
regulation of expression of genes located outside the QTL region. Thisis because there
are likely to be many differences in expression between lines for genes across the
genome. This study provides no information on where in the genome the control of
those expression differences lies and hence which of these genes are associated with the
QTL region.

The first successful application of this approach in poultry dates back to 2001.
Marek’s disease (MD) is an infectious viral disease and a member of the herpes virus
family. MD costs the poultry industry about 1 billion USD per annum. To study the
genetic control of MD susceptibility, an experimental cross was established between a
resistant and a susceptible inbred line of chicken (Vallgo et al. 1998b). F, offspring
from this cross were experimentally challenged and genotyped, providing the datafor a
QTL analysisthat resulted in seven QTL for susceptibility to MD (Vallgo et al. 1998a;
Y onash et al. 1999). Subsequently, the founder lines of the F2 cross were used for a
microarray study to identify genes that were differentially expressed between the two
lines following artificial infection. Fifteen of these genes were mapped onto the chicken
genome and two of them mapped to aQTL region for Marek’s resistance (Liu et al.
2001a). At the same time, protein interaction studies between aviral protein (SORF2)
and a chicken splenic cDNA library revealed an interaction with the chicken growth
hormone (GH) (Liu et al. 2001€). Thisled to the detection of a polymorphism in the GH
gene that was associated with differences in the number of tumours between the
susceptible and the resistant line (Liu et al. 2001d). The GH gene coincided with a QTL
for resistance and also showed up as differentially expressed between the founder lines
in the expression study (Liu et al. 2001c). More recently, the same group describe
detection of lymphocyte antigen 6 complex (LY6E) as a putative Marek’ s disease
resistance gene, again using the virus-host protein interaction screen (Liu et al. 2003).
LY6E had been demonstrated earlier to be differentially expressed between resistant and
susceptible chickens, but its location was not near aMD QTL (Liu et al. 2001b). Hence
one could speculate that one of the MD QTL could act through trans acting control of
the expression of thislocus.

TOWARDS eQTL IN POULTRY
In many aspects, chickens are very well placed to be used in full blown genetical
genomics studies. Thereis alarge number of chicken QTL regionsin the public
domain (Hocking 2005b) and the species has the benefit of afull genome sequence
(Hillier et al. 2004) and a SNP database (Wong et al. 2004). In terms of the gene
expression tools, there are anumber of tissue specific as well as general two-colour
arrays (both spotted cDNA and long oligonucleotide array; http://www.ark-




genomics.org/resources/chickens.php) as well as an Affymetrix™ chicken genome
array (http://www.affymetrix.com/products/arrays/specific/chicken.affx). Large
resource populations of chicken can be bred in atimely fashion or obtained from
commercial lines. Populations for fine mapping, like advanced intercross lines (AIL)
(Darvasi 1998b), are availablein several labs ( e.g. Wageningen University,
Netherlands; lowa State, USA and Rodlin Institute, UK). An areafor further
development in the immediate future is the ongoing annotation of the chicken genome
and other bioinformaticstools like pathway databases that incorporate chicken specific
information. However, the most limiting factor in the uptake of genetical genomics for
poultry and other livestock speciesis the budget required to run microarray studies on
large numbers of animals. The recently proposed design of distant pairing (Fu & Jansen
2006) for genetical genomics looks promising in that it offers the possibility to array 2n
individuals using n microarrays. This concept has recently been expanded to outbred F2
populations (Lam et al. 2008).

Combining QTL and microarray info for a pair of epistatic QTL.

In this particular experiment, the trait of interest isyellow yolkie follicle number in
chickens, examining the genetics behind the phenotypic variation between broiler and
layer chicken lines. Broilers have too many follicles, and therefore do not lay eggs as
efficiently as layer chickens, which lay on average about 1 egg per day. In order to
achieve an increase in the number of eggs produced by broiler chickens, their food
intake must be heavily controlled, asit has been found that follicle numbers increase as
aresult of over-eating in these chickens, and thisleadsto alower egg production. The
pathway participating in thistrait is thought to involve the pituitary gland located at the
base of the brain, sinceit is central in reproduction. An epistatic pair of QTLs has been
mapped for the number of follicles: one on chromosome 4 and another on chromosome
13.
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Figure 2. Enriched pathway with genes in GGA13 region indicated by red stars

The microarray study has identified 159 differentially expressed genes between the
pituitary of broiler and layer chicken lines. The 20K oligonucleotide microarray is not



specific to a particular tissue, but contains oligonucl eotide gene probes for most chicken
genes. The pituitary was chosen on the basis of its central role in reproduction and
growth for which the two lines are markedly different.

In order to compare whether any of the differentially expressed genes mapped to the
QTL regions, they were all mapped against the chicken genome to obtain their genome
location. Subsequently, the differentially expressed genes were mapped to functional
pathways. It was then tested whether these pathways included genesin the QTL regions
on GGA4 and GGA13. Especially enriched pathways with genesin both QTL regions
were of particular interest, given the epistatic nature of the QTL. While some
differentially expressed genes mapped to each QTL region, there was no pathway
information available for these genes and they could not be studied further.
Furthermore, there were no enriched pathways that were common between the two
regions. Figure 2 shows an example of an enriched pathway, with several genesin the
QTL region on GGA13

Using Genetical genomics for a marked QTL

Toillustrate potential of genetical genomics we describe a pilot study in chickens
(Cabreraet al. 2006). The crucial part is the focused study of a particular putative QTL,
in this case one affecting body weight segregating in an inter-cross of broilers and
layers. Our objective was to identify candidate genes through the effect of the QTL at
the gene expression level: what genes are affected, where do they map and in what kind
of pathways are they involved?

We identified individual s that were homozygous for markers flanking a QTL region on
chromosome 4 (GGA4) from the seventh generation of an advanced inter-cross between
asingle broiler and asingle layer chicken. These were inferred to be either QQ (broiler
alee) or qq (layer alele) for the QTL and matings were set up to provide birds with
‘known’ QTL genotypes. From the resulting offspring, QQ males and qq males were
slaughtered at 21 days of age and a sample of the breast muscle was taken for RNA
isolation and microarray studies. The microarrays design was a direct comparison of
QQ versus qq for eight independent samples with a dye-swap (16 arrays used in total).
The microarray was a chicken cDNA array with 12,877 functional features, spotted in
duplicate (Ark-GenomicsO, 2004). Using five aternative normalization procedures, we
defined a consensus set of results consisting of 45 (895) differentially expressed genes
when applying afalse discovery rate (FDR) of 5% (20%) (Cabreraet al. 2006). This
impliesthat out of 45 (895) results we expect less than 3 (180) false positive results.
The genes that are differentially expressed seem evenly distributed over the genome and
there appears to be no enrichment for affected genesin the QTL areaon GGAA4.
However, among the 12 differentially expressed genes (FDR < 20%) that map to the
QTL region and should be considered positional candidate genes for the QTL. Among
these, AADAT (FDR < 5%) isinvolved in lysine degradation, lysine biosynthesis and
tryptophan metabolism, making it a promising candidate gene.

Current re-sequencing efforts are chasing SNPs that may be QTL specific and explain
differencesin alternative splicing. This demonstrates how afocussed study can aid the
dissection of aQTL using limited resources.

CONCLUDING REMARKS
Although the existing eQTL studies demonstrate the utility of genetical genomics, they
do not show its full potential because they miss many moderate effects and provide little
opportunity to unravel genetic pathways due to alack of trans-acting effects that would
provide tangible links between eQTL and genes. We have demonstrated that with
targeted studies, gene expression information can provided positional candidate genes



for QTL. However, this requires extensive bioinformatics effort and a healthy dose of
good fortune.

A main shortfall when applying these principlesto livestock populations like poultry is
the lack of functional annotation. Impressive gene lists are reduced to small numbers of
interesting genes with functional information, thus complicating the interpretation of the
results. It is anticipated that next generation sequencing techniques might refine the
application of gene expression studiesto QTL regions and provide a more detailed
characterization of the gene expression landscape.
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