
Introduction

Classical animal breeding – creating an animal
with desirable traits through controlled mating and
selection – has been remarkably successful in the
past. The introduction of artificial insemination
(AI) in the late 1930s and the possibility to freeze
semen later on allowed a bull to have a large num-
ber of offspring. At the beginning, AI was mainly
applied in dairy cattle. This traditional animal bio-
technology enhanced the genetic gain and im-
proved effectively the performance of a breed due
to accurately estimated breeding value. Intensive
breeding strategies in pig and poultry production
led to an industrial-like production scheme with
tremendous increase in meat and egg production.
Embryo-transfer and the sexing of semen, particu-
larly in cattle, are biotechnologies that further in-

crease the selection intensity and the genetic gain.
The advances in molecular genetics paved the way
for an emerging technology called genomic selec-
tion. Genomic selection refers to the selection of
animals based on genomic breeding values
(GEBV). They are calculated as a sum of the ef-
fects associated with dense genetic markers for a
specific trait across the whole genome (Hayes
et al. 2009).

The elucidation of the genetic architecture of

complex traits is very challenging. So far, only a

small number of underlying major genes have

been identified. Complex traits are also referred to

as multifactorial traits or quantitative traits, re-

flecting that most of the phenotypic variation is

quantitative. Many genes and their interaction

contribute to a complex trait, each with a small to

moderate effect, and relatively few genes exert
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major effects. A complex trait is also used as a
synonym for a polygenic trait. Genetic factors in
concert with environmental factors affect the trait.
Typical complex traits in animal production are
milk yield and lean meat percentage. These
phenotypic traits have a continuous variation and
are approximately normally distributed. Complex
traits, such as fertility traits and disease resistance
traits, are more elaborate to quantify and impor-
tantly have a relatively low heritability, as com-
pared to traditional production traits (Visscher
et al. 2008).

The aim of animal breeding is to improve farm
animals genetically by exploring the portion of
phenotypic variation of a trait that is caused by the
underlying genes. Quantitative genetic variation is
reflected in the DNA sequence and influences
gene regulation and gene expression, including
characteristics of gene products. Modern animal
breeding primarily selects the most suitable ani-
mals based on the performance of their progeny,
their own performances, the performance of their
ancestors or the performance of their relatives, and
all combinations thereof, to produce the next gen-
eration. The contribution of particular gene vari-
ants to a quantitative trait is thereby unknown.

Molecular genetics in animal science aims to
understand better the origin of genetic variance of
complex traits. The knowledge about gene effects
on specific traits is applied in animal breeding by
selecting for the favorable alleles. It is generally
acknowledged that genetic information about
complex traits contributes significantly to the ge-
netic improvement of farm animals and thus re-
sults in an increased economic value. Some
marker alleles have been found to be associated
with or linked to a favorable phenotype, e.g. an in-
crease in marbling score, increased tenderness of
meat or higher milk casein content. From this in-
formation, gene tests have been commercialized
and used in marker-assisted selection (Georges
1999). However, for most of economically impor-
tant quantitative traits, neither a causative muta-
tion nor a causative gene has been proved to
contribute to phenotypic variation. The difficulty
in selecting for quantitative traits is that they are
controlled by many genes, including gene-gene
and gene-environment interactions.

The numerous described associations between
genetic variants and animal production traits are
comprehensively reviewed elsewhere and not
considered here (Ibeagha-Awemu et al. 2008).
Some of these DNA polymorphisms are used in
marker-assisted selection and may improve the se-

lection success, but since their causality is not
proven, the selection sharpness is affected. The ef-
fective gain from marker-assisted selection de-
pends on linkage disequilibrium between the
marker and the causal mutation and consequently
is best for the underlying quantitative trait nucleo-
tide (QTN) itself (Ron and Weller 2007).

The identification of the genetic bases for a
small number of quantitative traits received wide
attention from animal geneticists as well as from
the animal breeding community. There are a few
often quoted examples of gene mutations underly-
ing pronounced phenotypes and affecting eco-
nomically important complex traits (Table 1).
A mutation in the bovine myostatin gene (MSTN)
causes the double muscling phenotype in the Bel-
gian Blue breed, while mutations in the bovine
diacylglycerol O-acyltransferase homolog 1 gene
(DGAT1) affect milk fat content (Grobet et al.
1997; Winter et al. 2002; Grisart et al. 2002). Two
remarkable mutations were found in sheep: the
first one in the bone morphogenetic protein recep-
tor type IB gene (BMPR1B) or Booroola fecundity
gene (FecB), affecting ovulation rate, whereas the
second mutation in the callipyge gene (CLPG) that
causes muscular hypertrophy, most pronounced in
the pelvic limb (hindquarters) (Mulsant et al.
2001; Wilson et al. 2001; Freking et al. 2002).
A classical proof of principle was demonstrated
with the regulatory QTN identification in the insu-
lin-like growth factor II gene (IGF2) (Van Laere
et al. 2003). Interestingly, the IGF2 QTN also af-
fects expression levels of imprinted IGF2

antisense transcripts in porcine postnatal muscle
tissues. The role of these abundant transcripts in
muscle and liver tissues remains elusive
(Braunschweig et al. 2004). Recently a novel tran-
scription factor, named ZBED6, was identified.
One of its about 2500 binding sites is abrogated by
the IGF2-intron3-G3072A transition, leading to a
3-fold upregulation of IGF2 gene expression in
postnatal skeletal muscle (Markljung et al. 2009).
This transcription factor represses IGF2 gene ex-
pression in skeletal muscle of pigs with the
IGF2-intron3-3072 G wild-type allele and is de-
rived from an exapted DNA transposon. It seems
to affect development, cell proliferation, and
growth in placental mammals (Markljung et al.
2009).

By definition, the genotype of a quantitative
trait cannot be simply inferred from its genotype,
so the bovine myostatin gene and the callipyge
gene affect rather monogenic traits than a QTL,
since the genotype can be deduced from the phe-
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notype with a high accuracy. This also applies to
the noteworthy mutations in the ryanodine recep-
tor (RYR1) and in the RN (Rendement Napole,
French for Napole yield, Naveau, Pommeret and
Lechaux, Naveau et al. 1985) genes (Fujii et al.
1991; Milan et al. 2000). These later 2 mutations
significantly added to improve pork production. In
recent years, several review articles about the ge-
netic dissection of complex traits in farm animals
have been published (Andersson and Georges
2004; Georges 2007; Ron and Weller 2007). Here
I summarize the outstanding findings of the
ABCG2 gene mutation that underlies a QTL for fat
and protein content and the mutation in the ovine
MSTN gene that causes muscular hypertrophy in
Texel sheep (Olsen et al. 2007; Clop et al. 2006).
The most recent progress in genetic mapping of
complex traits is reviewed and its prospects are
presented.

From QTL detection to QTN identification

A quantitative trait locus (QTL) is a chromosomal
region that contributes to the variation of a quanti-
tative trait, as identified by statistical analysis.
A QTL region may contain more than one DNA
sequence variation that can be a mutation in a cod-
ing sequence as well as in a regulatory sequence.
In a broader sense, all DNA sequence variation –
such as deletions, insertions, copy number varia-
tion (CNV), segmental duplications, and chromo-
somal rearrangements – can be functional and
contribute to the variation of a trait. There is still

little information about how many genes affect a
quantitative trait, how they interact with each
other and with environmental factors, and what
their quantitative contribution to a specific quanti-
tative trait is. A QTL analysis has 2 main tasks:
(1) localization of a QTL that affects a quantitative
trait, by using a genetic linkage map constructed
from molecular markers; and (2) estimation of the
genetic contribution to the phenotypic variation
(Mackay 2001). Databases were generated to store
the information about the numerous reported
QTLs in cattle, pig, chicken, and sheep
(http://www.animalgenome.org/QTLdb). Our re-
search team performed a QTL study in a Hamp-
shire × Finnish Landrace cross by using detailed
phenotypic data. The 2 breeds were selected be-
cause Hampshire pigs were never used in a QTL
study but differ significantly in several traits from
other breeds (Karlskov-Mortensen et al. 2006;
Markljung et al. 2008). The impressive number of
QTL studies, continuously performed, demon-
strates that still considerable genetic variation is
segregating in farm animals. Performing a genome
scan using microsatellite markers is still the most
widely used approach to map QTLs in an adequate
population and virtually guarantees the detection
of a QTL. The most demanding part is then to
identify the underlying causative mutation, the
quantitative trait nucleotide (QTN) (Mackay
2001). The concept of gene interaction or epistasis
is an old field of genetics and is now facilitated by
the advance of comprehensive functional
genomics and the emergence of high-resolution
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Table 1. Causative mutations underlying quantitative traits in farm animals

Gene Animal (first reported) Phenotype Mutation Reference

Myostatin gene
(MSTN)

Belgian Blue cattle double muscling 11-bp deletion in exon 3 Grobet et al. 1997

Diacylglycerol
O-acyltransferase
homolog 1 gene
(DGAT1)

Holstein-Friesian cattle milk fat content GC to AA exchange in exon 8 Winter et al. 2002;
Grisart et al. 2002

ATP-binding cassette,
sub-family G
(WHITE), member 2
gene (ABCG2)

Holstein-Friesian, Nor-
wegian Red cattle

milk yield and
composition

A to C transversion in exon 14 Cohen-Zinder 2005;
Olsen et al. 2007

Bone morphogenetic
protein receptor type
IB gene (BMPR1B) or
FecB gene

Australian Booroola Me-
rino sheep

ovulation rate, litter
size

nonconservative c.746A>G
transition in BMPR1B gene

Mulsant et al. 2001;
Wilson et al. 2001

Callipyge gene
(CLPG)

Rambouillet sheep muscular hypertro-
phy

A to G transition in a con-
served dodecamer motif lo-
cated in a 90-kb intergenic
region

Freking et al. 2002

Myostatin gene
(MSTN)

Belgium Texel sheep muscular hypertro-
phy

G to A transition in 3'-UTR Clop et al. 2006

Insulin-like growth
factor II gene (IGF2)

Large White and Piétrain
pigs

muscle mass and
reduced back-fat
thickness

IGF2-intron3-G3072A transi-
tion

Van Laere et al. 2003



genetic mapping. Furthermore, improved com-
puter power and statistical methods contribute to
the detection and quantification of epistasis
(Carlborg and Haley 2004; Phillips 2008).
Carlborg et al. (2006) dissected a QTL for growth
into a network of 4 interacting loci in a F2
intercross between 2 divergent chicken lines se-
lected for body weight. This indicates that the ge-
netic effect of the growth QTL from the
conventional QTL study is actually caused by a
combination of beneficial alleles at 4 loci
(Carlborg et al. 2006). It is suggested to account
for epistasis in QTL studies by using the appropri-
ate statistical models. The identification of inter-
acting DNA variants, which contribute to the
phenotypic variation, will add to our understand-
ing of the underlying mechanisms.

The shortcomings of QTL studies are mainly
their low resolution and the complex architecture
of a QTL per se. A further difficulty in detecting
the causative DNA variations underlying QTLs is
the fuzzy relationship between genotype and phe-
notype (Andersson and Georges 2004). However,
the combination of linkage and linkage disequilib-
rium (LD) mapping – and in the near future ex-
pression quantitative trait loci (eQTL) mapping,
where gene expression levels are viewed as quan-
titative traits and mapped to particular genomic
loci – will advance the progress of identification of
DNA variation causing quantitative genetic varia-
tion (Gilad et al. 2008). The proof of principle,
however, remains yet to be demonstrated.

Comprehensive marker maps are available for all
main livestock species and, moreover, whole ge-
nome sequences or draft sequences are publicly
available (http://www.ncbi.nlm.nih.gov/Genomes/).
It is therefore relatively simple to increase the
marker density in a QTL region. The mapping of
additional markers is, however, not sufficient to
narrow down the QTL region, because the linkage
of a marker to the QTL can only be broken down
by recombination events. Increasing the number
of meioses might be limited by financial and tech-
nical constraints. Farm animals do further have a
relatively large generation interval. In addition,
crossing over must have occurred within the QTL
region in order to contribute to the fine-mapping
effort, which also depends on the recombination
rate in the region of interest. An alternative to the
breeding of additional recombinants in livestock
species is to explore historical recombination
events, which means to use LD. The classical defi-
nition of LD refers to the non-random association
of alleles between 2 loci (Hayes 2008). This defi-
nition indicates that LD is also required in a link-

age analysis to detect a QTL where associated
markers co-segregate with one allele of the gene of
interest. The difference is that linkage analysis ex-
plores the LD between a marker and a QTL that
exists only in a pedigree or family. LD can extend
over several tens of cM and is then broken down
by crossing over from generation to generation. In
comparison, LD mapping requires a marker that is
in LD with a QTL across the entire population and
the LD must have persisted for many generations.
It was shown that extensive LD exists in cattle and
pig genomes (Farnir et al. 2000; Nsengimana et al.
2004; Harmegnies et al. 2006). LD mapping capi-
talizes on historical recombination to identify ge-
netic variation underlying complex traits. It is
based on chromosomal segments present in a
given population that are derived from a common
ancestor and were not further broken down by
crossing over. All the chromosomal segments
carry an identical set of marker alleles. Such seg-
ments are referred to as identical haplotypes and
are considered identical by descent (IBD). This
situation can be explored to select marker alleles,
which are then linked to the identical QTL alleles.
Such an LD-based IBD mapping approach was
used to fine map a QTL in dairy cattle on bovine
chromosome 14 (BTA14) and a QTL for muscle
mass in the pig on porcine chromosome 2 (SSC2)
(Riquet et al. 1999; Nezer et al. 2003). The burden
of proof that an identified QTN indeed affects the
complex trait is the final step in every successful
QTL study (Glazier et al. 2002). It is much more
challenging to confirm the causality of a regula-
tory mutation than for protein coding and
non-synonymous mutation. In practice, functional
studies are conducted to provide additional evi-
dence of the causality of a QTN. In addition,
bioinformatic analyses are performed and all
available information is reviewed in order to sup-
port the declaration of a QTN. However, in prac-
tice it is nearly impossible to exclude formally that
an identified mutation is in strong LD with the
truly causative mutation. The generation of geneti-
cally modified farm animals to demonstrate the
allelic substitution effect of a mutation is not an
option. A chain of conclusive evidence is gener-
ally accepted for the claim of a QTN.

ABCG2 gene mutation causes a major QTL

effect on milk protein and fat content

Among all chromosomes that affect milk produc-
tion traits across breeds and within breeds, the
largest number of QTLs maps to BTA6 (Ron et al.
2001; Khatkar et al. 2004). For example, it con-
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tains the casein gene cluster consisting of the 4 ca-
sein genes: CSN1S1, CSN2, CSN1S2, and CSN3.
A further milk fat and protein content QTL was lo-
calized in a confidence interval of 4 cM around the
centre of BTA6 (Ron et al. 2001). By a combina-
tion of linkage and LD mapping, Olsen and col-
leagues (2004) also fine mapped a QTL for milk
fat and protein content to a marker bracket of 7.5
cM on BTA6 in Norwegian cattle, which overlaps
the corresponding QTL in Israeli Hol-
stein-Friesian detected by Ron et al. (2001). The
QTL allele seems to be embedded in a marked
haplotype, which segregates in 2 half-sib elite sire
families (Olsen et al. 2004). The similar effects
and the coincidence of the two QTLs suggest that
in both studies the same fat and protein content
QTL was detected. It has a reducing major effect
on fat and protein content as well as minor increas-
ing effect on milk yield. Olsen et al. (2005)
fine-mapped this QTL to a 420-kb region on
BTA6. This interval harbors 6 genes – ABCG2,
PKD2, SPP1 (synonym OPN), MEPE, IBSP, and
LAP3 – as determined based on comparative map-
ping. Schnabel et al. (2005) further fine-mapped
the putative identical protein content QTL in a
large population of US Holstein bulls, and ana-
lyzed the osteopontin gene (OPN, SPP1, ETA-1,
secreted phosphoprotein 1) within this 420-kb re-
gion. Osteopontin is a secreted glycoprotein that
functions by mediating cell-matrix interactions
and cellular signaling through binding with
integrin and CD44 receptors, and is expressed in
numerous tissues (Denhardt and Guo 1993). The
strong candidacy of OPN is supported from a
transgenic mouse model expressing OPN

antisense RNA in the mammary gland. OPN is
necessary for proper mammary development and
lactation, including alveolar structures and the
synthesis of -casein and whey acidic protein
(Nemir et al. 2000). Schnabel et al. (2005) pre-
sented evidence that an indel polymorphism called
OPN3907 is the QTN underlying the protein per-
centage QTL on BTA6 near microsatellite
BM143. The OPN3907 is located about 1240 bp
upstream of the OPN transcription start site within
a poly A tract in a putative regulatory element with
moderate conservation among mammals. It is the
only polymorphism in OPN that is concordant
with the segregation status of the 8 sequenced
sires. However, it remains to be elucidated
whether this region is involved in OPN gene ex-
pression (Schnabel et al. 2005).

A missense mutation in the ABCG2 gene
(ATP-binding cassette, sub-family G (WHITE),
member 2 gene) was identified and proposed to
cause a QTL effect on milk yield and composition
in Israeli Holstein dairy cattle (Cohen-Zinder
2005). The A to C mutation in ABCG2 exon 14
leads to the amino acid substitution of tyrosine for
serine (Tyr581Ser or Y581S) that affects the fifth
extracellular region of the ABCG2 transporter
protein. The ABCG2 gene is a strong functional
candidate, since Jonker et al. (2005) has demon-
strated that the multidrug transporter breast cancer
resistance protein BCRP (also known as ABCG2)
is responsible for the active secretion of clinically
and toxicologically important substrates into
mouse milk. It was shown that homozygous
ABCG2 knock-out mice lack this capability. It re-
mains to be established whether ABCG2 is func-
tionally active in the mammary gland, because the
knock-out mice and their suckling progeny
showed no adverse effects. A follow-up study
showed that BCRP/ABCG2 is responsible for
pumping riboflavin (vitamin B2) into milk, and its
activity elsewhere in the body protects against
xenotoxins, by reducing their absorbance and me-
diating their excretion (Van Herwaarden et al.
2007). Cohen-Zinder et al. (2005) provide diverse
pieces of evidence supporting that the missense
mutation in ABCG2 is the QTN underlying the
milk yield, fat and protein content QTL on BTA6.

Schnabel et al. (2005) and Cohen-Zinder et al.
(2005) postulate 2 different QTNs for presumably
the same protein content QTL. These conflicting
data were thoroughly compared by de Koning
(2006). The studies of Schnabel et al. (2005) and
Cohen-Zinder et al. (2005) were based on the as-
sumption that the 420-kb interval harboring the
QTL in Norwegian cattle also contains the corre-
sponding QTL in the US Holstein and Israeli Hol-
stein cattle (Olsen et al. 2005). In both
populations, extensive LD was found, which is in
agreement with previous findings (Farnir et al.
2000). It is, therefore, concluded that both loci can
be in complete LD and consequently have the
same statistical evidence for being the causative
mutation. Additional functional confirmation is
therefore required to provide support for the cau-
sality of the observed genetic variation (de Koning
2006).

Recently, VanRaden et al. (2009) have found
in a study on the reliability of genomic predictions
for North American Holstein bulls greatest marker
effects on BTA 14, flanking the DGAT1 gene, and
also large marker effects for protein content on
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BTA6, flanking the ABCG2 gene (Cohen-Zinder
et al. 2005). VanRaden et al. (2009) conclude that
the detection of those major effects demonstrates
that genomic predictions work by tracking the in-
heritance of causal mutations. Those authors did
not report marker effects for their previously re-
ported putative QTN for milk protein content up-
stream of the OPN gene (Schnabel et al. 2005).

Those findings are in agreement with the addi-
tional evidence provided by Olsen et al. (2007)
that ABCG2 is most likely responsible for the milk
protein content QTL segregating in Norwegian
Red cattle. They showed by a multi-QTL analysis
approach that most of the variation in milk protein
content is explained by the ABCG2_49 SNP [A/C]
in exon 14. The analysis showed that no other
peaks were remaining at OPN_3907 or at any
other positions in an interval including 91 SNPs.
The haplotype containing the ABCG2_49 C allele
showed a negative effect on fat and protein content
and a positive effect on milk yield. Out of the 91
SNP markers investigated, only ABCG2_49 was
in perfect linkage disequilibrium with the QTL. It
is concluded that OPN can be excluded as the
causative gene for this QTL, and the A to C
transversion in the ABCG2 gene is the best QTN
candidate, although a mutation in perfect LD with
this QTN candidate cannot be excluded (Olsen
et al. 2007). Additional supporting evidence for
the ABCG2 QTN was provided by Seroussi
(2009), who showed that the zygosity state be-
tween the QTL segregation status and the SPP1

(OPN3907) indel polymorphism were not in con-
cordance. In contrast, he found conclusive support
for the ABCG2 mutation in the concordance test
(Ron and Weller 2007; Seroussi 2009).

A mutation in the myostatin gene causes a

hypermuscled phenotype in Texel sheep

The myostatin or growth and differentiation factor
8 gene (MSTN or GDF8) has received consider-
able attention in the cattle breeding community
and elsewhere because an 11-bp deletion in exon 3
of the MSTN gene causes the double muscling
phenotype in Belgian Blue cattle (Bellinge et al.
2005). A novel regulatory mutation causing a
hypermuscled phenotype in Belgium Texel sheep
strain was identified by Clop et al. (2006). A QTL
with a major effect on muscles was mapped to
chromosome 2 (OAR2) in a Romanov × Texel F2
intercross (Marcq et al. 2002). In a further
fine-mapping effort, the chromosomal interval
was reduced to a region encompassing the MSTN

gene, an obvious candidate gene for muscularity.

No polymorphism was found in the open reading
frame of the MSTN gene. A region of 10.5 kb en-
compassing the MSTN gene was then sequenced,
and from 20 SNPs one G to A transition in the
MSTN 3’UTR was virtually Texel-specific
(g.+6223G>A, formerly g.+6723G>A, see
Hickford et al. 2010). Reporter assays and expres-
sion analysis showed that this mutation creates an
illegitimate target site for the microRNAs
(miRNAs) mir1 and mir206, leading to
translational downregulation and reduction in
myostatin concentration, which contribute to the
muscular hypertrophy in Texel sheep. This work
shed light on a new class of QTNs that contribute
to the heritability of complex traits (Clop et al.
2006).

Similarly to the detection of other QTNs, many
follow-up studies were conducted to investigate
further the impact of MSTN mutations in sheep
(Kijas et al. 2007; Hadjipavlou et al. 2008;
Hickford et al. 2010: Johnson et al. 2009). Kijas
et al. (2007) reported that the G to A transition in
the MSTN 3’UTR of Australian Texel is near fixa-
tion and was also found in White Suffolk, Poll
Dorset, and Lincoln. They demonstrated that the
g.+6223G>A transition affects muscularity and
fatness also in a separate genetic background and
in a different environment, confirming that it is a
QTN (Kijas et al. 2007). Hadjipavlou et al. (2008)
genotyped Suffolk, Texel, and Charollais rams
from British commercial flocks for SNPs
g.-2449G>C and g.+6223G>A, and found that in
Suffolk rams the g.-2449C and g.+6223A alleles
were absent, nearly fixed in Texel, and segregating
in Charollais rams. Those authors found signifi-
cant association between these SNPs and muscle
depths in commercial Charollais sheep and con-
cluded that marker-assisted selection considering
these two MSTN polymorphisms would be benefi-
cial in this breed (Hadjipavlou et al. 2008).
Hickford et al. (2010) studied MSTN poly-
morphisms in intron 1 of New Zealand Romney
breed and suggest that further analysis and testing
are required before MSTN alleles can be used in
marker-assisted selection. Johnson et al. (2009) in-
vestigated the effect of 0, 1, and 2 copies of the
MSTN g.+6223A allele and found significant esti-
mates for additive effects that were positive for
muscle and negative for fat traits. It is concluded
that the introgression of the MSTN g.+6223A al-
lele improves rates of genetic gain of lean meat
yield in sheep (Johnson et al. 2009). Boman et al.
(2009) reported a c.960delG mutation in the
MSTN gene in Norwegian White sheep that
causes a more pronounced phenotype regarding
meat and fat measurements, as compared to the
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g.+6223G>A (c.2360G>A) mutation. This is evi-
dent since it is expected that no functional protein
is produced in c.960delG homozygotes (Boman
et al. 2009, 2010). In contrast, in g.+6223G>A ani-
mals, the GDF8 protein is reduced to about one
third and thus not completely abolished (Clop
et al. 2006).

Conclusion and perspectives

The scanning of whole genomes by a hundred or
more microsatellite markers appears to be re-
placed by microarray technology to genotype sev-
eral tens of thousands and more of SNPs. For the
main farm animals, such microarrays providing
dense genome-wide marker maps are available
and progressively improved. The association map-
ping, based on SNP genotypic data, proved to be a
very successful approach to identify the causal
mutations in recessive inherited diseases of live-
stock (Charlier et al. 2008). Linkage analysis and
LD mapping might be merged in a single analysis
or replaced by whole-genome association studies,
using a large number of SNP markers to detect
QTLs. In QTL studies, LD mapping might be in-
creasingly explored in entire populations, so the
requirement of a pedigree for the linkage analysis
can be substituted (Georges 2007). Cole et al.
(2009) could confirm the QTNs in the ABCG2 and
the DGAT1 genes on BTA6 and BTA14, respec-
tively, by a high-density scan using 38416 SNP
markers for 5285 bulls. Furthermore, their SNP
marker scan revealed large effects on calving ease,
several conformation traits, longevity, and total
merit.

Genomic selection appears to revolutionize
dairy cattle breeding. It intends to perform selec-
tion decisions based on genomic breeding values
(GEBV), which are sums of the effects of dense
genetic markers across the entire genome. In this
way, all the QTLs that contribute to variation in a
specific trait are captured. Firstly, these markers or
haplotype effects have to be measured in reference
populations. In the United States, New Zealand,
Australia, and the Netherlands, the reliability of
GEBV predicted by this procedure has already
been evaluated in experiments. The results are
promising. However, there remain many chal-
lenges for genomic selection to be routinely im-
plemented in breeding schemes (Hayes et al.
2009).

Genomes will most likely be intensively ex-
plored for copy number variation (CNV) and chro-
mosomal rearrangements (both recently
consolidated as genomic structural variants,

GSVs) relative to their contribution to complex
traits. Microarray technology also facilitates
eQTL mapping, to study the genetic variation in-
volved in the control of gene expression (Gilad
et al. 2008). This research aims to elucidate the
network of eQTLs and their role in expressing
complex traits. A research field that has received
considerable attention in the last years is
epigenetics. It is of eminent interest to estimate the
contribution of chromatin and DNA methylation-
based mechanism to phenotypic traits. There is a
growing body of evidence that epigenetic modifi-
cations can be affected by the environment, and
these modifications can be transmitted to the fol-
lowing generations (Richards 2006). It is still un-
clear what role epigentics will play in future
animal breeding schemes. In the near future it
seems feasible that selection can be based on
whole genome sequence information. The aim of
animal breeding remains the same, i.e. to make use
of genetic variation in favor of sustainable animal
production and food security.
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