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Summary
This chapter reviews the principles, opportunities and limitations for detection of 
quantitative trait loci (QTL) in livestock and for their use in genetic improvement 
programmes. Alternate strategies for QTL detection are discussed, as are methods for 
inclusion of marker and QTL information in genetic evaluation. Practical issues regarding 
implementation of marker-assisted selection (MAS) for selection in breed crosses and for 
selection within breeds are described, along with likely routes towards achieving that goal. 
Opportunities and challenges are also discussed for the use of molecular information for 
genetic improvement of livestock in developing countries.
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Introduction
Since the 1970s, the discovery of technology 
that enables identification and genotyping 
of large numbers of genetic markers, and 
research that demonstrated how this tech-
nology could be used to identify genomic 
regions that control variation in quantitative 
traits and how the resulting QTL could be 
used to enhance selection, have raised high 
expectations for the application of gene- 
(GAS) or marker-assisted selection (MAS) 
in livestock. Yet, to date, the application of 
GAS or MAS in livestock has been limited 
(see e.g. review by Dekkers, 2004 and the 
case study chapters that follow). However, 
recent further advances in technology, 
combined with a substantial reduction in 
the cost of genotyping, have stimulated 
renewed interest in the large-scale applica-
tion of MAS in livestock.

Successful application of MAS in 
breeding programmes requires advances in 
the following five areas: 
•	 Gene mapping: identification and map-

ping of genes and genetic polymor-
phisms.

•	 Marker genotyping: genotyping of large 
numbers of individuals for large numbers 
of markers at a reasonable cost for both 
QTL detection and routine application 
for MAS.

•	 QTL detection: detection and estimation 
of associations of identified genes and 
genetic markers with economic traits.

•	 Genetic evaluation: integration of phe-
notypic and genotypic data in statistical 
methods to estimate breeding values of 
individuals in a breeding population. 

•	 MAS: development of breeding strategies 
and programmes for the use of molecular 
genetic information in selection and mat-
ing programmes.
This chapter outlines the main strategies 

for the application of MAS in livestock and 

identifies and discusses the limitations and 
opportunities for successful MAS in com-
mercial breeding programmes. It concludes 
by discussing limitations and opportunities 
for applying MAS in developing countries.

Markers and linkage 
disequilibrium
Over the past decades, a substantial number of 
alternate types of genetic markers have become 
available to study the genetic architecture of 
traits and for their use in MAS, including 
restriction fragment length polymorphisms 
(RFLPs), microsatellites, amplified fragment 
length polymorphisms (AFLPs) and single 
nucleotide polymorphisms (SNPs). Detailed 
information on these markers can be found 
elsewhere in this publication. Although 
alternate marker types have their own 
advantages and disadvantages, depending 
on their abundance in the genome, degree 
of polymorphism, and ease and cost of 
genotyping, what is crucial for their use 
for both QTL detection and MAS is the 
extent of linkage disequilibrium (LD) that 
they have in the population with loci that 
contribute to genetic variation for the trait. 
Linkage disequilibrium relates to dependence 
of alleles at different loci and is central 
to both QTL detection and MAS. Thus, a 
thorough understanding of LD and of the 
factors that affect the presence and extent of 
LD in populations is essential for a discussion 
of both QTL detection and MAS. 

Linkage disequilibrium
Consider a marker locus with alleles M and 
m and a QTL with alleles Q and q that is 
on the same chromosome as the marker, 
i.e. the marker and the QTL are linked. An 
individual that is heterozygous for both 
loci would have genotype MmQq. Alleles 
at the two loci are arranged in haplotypes 
on the two chromosomes of a homologous 
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pair that each individual carries. An indi-
vidual with genotype MmQq could have 
the following two haplotypes: MQ/mq, 
where the / separates the two homologous 
chromosomes. Alternatively, it could carry 
the haplotypes Mq/mQ. This alternative 
arrangement of linked alleles on homolo-
gous chromosomes is referred to as the 
marker-QTL linkage phase. The arrange-
ment of alleles in haplotypes is important 
because progeny inherit one of the two 
haplotypes that a parent carries, barring 
recombination. 

The presence of linkage equilibrium 
(LE) or disequilibrium relates to the relative 
frequencies of alternative haplotypes in 
the population. In a population that is in 
linkage equilibrium, alleles at two loci are 
randomly assorted into haplotypes. In other 
words, chromosomes or haplotypes that 
carry marker allele M are no more likely 
to carry QTL allele Q than chromosomes 
that carry marker allele m. In technical 
terms, the frequency of the MQ haplotypes 
is equal to the product of the population 
allele frequency of M and the frequency 
of Q. Thus, if a marker and QTL are in 
linkage equilibrium, there is no value in 
knowing an individual’s marker genotype 
because it provides no information on QTL 
genotype. If the marker and QTL are 
in linkage disequilibrium, however, there 
will be a difference in the probability of 
carrying Q between chromosomes that 
carry M and m marker alleles and, therefore, 
a difference in mean phenotype between 
marker genotypes would also be expected.

The main factors that create LD in a 
population are mutation, selection, drift 
(inbreeding), and migration or crossing. See 
Goddard and Meuwissen (2005) for fur-
ther background on these topics. The main 
factor that breaks down LD is recombina-
tion, which can rearrange haplotypes that 

exist within a parent in every generation. 
Figure 1 shows the effect of recombination 
(r) on the decay of LD over generations. 
The rate of decay depends on the rate of 
recombination between the loci. For tightly 
linked loci, any LD that has been created 
will persist over many generations but, for 
loosely linked loci (r > 0.1), LD will decline 
rapidly over generations.

Population-wide versus within-family LD
Although a marker and a linked QTL may 
be in LE across the population, LD will 
always exist within a family, even between 
loosely linked loci. Consider a double het-
erozygous sire with haplotypes MQ/mq 
(Figure 2). The genotype of this sire is 
identical to that of an F1 cross between 
inbred lines. This sire will produce four 
types of gametes: non-recombinants MQ 
and mq and recombinants Mq and mQ. 
As non-recombinants will have higher fre-
quency, depending on the recombination 
rate between the marker and QTL, this 
sire will produce gametes that will be in 
LD. Furthermore, this LD will extend 
over a larger distance (Figure 1), because 
it has undergone only one generation of 
recombination. This specific type of LD, 

Figure 1
Break-up of LD over generations
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however, only exists within this family; 
progeny from another sire, e.g. an Mq/mQ 
sire, will also show LD, but the LD is in 
the opposite direction because of the dif-
ferent marker-QTL linkage phase in the 
sire (Figure 2). On the other hand, MQ/
mQ and Mq/mq sire families will not be 
in LD because the QTL does not segre-
gate in these families. When pooled across 
families these four types of LD will cancel 
each other out, resulting in linkage equilib-
rium across the population. Nevertheless, 
the within-family LD can be used to detect 
QTL and for MAS provided the differences 
in linkage phase are taken into account, as 
will be demonstrated later.

QTL detection and types of 
markers for MAS
Application of molecular genetics for 
genetic improvement relies on the ability 
to genotype individuals for specific genetic 
loci. For these purposes, three types of 
observable genetic loci can be distinguished, 
as described by Dekkers, 2004:
•	 direct markers: loci for which the func-

tional polymorphism can be genotyped;
•	 LD-markers: loci in population-wide LD 

with the functional mutation; 
•	 LE-markers: loci in population-wide 

linkage equilibrium with the functional 
mutation but which can be used for QTL 
detection and MAS based on within-
family LD.
For these alternate types of markers, dif-

ferent strategies are appropriate to detect 
QTL in livestock populations. These are 
summarized in Table 1 and will be described 
in more detail. Strategies for QTL detection 
in livestock differ from those used in plants 
because of the lack of inbred lines. 

QTL detection using LD markers within 
crosses
Crossing two breeds that differ in allele and, 
therefore, haplotype frequencies, creates 
extensive LD in the crossbred popula-
tion. This LD extends over large distances 

Figure 2
Within-family marker-QTL LD
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Table 1
Summary of strategies for QTL detection in livestock

Type of population Within crosses Outbred population

F2/Backcross Advanced 
intercross

Half- or full-sib 
families

Extended 
pedigree

Non-pedigreed population 
sample

Type of markers LD markers LE markers LD markers
Genome coverage Genome-wide Genome-wide Candidate gene 

regions
Genome-wide

Marker density Sparse Denser Sparse More dense Few loci Dense
Type of LD used Population-wide LD Within-family LD Population-wide LD
Number of generations of 
recombination used for 
mapping 1 >1 1 >1 >>1

Extent of LD around QTL Long Smaller Long Smaller Small
Map resolution Poor Better Poor Better High
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because it has undergone only one genera-
tion of recombination in the F2 (Figure 1). 
Thus, although these markers may be in 
LE with QTL within the parental breeds, 
they will be in partial LD with the QTL 
in the crossbred population if the marker 
and QTL differ in frequency between the 
breeds. This population-wide LD enables 
detection of QTL that differ between the 
parental breeds based on a genome scan 
with only a limited number of markers 
spread over the genome (~ every 15 to 
20 cM). This approach has formed the basis 
for the extensive use of F2 or backcrosses 
between breeds or lines for QTL detection, 
in particular in pigs, poultry and beef cattle 
(see Andersson, 2001 for a review). The 
extensive LD enables detection of QTL 
that are some distance from the markers 
but also limits the accuracy (map resolu-
tion) with which the position of the QTL 
can be determined.

More extensive population-wide LD is 
also expected to exist in synthetic lines, 
i.e. lines that were created from a cross in 
recent history. These can be set up on an 
experimental basis through advanced inter-
cross lines (Darvasi and Soller, 1995) or 
be available as commercial breeding lines. 
Depending on the number of generations 
since the cross, the extent of LD will have 
eroded over generations and will, therefore, 
span shorter distances than in F2 popula-
tions (Figure 1). This will require a more 
dense marker map to scan the genome with 
equivalent power as in an F2 but will enable 
more precise positioning of the QTL. 

QTL detection using LE markers in 
outbred populations
As linkage phases between the marker 
and QTL can differ from family to family, 
use of within-family LD for QTL detec-
tion requires QTL effects to be fitted on a 

within-family basis, rather than across the 
population. Similar to F2 or backcrosses, 
the extent of within-family LD is extensive 
and, thus, genome-wide coverage is pro-
vided by a limited number of markers but 
significant markers may be some distance 
from the QTL, resulting in poor map reso-
lution. Thus, LE markers can be readily 
detected on a genome-wide basis using 
large half-sib families, requiring only sparse 
marker maps (~15 to 20 cM spacing). Many 
examples of successful applications of this 
methodology for detection of QTL regions 
are available in the literature, in particular 
for dairy cattle, utilizing the large paternal 
half-sib structures that are available through 
extensive use of artificial insemination (see 
Weller, Chapter 12).

QTL detection using LE markers can 
also be applied to extended pedigrees by 
modelling the co-segregation of markers 
and QTL (Fernando and Grossman, 1989). 
These approaches use statistical models 
that are described further in the section 
on genetic evaluation using LE markers. 
Depending on the number of generations 
with phenotypes and marker genotypes 
that are included in the analysis, map reso-
lution will be better than with analysis of 
half-sib families because multiple rounds of 
recombination are included in the data set.

QTL detection using LD markers in 
outbred populations
The amount and extent of LD that exists 
in the populations that are used for genetic 
improvement are the net result of all forces 
that create and break down LD and are, 
therefore, the result of the breeding and 
selection history of each population, along 
with random sampling. On this basis, pop-
ulations that have been closed for many 
generations are expected to be in linkage 
equilibrium, except for closely linked loci. 



Chapter 10 – Strategies, limitations and opportunities for marker-assisted selection in livestock 173

Thus, in those populations, only markers 
that are tightly linked to QTL may show an 
association with phenotype (Figure 1), and 
even then there is no guarantee because of 
the chance effects of random sampling. 

There are two strategies to find markers 
that are in population-wide LD with QTL 
(see Table 1): 
•	 evaluating markers that are in, or close 

to, genes that are thought to be associ-
ated with the trait of interest (candidate 
genes); 

•	 a genome scan using a high-density 
marker map, with a marker every 0.5 to 
2 cM.
The success of both approaches obvi-

ously depends on the extent of LD in the 
population. Studies in human populations 
have generally found that LD extends over 
less than 1 cM. Thus, many markers are 
needed to obtain sufficient marker coverage 
in human populations to enable detection 
of QTL based on population-wide LD. 
Opportunities to utilize population-wide 
LD to detect QTL in livestock populations 
may be considerably greater because of the 
effects of selection and inbreeding. Indeed, 
Farnir et al. (2000) identified substantial 
LD in the Dutch Holstein population, 
which extended over 5 cM. Similar results 
have been observed in other livestock spe-
cies (e.g. in poultry, Heifetz et al., 2005). 
The presence of extensive LD in live-
stock populations is advantageous for QTL 
detection, but disadvantageous for iden-
tifying the causative mutations of these 
QTL; with extensive LD, markers that are 
some distance from the causative mutation 
can show an association with phenotype.

The candidate gene approach utilizes 
knowledge from species that are rich in 
genome information (e.g. human, mouse), 
effects of mutations in other species, pre-
viously identified QTL regions, and/or 

knowledge of the physiological basis of 
traits, to identify genes that are thought 
to play a role in the physiology of the 
trait. Following mapping and identifica-
tion of polymorphisms within the gene, 
associations of genotype at the candidate 
gene with phenotype can be estimated 
(Rothschild and Plastow, 1999).

Whereas the candidate gene approach 
focuses on LD within chosen regions of the 
genome, recent advances in genome tech-
nology have enabled sequencing of entire 
genomes, including of several livestock spe-
cies; the genomes of the chicken and cattle 
have been sequenced and public sequencing 
of the genome of the pig is under way. 
In addition, sequencing has been used 
to identify large numbers of positions in 
the genome that include SNPs, i.e. DNA 
base positions that show variation. For 
example, in the chicken, over 2.8 million 
SNPs were identified by comparing the 
sequence of the Red Jungle Fowl with that 
of three domesticated breeds (International 
Chicken Polymorphism Map Consortium, 
2004). This, combined with reducing costs 
of genotyping, now enables detection of 
QTL using LD-mapping with high-density 
marker maps.

QTL detection using combined LD 
and linkage analysis in outbred 
populations
As markers may not be in complete LD 
with the QTL, both population-wide 
associations of markers with QTL and co-
segregation of markers and QTL within 
families can be used to detect QTL. Using 
these combined properties of being both 
LD and LE markers, methods have been 
developed to combine LD and linkage 
information. These methods are further 
explored under genetic evaluation models 
in what follows.
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Incorporating marker information 
in genetic evaluation programmes
The value of genotypic information for 
predicting the genetic merit of animals is 
dependent on the predictive ability of the 
marker genotypes. The three types of molec-
ular loci described previously differ not only 
in methods of detection but also in methods 
of their incorporation in genetic evalua-
tion procedures. Whereas direct and, to a 
lesser degree, LD markers, allow selection 
on genotype across the population, use of 
LE markers must allow for different linkage 
phases between markers and QTL from 
family to family, i.e. LE markers are family 
specific and family specific information must 
be derived. As discussed later in this chapter, 
this makes LE markers a lot less attractive 
for use in breeding programmes.   In this 
section, the different types of models that 
have been proposed for genetic evaluation 
based on marker information are described 
and this is followed by a brief description of 
some practical issues regarding implementa-
tion of such methods and the likely routes 
towards achieving that goal.

Modelling QTL effects in genetic 
evaluation
By using QTL information in genetic eval-
uation, in principle, part of the assumed 
polygenic variation is substituted by a sep-
arate effect due to a genetic polymorphism 
at a known locus.  This has the immediate 
effect of having a much better handle on 
the Mendelian sampling process, as phe-
notypic co-variance can be evaluated based 
on specific genetic similarity rather than 
on an average relationship. For example, 
on average two full sibs share 50 percent 
of their alleles, but at a specific locus it is 
now possible to know whether these full 
sibs carry exactly the same complete geno-
type (both paternal and maternal alleles are 

in common), or actually have a completely 
different genotype. The actual degree of 
similarity of full sibs at a QTL can thus 
vary between 0 and 1. This additional infor-
mation helps to better evaluate the genetic 
merit due to specific QTL, and to better 
predict offspring that do not yet have phe-
notypic measurements. 

A number of different approaches have 
been described to accommodate marker 
information in genetic evaluation. Roughly, 
these methods can be distinguished 
through their modelling of the QTL effect 
and through the type of genetic marker 
information used. The QTL effect can be 
modelled as random or fixed, while the 
molecular information comes from LE, LD 
or direct markers.

With a fixed QTL model, regression on 
genotype probabilities would be used in 
genetic evaluation to account for the effect 
of QTL polymorphisms. In the simplest 
additive QTL model, suitable for esti-
mating breeding values, simple regressions 
could be included on the probability of car-
rying the favourable mutation. Regression 
can be on known genotypes (class vari-
ables), or probabilities can be derived for 
ungenotyped animals in a general complex 
pedigree (Kinghorn, 1999). A fixed QTL 
model is sensible if few alleles are known 
to be segregating, and where dominance 
and/or epistasis are important. The model 
also assumes effects being the same across 
families. The effects of various genotypes 
could be fitted separately, giving power to 
account for dominance and epistasis in case 
of multiple QTL. For selection purposes, 
a fixed QTL effect, if additive, would be 
added to the polygenic estimated breeding 
values (EBVs), similar to breed effects in 
across-breed evaluations. The advantage of 
a fixed QTL model is the limited number of 
effects that need to be fitted.
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Alternatively, QTL effects could be 
modelled as random effects, with each 
individual having a different QTL effect. 
Co-variances are based on the probability 
of QTL alleles being identical by descent 
rather than on numerator relationships 
as in the usual animal model with poly-
genic effects. With full knowledge about 
segregation, this would effectively fit all 
founder alleles as different effects. The 
random QTL model was first described 
by Fernando and Grossman (1989), where 
for each animal both the paternal and the 
maternal allele were fitted. Without loss of 
information, these effects can be collapsed 
into one genotypic effect for each animal 
(Pong-Wong et al., 2001). The random 
QTL model makes no assumptions about 
number of alleles at a QTL and it automati-
cally accommodates possible interaction 
effects of QTL with genetic background 
(families or lines). Therefore, the random 
QTL model is less reliant on assumptions 
about homogeneity of QTL effects. The 
random QTL model is a natural extension 
to the usual mixed model and seems there-
fore a logical way to incorporate genotype 
information into an overall genetic evalua-
tion system. These models result in EBVs 
for QTL effects along with a polygenic 
EBV. The total EBV is the simple sum of 
these estimates. One of the main computa-
tional limitations of this method, however, 
is the large number of equations that must 
be solved, which increases by two per 
animal for each QTL that is fitted. Thus, 
the number of QTL regions that can be 
incorporated is limited.

Genetic evaluation using direct markers
When the genotype of an actual functional 
mutation is available, no pedigree infor-
mation is needed to predict the genotypic 
effect, as QTL genotypes are measured 

directly. When there is only a small number 
of alleles, the number of specific genotypes 
is limited. In genetic evaluation, it would 
seem appropriate to treat the genotype 
effect as a fixed effect, i.e. the assumption 
is that genotype differences are the same 
in different families and herds or flocks. 
Such assumptions might be reasonable for a 
bi-allelic QTL model in a relatively homo-
geneous population. Alternatively, random 
QTL models could be used with different 
effects for different founder alleles, or even 
QTL by environment interactions. In both 
fixed and random QTL models, genotype 
probabilities can be derived for individuals 
with missing genotypes.

Genetic evaluation using LE markers
When the genotype test is not for the gene 
itself, but for a linked marker, QTL prob-
abilities derived from marker genotypes 
will be affected by the recombination rate 
between marker and QTL and by the 
extent of LD between the QTL and marker 
across the population. If LD between 
the QTL and a linked marker only exists 
within families, marker effects or, at a min-
imum, marker-QTL linkage phase must be 
determined separately for each family. This 
requires marker genotypes and phenotypes 
on family members. If linkage between 
the marker and QTL is loose, phenotypic 
records must be from close relatives of 
the selection candidate because associations 
will erode quickly through recombination. 
With progeny data, marker-QTL effects 
or linkage phases can be determined based 
on simple statistical tests that contrast the 
mean phenotype of progeny that inherited 
alternate marker alleles from the common 
parent. A more comprehensive approach is 
based on Fernando and Grossman’s (1989) 
random QTL model, where marker infor-
mation from complex pedigrees can be used 
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to derive co-variances between QTL effects, 
yielding best linear unbiased prediction 
(BLUP) of breeding value for both poly-
genic and QTL effects. Random effects of 
paternal and maternal QTL alleles are added 
to the standard animal model with random 
polygenic breeding values. The variance-
co-variance structure of the random QTL 
effects, also known as the gametic relation-
ship matrix (GRM), is based on probabilities 
of identity by descent (IBD), and is now 
derived from co-segregation of markers and 
QTL within a family. Probabilities of IBD 
derived from pedigree and marker data link 
QTL allele effects that are expected to be 
equal or similar, therefore using data from 
relatives to estimate an individual’s QTL 
effects. For example, if two paternal half-
sibs i and j have inherited the same paternal 
allele for markers that flank the QTL (with 
recombination rate r), they are likely IBD 
for the paternal QTL allele and the corre-
lation between the effects of their paternal 
QTL alleles will be (1-r)2. The method is 
appealing, but computationally demanding 
for large-scale evaluations, especially when 
not all animals are genotyped and complex 
procedures must be applied to derive IBD 
probabilities.

Genetic evaluation using LD markers
Most QTL projects have moved towards 
fine mapping where the final result is a 
marker or marker haplotype in LD with 
the QTL, if not the direct mutation. A 
haplotype of marker alleles close enough 
to the putative QTL is likely to be in 
LD with QTL alleles. Such a marker test 
provides information about QTL geno-
type across families, and is in a sense not 
very different from a direct marker. The 
most convenient way to include geno-
typic information from marker haplotypes 
in genetic evaluation systems is through 

the random QTL model. In their orig-
inal paper, Fernando and Grossman (1989) 
derived IBD from genotype data on single 
markers and recombination rates between 
marker and QTL. However, the random 
QTL model is more versatile, and co-vari-
ances based on IBD probabilities can also 
use information beyond pedigree, based on 
LD. The latter can be derived from marker 
or haplotype similarity, e.g. based on a 
number of marker genotypes surrounding 
a putative QTL. Meuwissen and Goddard 
(2001) proposed using both linkage and LD 
information to derive IBD-based co-vari-
ances (termed LDL analysis). Lee and van 
der Werf (2005) showed that with denser 
markers, the value of linkage information, 
and therefore pedigree, reduces. Hence, 
when QTL positions become more accu-
rately defined, genetic information from 
close markers (within a few cM) can be 
used increasingly to derive LD-based IBD 
probabilities, thereby defining co-variances 
between random QTL effects without the 
need for a family structure or information 
through pedigree. 

Lee and van der Werf (2006) have shown 
that LD information results in a very dense 
GRM. Genetic evaluation, which is usually 
based on mixed model equations that are 
relatively sparse, is currently not feasible 
computationally for the LDL method for 
a large number of individuals and alterna-
tive models are needed. One approach is 
to model population-wide LD by simply 
including the marker genotype or haplo-
type as a fixed effect in the animal model 
evaluation, as suggested by Fernando 
(2004). An advantage of modelling popu-
lation-wide LD effects as fixed rather than 
random is that fewer assumptions about 
population history are needed. A disadvan-
tage is that estimates are not “BLUPed”, 
i.e. regressed towards a mean depending on 
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the amount of information that is available 
to estimate their effects. This will be impor-
tant if some of the genotype or haplotype 
effects cannot be estimated with substantial 
accuracy because the number of individuals 
with that genotype or haplotype is limited. 
Haplotype effects could also be fitted as 
random, but more development is needed 
in this area.

Whole genome approach for genetic 
evaluation using high-density LD markers
With more and more QTL being discovered, 
the polygenic component will slowly be 
replaced by multiple QTL effects, the inher-
itance of each being followed by marker 
brackets or more generally by information 
on haplotypes. Nejati-Javaremi, Smith and 
Gibson (1997) presented the concept of the 
total allelic relationship, where the co-vari-
ance between two individuals was derived 
from allelic identity by descent, or by state 
(based on molecular marker information), 
with each location weighted by the variance 
explained by that region. This approach 
contrasts with the average relationships 
derived from pedigree that are used in 
the numerator relationship matrix. Nejati-
Javaremi, Smith and Gibson (1997) showed 
that using total allelic relationship resulted 
in a higher selection response than pedi-
gree based relationships, because it more 
accurately accounts for the variation in the 
additive genetic relationships between indi-
viduals. Therefore, the gain of following 
inheritance at specific genome locations 
contributes to more accurate genetic evalu-
ation, and is able to deal more specifically 
with within and between loci interactions 
and with specific modes of inheritance at 
different QTL.

When large-scale marker genotyping 
becomes cheap and available to breeders 
at low cost, this approach could even be 

used for non-detected QTL and genetic 
evaluation could be based on a “whole 
genome approach” (Meuwissen, Hayes 
and Goddard, 2001). In this approach, 
marker haplotypes are fitted as independent 
random effects for each, e.g. 1 cM region of 
the genome. In the work by Meuwissen, 
Hayes and Goddard (2001), variances asso-
ciated with each haplotype were either 
assumed to be equal for each chromo-
somal region or estimated from the data 
using Bayesian procedures with alternate 
prior distributions. In essence, this pro-
cedure estimates breeding values for each 
haplotype, and EBVs of individuals are 
computed by simply summing EBVs for 
the haplotypes that they contain. 

Using this procedure, Meuwissen, 
Hayes and Goddard (2001) demonstrated 
through simulation, that for populations 
with an effective population size of 100 and 
a spacing of 1 or 2 cM between informative 
markers across the genome, sufficient LD 
was present to predict genetic values with 
substantial accuracy for several generations 
based on associations of marker haplotypes 
with phenotype on as few as 500 individ-
uals. It should be noted that, in the approach 
proposed by these authors, no polygenic 
effect is included since all regions of the 
genome are included in the model. It may, 
however, be useful to include a polygenic 
effect because LD between markers and 
QTL will not be complete for all regions. 
In addition, this model assumes that hap-
lotype effects are independent within and 
across regions. Incorporating IBD prob-
abilities to model co-variances between 
haplotypes within a region as in Meuwissen 
and Goddard (2000), and by incorporating 
co-variances between adjacent regions 
caused by LD between regions, could lead 
to further improvements but would also 
lead to increasing computational demands.
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In general, for the purpose of increased 
genetic change of economically impor-
tant quantitative traits, and in the context 
of well recorded and efficient breeding 
programmes, there is no need to have 
knowledge of functional mutations since 
nearby markers will have a high predic-
tive value about genetic merit. Moreover, 
the benefit from the extra investment and 
time spent on finding functional muta-
tions might be superseded by the genetic 
change that can be made in the breeding 
programme in the meantime. 

Implementation of marker-assisted genetic 
evaluation
It is important to note that, for most of 
the gene marker tests currently on the 
market, integration with existing systems 
for genetic evaluation is not obvious. This 
is because the gene testing is either for 
a Mendelian characteristic, or it predicts 
phenotypic differences for traits that are 
not the same as those in current genetic 
evaluation. Moreover, breeders would not 
only be interested in more accurate EBVs 
based on gene markers, but they would 
also want to know the actual QTL gen-
otypes for their breeding animals. This 
information on individual genotype will 
become less relevant if more gene tests 
become available and if testing becomes 
cheaper and more widespread. This might 
still take some years. Thus, as gene marker 
testing is gradually introduced, it is more 
likely to create additional selection cri-
teria to consider and it will take some 
time before QTL information is seamlessly 
and optimally integrated in existing genetic 
evaluation programmes. In particular, if 
genetic evaluation is based on information 
from many different breeding units, such 
as in cattle or sheep, genotyping informa-
tion will initially be available for only a 

small proportion of the breeding animals, 
possibly not justifying a total overhaul of 
the system for genetic evaluation. Simple 
ad hoc procedures where QTL effects are 
estimated and presented separately as addi-
tional effects are initially a more likely 
route to implementation.

Solutions for fixed QTL genotype 
effects, along with genotype probabilities 
as outputs of genetic evaluation, might 
be interesting to breeders and, compared 
with random QTL effects, may be more 
likely to be presented and used separately 
from polygenic EBVs. This would also 
be the case for genotypic information on 
Mendelian characters, where there is no 
polygenic component.

Incorporating MAS in selection 
programmes
Molecular information can be used to 
enhance both the processes of integrating 
superior qualities of different breeds and 
within-breed selection. These strategies are 
further described below.

Between-breed selection
Crossing breeds results in extensive LD, 
which can be capitalized upon using MAS 
in a number of ways. If a large propor-
tion of breed differences in the trait(s) of 
interest are due to a small number of genes, 
gene introgression strategies can be used. 
If a larger number of genes is involved, 
MAS within a synthetic line is the preferred 
method of improvement.

Marker-assisted introgression 
Introgression of the desirable allele at a 
target gene from a donor to a recipient breed 
is accomplished by multiple backcrosses 
to the recipient, followed by one or more 
generations of intercrossing. The aim of 
the backcross generations is to produce 
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individuals that carry one copy of the donor 
QTL allele but that are similar to the recipient 
breed for the rest of the genome. The aim of 
the intercrossing phase is to fix the donor 
allele at the QTL. Marker information can 
enhance the effectiveness of the backcrossing 
phase of gene introgression strategies by: (i) 
identifying carriers of the target gene(s) 
(foreground selection); and (ii) enhancing 
recovery of the recipient genetic background 
(background selection). The effectiveness of 
the intercrossing phase can also be enhanced 
through foreground selection on the 
target gene(s). If the target gene cannot be 
genotyped directly, carrier individuals can 
be identified based on markers that flank 
the QTL at <10 cM, because of the extensive 
LD in crosses. The markers must have 
breed-specific alleles in order to identify 
line origin. For the introgression of multiple 
target genes, gene pyramiding strategies can 
be used during the backcrossing phase to 
reduce the number of individuals required 
(Hospital and Charcosset, 1997; Koudandé 
et al., 2000). For background selection, 
markers are used that are spread over the 
genome at <20 cM intervals, such that most 
genes that affect the trait will be within 10 
cM from a marker. Combining foreground 
and background selection, selection will be 
for the donor breed segment around the 
target locus but for recipient breed segments 
in the rest of the genome. Foreground 
selection will result in selection for both the 
target locus and for donor breed loci that 
are linked to this locus, some of which could 
have an unfavourable effect on performance. 
To reduce this so-called linkage drag around 
the target locus, in the molecular score used 
for background selection greater emphasis 
can be given to markers that are in the 
neighbourhood of the target locus (apart 
from the flanking markers, which are used 
in foreground selection). 

Most studies have considered marker-
assisted introgression (MAI) of single QTL 
(e.g. Hospital and Charcosset, 1997) but 
often several QTL must be introgressed 
simultaneously. Koudandé et al. (2000) 
showed that large populations are needed 
to obtain sufficient individuals that are het-
erozygous for all QTL in the backcrossing 
phase. This would make MAI not feasible 
in livestock breeding programmes. In many 
cases, however, immediate fixation of intro-
gressed QTL alleles may not be required. 
Instead, the objective of the backcrossing 
phase can be to enrich the recipient breed 
with the favourable donor QTL alleles at 
sufficiently high frequency for selection 
following backcrossing. The effectiveness 
of such strategies was demonstrated by 
Chaiwong et al. (2002). 

Marker-assisted improvement of synthetic 
lines
In MAI studies it is usually assumed that 
the aim is to recover the recipient breed 
genotype, except for the donor QTL. An 
alternative objective could be to aim simply 
for individuals with highest merit. Selection 
would then be for QTL genotype as well as 
EBV, estimated across breeds or lines. This 
EBV selection would replace background 
selection, as recovery of the recipient gen-
otype is achieved through selection on 
genetic merit rather than through selecting 
for breed of origin. This strategy would 
be more competitive if the original breeds 
overlap in merit, and indeed, as was shown 
by Dominik et al. (2007), background selec-
tion based on anonymous markers would 
be less profitable. 

Strategies for using markers to select 
within a hybrid population were first pro-
posed by Lande and Thompson (1990). 
These strategies capitalize on population-
wide LD that initially exists in crosses 



Marker-assisted selection – Current status and future perspectives in crops, livestock, forestry and fish180

between lines or breeds. Thus, marker-QTL 
associations identified in the F2 generation 
can be selected for several generations, until 
the QTL or markers are fixed or the dis-
equilibrium disappears. Zhang and Smith 
(1992) evaluated the use of markers in such 
a situation with selection on BLUP EBV. 
Although both studies considered the ideal 
situation of a cross with inbred lines, there 
will be opportunities to utilize a limited 
number of markers to select for favour-
able QTL regions that are detected in 
crosses between breeds, thereby enhancing 
the development of superior synthetics. 
Pyasatian, Fernando and Dekkers (2006) 
investigated use of the whole genome 
approach of Meuwissen, Hayes and 
Goddard (2001) for MAS in a cross by 
including all markers as random effects 
in the model for genetic evaluation. They 
showed that this resulted in substantially 
greater responses to selection than selection 
on identified QTL regions only. Due to the 
much greater LD, whole genome selection 
in a cross can be accomplished with a much 
smaller number of markers compared with 
the number required for whole genome 
selection in an outbred population.

Within-breed selection
The procedures described previously for 
incorporating markers in genetic evaluation 
result in estimates of breeding values asso-
ciated for QTL, together with estimates of 
polygenic breeding values. Alternatively, if 
molecular data are not incorporated into 
genetic evaluations, as will be the case 
for more ad hoc approaches and for gene 
tests for Mendelian characteristics, sepa-
rate selection criteria will be available that 
capture the molecular information. The fol-
lowing three selection strategies can then be 
distinguished (Dekkers, 2004):
•	 select on the QTL information alone;

•	 tandem selection, with selection on QTL 
followed by selection on polygenic EBV;

•	 selection on the sum of the QTL and 
polygenic EBV.
Selection on QTL or marker infor-

mation alone ignores information that is 
available on all other genes (polygenes) 
that affect the trait and is expected to result 
in the lowest response to selection unless 
all genes that affect the trait are included 
in the QTL EBV. This strategy does not, 
however, require additional phenotypes 
other than those that are needed to esti-
mate marker effects, and can be attractive 
when phenotype is difficult or expensive 
to record (e.g. disease traits, meat quality, 
etc.). Selection on the sum of the QTL and 
polygenic EBV is expected to result in max-
imum response in the short term, but may 
be suboptimal in the longer term because 
of losses in polygenic response (Gibson, 
1994). Indexes of QTL and polygenic EBV 
can be derived that maximize longer-term 
response (Dekkers and van Arendonk, 
1998) or a combination of short- and longer-
term responses (Dekkers and Chakraborty, 
2001). However, if selection is on mul-
tiple QTL and emphasis is on maximizing 
shorter-term response, selection on the sum 
of QTL and polygenic EBV is expected to 
be close to optimal. Optimizing selection 
on a number of EBVs, indexes and geno-
types, while also considering inbreeding 
rate and other practical considerations is 
not a trivial task. Kinghorn, Meszaros and 
Vagg (2002) have proposed a mate selec-
tion approach that could be used to handle 
such problems, and it can be expected that 
with more widespread use of genotypic 
information for a larger number of regions, 
specific knowledge about individual QTL 
becomes less interesting and will simply 
contribute to prediction of whole EBV or 
whole genotype.
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Meuwissen and Goddard (1996) pub-
lished a simulation study that looked at the 
main characteristics determining efficiency 
of MAS using LE markers. They found 
that MAS could improve the rate of genetic 
improvement up to 64 percent by selecting 
on the sum of QTL and polygenic EBV. 
Their work also demonstrated that MAS is 
mainly useful for traits where phenotypic 
measurement is less valuable because of: 
(i) low heritability; (ii) sex-limited expres-
sion; (iii) availability only after sexual 
maturity; and (iv) necessity to sacrifice the 
animal (e.g. slaughter traits). Selection of 
animals based on (most probable) QTL 
genotype will allow earlier and more accu-
rate selection, increasing the short- and 
medium-term selection response. 

Most simulation studies have assumed 
complete marker genotype information but 
in practice only a limited number of indi-
viduals will be genotyped. However, in 
an advanced breeding programme with 
complete information on phenotype and 
pedigree information, marker and QTL 
genotype probabilities could be derived 
for un-genotyped animals and genotyping 
strategies could be optimized to achieve 
a high value for the investments made. 
Marshall, Henshall and van der Werf (2002) 
looked at strategies to minimize genotyping 
cost in a sheep breeding programme. Close 
to maximal gain could be achieved when 
genotyping was undertaken only for high 
ranking males and animals whose marker 
genotype probability could not be derived 
with enough certainty based on informa-
tion on relatives. Marshall, van der Werf 
and Henshall (2004) also looked at progeny 
testing of sires to determine family-spe-
cific marker-QTL phase within a breeding 
nucleus. Again, testing of a limited number 
of males provided a lot of information about 
phase for several generations of breeding 

animals, as progeny tested sires have rela-
tionships with descendants. However, in 
breeding programmes for more extensive 
production systems (beef, sheep), pedigree 
recording is often incomplete and only a 
small proportion of animals are genotyped. 
Moreover, these genotyped animals are not 
necessarily the key breeding animals. The 
utility of linked markers will be even more 
limited if pedigree relationships cannot 
be used to resolve genotype probabilities 
and marker-QTL phase of un-genotyped 
individuals.

A second point of caution is that many 
studies on MAS have taken a single-trait 
approach and shown that genetic markers 
could have a large impact on responses for 
traits that are difficult to improve by phe-
notypic selection. However, within the 
context of a multitrait breeding objective, 
the overall impact of such markers on the 
breeding goal may be less because a greater 
response for one trait often appears at the 
expense of another. For example, genetic 
markers for carcass traits improve the ability 
to select (i.e. earlier, with higher accu-
racy) for such traits, but selection emphasis 
for other traits is reduced. Therefore, the 
overall effect of MAS on the breeding pro-
gramme will generally be much smaller 
than predicted for single trait MAS-favour-
able cases. The main effects of MAS would 
be to shift the selection response in favour 
of the marked traits, rather than achieving 
much additional overall response. Hence, 
while it will be easier to select for carcass 
and disease resistance, further improve-
ment for these traits will be at the expense 
of genetic change for production traits 
(growth, milk). 

The impact of MAS on the rate of 
genetic gain may be limited in conven-
tional breeding programmes (ranging up 
to perhaps 10 percent extra gain) unless 
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the variation in profitability is domi-
nated by traits that are hard to measure. 
However, new technologies often lead to 
other breeding programme designs being 
closer to optimal. Genotypic information 
has extra value in the case of early selection 
and where within-family variance can be 
exploited, which is particularly the case in 
programmes where reproductive technolo-
gies are used. Reproductive technologies 
usually lead to early selection and more 
emphasis on between-family selection. 
DNA marker technology and reproductive 
technologies are therefore highly syner-
gistic and complementary (van der Werf 
and Marshall, 2005) and gene markers have 
much more value in such programmes. 
Gene marker information is also clearly 
valuable in introgression programmes, as 
demonstrated by simulation (Chaiwong et 
al., 2002; Dominik et al., 2006) as well as in 
practice (Nimbkar, Pardeshi and Ghalsasi, 
2005). Yet, although these examples are 
favourable to the value of gene marker 
information, the added value of MAS still 
relies heavily on a high degree of trait and 
pedigree recording. 

Opportunities for MAS in 
developing countries
Complete phenotypic and pedigree infor-
mation is often only available in intensive 
breeding units. Therefore, in the context of 
low input production systems, some ques-
tions can be raised concerning the validity 
and practicality of the simulation studies 
described above, and it would be more 
difficult to realize the value of marker 
information. It would be harder and more 
expensive to determine the linkage phase in 
the case of using linked markers. Moreover, 

even if the genetic marker were a direct or 
LD marker, its effect on phenotype would 
have to be estimated for the population 
and the environment in which it is used. 
This would require phenotypes and geno-
types on a sample of a rather homogeneous 
population to avoid spurious associations 
that could result from unknown popula-
tion stratification. Therefore, a gene marker 
for a QTL is likely to be most successful 
in an environment with intensive pedigree 
and performance recording. Nevertheless, 
in low input environments, direct and 
LD markers will be more useful than LE 
markers because the latter require routine 
recording of phenotypes and genotypes to 
estimate QTL effects within families. 

In addition to MAS within local breeds, 
several other strategies for breed improve-
ment could be pursued in developing 
countries, including gene introgression and 
MAS within synthetic breeds. This would 
be most advantageous for introducing spe-
cific disease resistance alleles into breeds 
with improved production characteristics 
to make them more tolerant to the environ-
ments encountered in developing countries. 
Gene introgression is, however, a long and 
expensive process and only worthwhile 
for genes with large effects. MAS within 
synthetic breeds, e.g. a cross between local 
and improved temperate climate breeds, 
can allow development of a breed that is 
based on the best of both breeds (e.g. Zhang 
and Smith, 1992). Because of the extensive 
LD within the cross, a limited number of 
markers would be needed. Care should, 
however, be taken to avoid the impact 
of genotype x environment interactions if 
MAS is implemented in a more controlled 
environment.
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Summary
Among livestock species, chicken has the most extensive genomics toolbox available for 
detection of quantitative trait loci (QTL) and marker-assisted selection (MAS). The uptake 
of MAS is therefore not limited by technical resources but mostly by the priorities and 
financial constraints of the few remaining poultry breeding companies. With the cost of 
genotyping decreasing rapidly, an increase in the use of direct trait- single nucleotide poly-
morphism (SNP)-associations in MAS can be predicted.
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Current status of chicken 
breeding programmes 
Poultry production has been the fastest 
growing livestock industry over the last 
decades especially in middle- and low-
income countries (Taha, 2003). In 2001, 
poultry production accounted for 70 mil-
lion tonnes of poultry meat and 47 million 
tonnes of eggs (Arthur and Albers, 2003). 
Among poultry, chicken account for 85 per-
cent of meat production and 96 percent of 
egg production (Bilgili, 2001; Arthur and 
Albers, 2003; Taha, 2003). While chickens 
have been domesticated and selected 
for thousands of years, modern poultry 
breeding started during the 1950s. One of 
the most notable features is the diversi-
fication between chickens bred for meat 
production (broilers) and those bred for 
table egg production (layers). This is a 
result of the negative genetic correlation in 
chicken between growth and reproductive 
traits. Within breeds, there is a separation 
into male and female lines that are crossed 
to produce commercial hybrids. In broilers, 
male lines are selected for growth and car-
cass quality whereas in female lines less 
emphasis is placed on growth and more 
on reproductive traits such as egg produc-
tion and hatchability. In table egg-laying 
chickens, male lines are selected for high egg 
production and high egg weight whereas in 
female lines selection may emphasize rate 
of lay with less attention to egg size. In 
both broiler and layer lines the primary 
selection goal is the improvement of feed 
efficiency and economic gain.

Significant heterosis for fitness traits in 
poultry is well established and all commercial 
poultry (chickens, turkeys and ducks) are 
hybrids that are produced in a selection and 
multiplication pyramid that is illustrated in 
Figure 1. Crossing male and female lines 
maximizes heterosis at the grandparent 

and parent levels of the hierarchy, and 
allows traits that have been genetically 
improved in different lines to be combined 
in the commercial birds. The power of this 
structure to deliver large economic gains in 
chickens is a result of their high reproductive 
rate and short generation interval and is 
clearly illustrated by this example of an 
egg-laying improvement programme. Even 
greater numerical efficiency is possible 
in broilers: a single pen containing ten 
females and one male at the nucleus level 
might produce 150 great-grandparents 
after selection (line D of Figure 1); these 
will produce 50 female offspring each or 
7 500 grandparents in a year and these 
grandparents will generate 375 000 female 
parent stock during the succeeding year. 
These hybrid parent females will each 
produce over 130 male and female offspring 
and generate nearly 50 million commercial 
broilers or 70 000 tonnes of meat. The 
figure illustrates the rapidity with which 
genetic improvement at the nucleus level 
can be disseminated to commercial flocks 
and the fact that relatively few pure-line 
birds are needed to produce very large 
numbers of commercial layers.

The existence of this breeding struc-
ture results in rapid transmission of genetic 
change to commercial flocks (about four 
years), including traits that might be 
improved by MAS. Conversely, undesir-
able genetic change can also be disseminated 
very quickly to a very large number of 
birds. In practice, far more birds are kept 
at the nucleus level than shown in Figure 1 
where the numbers presented are purely for 
illustrative purposes.

Status of functional genomics in 
chicken
Among the various livestock species, chicken 
has the most comprehensive genomic tool-
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box. The chicken genome consists of 39 
pairs of chromosomes: eight cytologi-
cally distinct macrochromosomes, the sex 
chromosomes Z and W and 30 pairs of 
cytologically indistinguishable microchro-
mosomes. Linkage maps were developed 
initially using three separate mapping 
populations (Bumstead and Palyga, 1992; 
Crittenden et al., 1993; Groenen et al., 1998) 
that were later merged to provide a con-
sensus map with 1 889 markers (Groenen 
et al., 2000). A good overview of the con-
sensus linkage map and the cytogenetic 
map can be found in the First Report of 
Chicken Genes and Chromosomes 2000 and 
its successor in 2005 (Schmid et al., 2000, 
2005). All chicken maps can be viewed at 
www.thearkdb.org. 

More recently, the chicken genome 
became the first livestock genome to be 
sequenced with a six-fold coverage (six 
full genome equivalents) (Hillier et al., 
2004). The chicken genome sequence can be 
browsed via a number of Web sites, which 
are summarized at www.chicken-genome.
org/resources/databases.html. The genome 
sequence effort was accompanied by partial 
sequencing of three distinct poultry breeds 
(a broiler, a layer and a Chinese Silky), to 
identify SNPs between and among these 
and the reference sequence of the Red 
Jungle Fowl. This resulted in an SNP map 
consisting of about 2.8 million SNPs (Wong 
et al., 2004). The chicken polymorphism 
database (ChickVD) can be browsed at: 
http://chicken.genomics.org.cn/index.jsp 

Figure 1
Multiplication pyramid for a four-strain commercial hybrid layer
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(Wang et al., 2005). The SNP map will 
facilitate the development of genome-wide 
SNP assays, containing between 5 000 and 
20 000 SNPs per assay. 

For the study of gene expression, there 
are various complementary DNA (cDNA) 
microarrays available, varying from tar-
geted arrays (immune, neuroendocrine, 
embryo) to whole genome generic arrays. 
Recently, a whole-genome Affymetrix 
chip was developed in collaboration with 
the chicken genomics community (www.
affymetrix.com and www.chicken-genome.
org/resources/affymetrix-faq1.htm). 
Altogether, this provides a very compre-
hensive toolbox to study the functional 
genomics of chicken, whether this be an 
individual gene or the entire genome.

Current uptake of MAS in chicken 
Implementation of MAS requires knowl-
edge of marker-trait associations based 
on QTL and candidate gene studies, and 
ideally from studies of the underlying 
genetic mechanisms. There have been a 
large number of QTL studies in chicken 
covering a wide range of traits including 
growth, meat quality, egg production, dis-
ease resistance (both infectious diseases 
and production diseases) and behaviour. 
These studies have recently been reviewed 

(Hocking, 2005). A total of 27 papers 
reported 114 genome-wide significant QTL 
from experimental crosses largely involving 
White Leghorn and broiler lines. A sum-
mary of the QTL that have been detected is 
presented in Table 1. While the abundance 
of QTL would indicate ample opportu-
nity for MAS in chicken, it must be noted 
that nearly all studies were carried out in 
experimental crosses and hence the results 
do not reflect QTL within selected popu-
lations. However, these results do provide 
a good starting point to search for QTL 
within commercial populations, as demon-
strated for growth and carcass traits where 
many published QTL also explained varia-
tion within a broiler dam line (de Koning 
et al., 2003; de Koning et al., 2004). To the 
authors’ knowledge, there are no other 
QTL studies within commercial lines of 
poultry in the public domain. Of the QTL 
from experimental crosses, only a small 
number has been followed up by fine map-
ping analyses and the responsible gene 
mutation has only been described for some 
disease resistance QTL (Liu et al., 2001a, b; 
Liu et al., 2003). 

A good example of how QTL map-
ping combined with functional studies can 
identify functional variants is for Marek’s 
disease. Marek’s disease (MD) is an infec-

Table 1
Quantitative traits and chromosomal locations in experimental chicken crosses 

Trait Chromosome (number of QTL) Total QTL Number of papers

Behaviour/fear 1,2(3),3,4(2),7,10,27, E22 11 5
Body fat 1(2),3,5,7(2),15,28 8 3
Body weight 1(7),2(4),3(4),4(5),5,8(2),11,12,13(2),27(3)Z(2) 32 9
Carcass quality 1(2),2,3,4(2).5(2),6(2),7(3),8(2),9,13(2),27,Z(2) 21 1
Disease resistance 1(4),2(2),3(2),4(2),5(5),6(2),7,8,14,18,27,Z 23 10
Egg number 8,Z(2) 3 1
Egg quality 2,11,Z 3 2
Egg weight 1,2,3,4(3),14,23,Z 9 3
Feed intake 1,4 2 2
Sexual maturity Z(2) 2 2

Source: Hocking, 2005.
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tious viral disease caused by a member 
of the herpes virus family and costs the 
poultry industry about US$1 000 million 
per annum. An F2 cross between resistant 
and susceptible lines was challenged experi-
mentally and genotyped, providing the data 
for a QTL analysis that resulted in a total 
of seven QTL for susceptibility to MD 
(Vallejo et al., 1998; Yonash et al., 1999). 
Subsequently, the founder lines of the F2 
cross were used for a micro-array 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 a QTL region 
for resistance to MD (Liu et al., 2001a). At 
the same time, protein interaction studies 
between a viral protein (SORF2) and a 
chicken splenic cDNA library revealed an 
interaction with the chicken growth hor-
mone (GH) (Liu et al., 2001b). This led 
to the detection of a polymorphism in the 
GH gene that was associated with differ-
ences in the number of tumours between 
the susceptible and the resistant line (Liu et 
al., 2001b). GH coincided with a QTL for 
resistance and was differentially expressed 
between founder lines (Liu et al., 2001a).

Alongside the various genome scans for 
QTL, a large number of candidate gene 
studies have been carried out. The majority 
of studies summarized in Table 2 have 
been conducted on White Leghorn strains 
and have utilized restriction fragment 
length polymorphisms (RFLPs), SNPs or 
single strand conformation polymorphisms 
(SSCPs). These techniques require both 
that the gene is known and that the experi-
menter is able to sequence part of the gene 
to detect polymorphisms that distinguish 
the experimental lines.

Candidate gene studies have been used 
in two ways. First, candidate genes may 

be used merely as a marker for a trait 
(typically disease) based on prior knowl-
edge and, second, and much less often, 
to search for the mutation within a gene 
that is associated with phenotypic variation 
in a trait. Currently, potential (candidate) 
genes for a QTL may be obtained from 
a knowledge of physiology (Dunn et al., 
2004) or comparative linkage maps (i.e. 
locating genes that are in the location of the 
QTL based on common areas of the gene-
rich genomes of different species, usually 
human and mouse). There are likely to be 
many more of the second type of candidate 
gene studies as information from large-scale 
gene expression and proteomic experiments 
begin to suggest novel gene candidates for 
traits of commercial and biological impor-
tance. It should also be noted that there 
is good evidence that genetic variation is 
not limited to genomic DNA: associations 
between polymorphisms in mitochondrial 
genes and MD resistance, body weight and 
egg shell quality were reported by Li et al. 
(1998a, b). 

Despite great enthusiasm for breeding 
companies to be involved in functional 
genomics research in poultry, there are 
very few applications of MAS in com-
mercial poultry breeding. One existing 
example is the use of blood group markers 
to improve resistance to MD where selec-
tion of haplotypes B21 and B12  based on 
conventional serological tests has been 
widely used (McKay, 1998). In discus-
sions with the industry it is clear that most 
interest is in QTL or candidate genes for 
resistance to diseases like MD or ascites, a 
genetic condition associated with pulmo-
nary hypertension, leading to mortality 
in fast growing birds. There is also con-
siderable interest among breeders of layer 
lines for egg quality, especially egg shell 
quality because of its importance for food 
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safety. For production traits such as growth 
and egg numbers, breeders make suffi-
cient progress using traditional selection 
methods, and they expect little improve-
ment from MAS for such traits unless 
markers can be used to increase the accuracy 
of selection. Nonetheless, among breeders 
of broiler stock there is interest in markers 
for traits that are difficult to measure such 
as feed efficiency and meat quality in addi-
tion to disease resistance. 

Potential for MAS in chicken
The technical aspects and potential 
implications of implementing MAS in 
livestock are discussed in Chapter 10 
and Dekkers (2004), and van der Beek 
and van Arendonk (1996) evaluated the 
technical aspects of MAS in poultry 
breeding. A review of the potential of MAS 

in poultry is provided by Muir (2003) but 
this includes many of the technical issues 
that are common across livestock species. 
This chapter therefore focuses on poultry-
specific issues, and readers are referred 
to Chapter 10 or Muir (2003) for a more 
comprehensive overview of applications 
and limitations of MAS. 

Muir (2003) identified two cases where 
MAS could increase the selection intensity 
in poultry breeding: (i) traits that are meas-
ured later in life or are costly to measure 
(such as egg production and feed efficiency 
for broiler breeders); and (ii) selection 
within full-sib families for sex-limited 
traits (e.g. male chicks for egg production). 
Accuracy of selection can also be improved 
via MAS when selecting between full-sib 
families for sex-limited traits and  traits that 
cannot be measured directly on one or both 

Table 2
Association of candidate genes with quantitative traits in poultry

Trait Chromosomes1 Gene symbols References

Age at first egg 1,2,3 GH, NPY, ODC Feng et al., 1997; Dunn et al., 2004; 
Parsanejad et al., 2004

Disease resistance (E. coli) 16 MHC1, MHC4, TAP2 Yonash et al., 1999

Disease resistance (MD2) 1,NK GH, LY6E Kuhnlein et al., 1997; Liu et al., 2001a,b 
and 2003

Disease resistance (Sal3) 4,6,7,16,19, 
1,17,NK

TNC, PSAP, NRAMP14, 
MHC1,CASP1, IAP1, TLR4,  
TLR5

Hu et al., 1997; Lamont et al., 2002; 
Leveque et al. 2003; Liu and Lamont, 
2003; Iqbal et al., 2005

Double yolked eggs 10 GNRHR Dunn et al., 2004

Egg production Z,1,20 GHR, GH, PEPCK Feng et al., 1997; Kuhnlein et al., 1997; 
Parsanejad et al., 2003

Egg weight 1 IGF1 Nagaraja et al., 2000

Eggshell quality 1,3,20 IGF1, ODC, PEPCK Nagaraja et al., 2000; Parsanejad et al., 
2003, 2004

Body fat 1,1,5,Z GH, IGF1, TGFβ3, GHR Feng et al., 1998; Fotouhi et al., 1993; Li 
et al., 2003; Zhou et al., 2005

Feed efficiency 3,20 ODC, PEPCK Parsanejad et al., 2003 and 2004

Body weight/carcass quality 1,3,5,Z,1,1,1 IGF1, ODC, TGFβ3, GHR, 
APOA2, PIT1

Feng et al., 1998; Li et al., 2003; Jiang et 
al., 2004; Parsanejad et al., 2004; Li et al., 
2005; Zhou et al., 2005

Organ weight (spleen) 3,5,32 TGFβ2, TGFβ3, TGFβ45 Li et al., 2003

Skeletal traits 1,3,5,32 IGF1, TGFβ2, TGFβ3, TGFβ45 Li et al., 2003; Zhou et al., 2005

1 NK = gene has not yet been assigned to a chromosome.
2 Marek’s Disease.
3 Salmonellosis.
4 Now known as Slc11a1.
5 TGFβ4 in the paper is now known to be TGFβ1.
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sexes and/or have a low heritability (e.g. 
egg production, disease resistance, carcass 
quality and welfare traits). 

Limiting factors for application of 
MAS (Muir, 2003) include biological fac-
tors (reproductive capacity) and many 
theoretical considerations related to the 
effectiveness of MAS (e.g. diverting selec-
tion pressure from polygenes to a single 
marked gene), which are generally appli-
cable to MAS in livestock (Dekkers, 2004; 
Chapter 10). One of the concerns of Muir 
(2003) is the expected lack of major QTL 
for traits that have been under selection 
for many generations (following simula-
tion results). However, recent QTL studies 
within commercial lines of pigs (Evans 
et al., 2003; Nagamine et al., 2003) and 
poultry (de Koning et al., 2003, 2004) have 
demonstrated that many sizeable QTL are 
still segregating in commercial populations 
despite decades of selection. 

There is strong academic interest in 
chicken genomics outside agriculture from, 
among others, developmental biologists and 
evolutionary geneticists, and this has con-
tributed greatly to the development of the 
current functional genomics toolbox avail-
able for chicken. Among livestock species, 
chickens are best placed to pioneer new 
approaches where QTL studies are com-
plemented by gene expression studies (Liu 
et al., 2001a) or where they become fully 
integrated within “genetical genomics” (de 
Koning, Carlborg and Haley, 2005; de 
Koning and Haley, 2005). 

If poultry breeders decide to embrace 
MAS, one of the main questions is 
whether they are prepared to re-structure 
their breeding programmes around 
MAS or implement these around their 
current breeding strategies. Adopting the 
terminology of Dekkers (2004), there are 
three levels of MAS: gene-assisted selection 

(GAS) where the functional mutation and 
its effects are known; linkage disequilibrium 
MAS (LD-MAS) where a marker (or 
marker haplotypes) is in population-wide 
disequilibrium with a QTL; and linkage 
equilibrium MAS (LE-MAS) where markers 
are in Hardy-Weinberg equilibrium with 
the QTL at the population level, but linkage 
disequilibrium exists within families. A 
fourth type of MAS that was recently 
proposed is “genome-wide MAS” (GW-
MAS), where dense markers (i.e. SNPs) 
across the genome are used to predict 
the genetic merit of an individual without 
targeting any individual QTL or measuring 
(expensive) phenotypes on every generation 
(Meuwissen, Hayes, and Goddard, 2001). 
Integrating current evaluations with MAS 
is most straightforward for GAS and LD-
MAS because the QTL effect can be included 
in routine evaluations as a fixed effect 
(Chapter 10). LE-MAS, on the other hand, 
requires extensive genotyping and fairly 
complicated statistical procedures (Wang, 
Fernando and Grossman, 1998), while GW-
MAS reduces the genome to a “black-box” 
but does not require selection of QTL 
using arbitrary thresholds. Furthermore, 
the dense marker information required 
for GW-MAS may dispense with often 
faulty pedigree records because all pedigree 
information is encoded in the genome-wide 
genotypes.

In terms of quantitative genetic theory, 
there are ongoing developments in the 
tools required to detect and evaluate QTL 
in arbitrary pedigrees, moving away from 
strictly additive-dominance models to 
epistasis and parent-of-origin effects (Liu, 
Jansen and Lin, 2002; Shete and Amos, 
2002). At the same time, the technology to 
analyse more than 10 000 SNPs in a single 
assay is available, and a cost of as little as 
US$0.02 per genotype is likely for chicken 
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SNPs in the near future. However, the fine 
mapping and characterization of identified 
QTL remain costly and time-consuming 
processes and are often restricted to the 
most promising QTL, resulting in hundreds 
of QTL that will never make it past the 
stage of mapping to a 30 cM confidence 
interval.

While current research and developments 
in poultry functional genomics are relevant 
to all four possible applications of MAS to 
livestock, poultry breeders need to decide 
at what level they want to exploit molecular 
information and for which traits. 

The emerging picture is that breeders 
are more comfortable with known gene 
mutations as this provides an easy route to 
implementation as well as knowledge about 
the underlying biology. Furthermore, there 
is concern that the marker-trait linkage 
will break down over a relatively few gen-
erations of selection in large commercial 
flocks. While candidate gene studies would 
provide the quickest route to implementa-
tion, fine mapping and characterization of 
QTL (e.g. using expression studies) may 
reveal gene variants that are not obvious 
candidate genes for quantitative traits.

Potential for MAS in poultry in 
developing countries
Owing to the relatively low value of 
single animals, the high reproductive rate 
in poultry and good portability of eggs 
or day-old hatchlings, the concentration 
of resources is very high in the poultry 
breeding industry and all poultry breeding 
is privately owned. Fifty years ago there 
were many primary breeders in each and 
every industrialized country, but not so 
long ago there were only 20 breeding com-
panies worldwide. Today, three groups of 
primary breeders dominate the interna-
tional layer market. Equally, in the chicken 

meat industry, there are four major players 
in broiler breeding worldwide (Flock 
and Preisinger, 2002). The concentration 
process is probably now complete, and the 
present players are sufficient to meet the 
global supply for 700 000 million eggs as 
final products. A similar trend is expected 
in the pig industry, where international 
breeding companies of hybrid products are 
increasing their market share (Preisinger, 
2004). For large-scale farming of broilers 
and layers in developing countries there 
are additional challenges with regard to 
heat stress and potential disease pres-
sure. With increasing poultry production 
in developing countries, breeding compa-
nies may give priority to using breeding 
and molecular tools to address these addi-
tional challenges. While chickens are very 
efficient in converting grain into valuable 
meat and egg protein, and smallholder 
chicken production can be valuable for 
sustaining the livelihoods of farmers in the 
developing world, this type of poultry pro-
duction would require robust dual-purpose 
(meat and egg) birds, rather than special-
ized broiler and layer lines. It is unlikely 
that the commercial breeders will develop 
such lines but there may be scope for 
national or international research organi-
zations to do so. Any MAS would have 
to be done at the institutional level where 
the line is developed and would necessitate 
prior knowledge of trait-marker associa-
tions at the farm level. The implementation 
of whole genome SNP approaches to farm 
level recording might facilitate progress in 
this area but the challenges, both practical 
and theoretical, are formidable.

Concluding remarks
Among livestock species, chicken have 
by far the most comprehensive genomic 
toolbox. However, uptake of MAS will 
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depend strongly on whether the industry 
wishes to supplement its current selection 
programme with a known gene variant 
or whether it is prepared to restructure 
breeding programmes around MAS. 
Compared with, for instance, the dairy cattle 
industry, the poultry breeding community 
may be slower to embrace emerging com-
plex approaches to MAS. This is somewhat 
surprising because the closed structure of 
the poultry breeding pyramid offers much 
better protection of intellectual property 
than the dairy cattle industry where semen 
from highest ranking bulls is available for 
all. On the other hand, the fact that blood 
groups have been used to select for resist-
ance to MD suggests that poultry breeders 
have some experience and skills in this 
type of selection. Poultry breeding com-
panies contribute significantly to poultry 
genomics research but may not be fully 
convinced about the economic feasibility 
of MAS. To implement MAS successfully, 

a company must tackle the problems of 
identifying the traits to select and their 
economic significance, the lack of current 
knowledge of the genes or markers associ-
ated with these traits, and their association 
with other economic selection criteria. The 
current “toolbox” provides the means to 
answer some of these questions but there 
are obvious concerns about human and 
capital resources and the potential loss 
of gains in other traits in a competitive 
market. Coupled with these reservations 
must be the very evident success of current 
breeding programmes in achieving many 
desirable commercial goals.
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Summary
Considering the long generation interval, the high value of each individual, the very limited 
female fertility and the fact that nearly all economic traits are expressed only in females, it 
would seem that cattle should be a nearly ideal species for application of marker-assisted 
selection (MAS). As genetic gains are cumulative and eternal, application of new tech-
nologies that increase rates of genetic gain can be profitable even if the nominal annual 
costs are several times the value of the nominal additional annual genetic gain. Complete 
genome scans for quantitative trait loci (QTL) based on the granddaughter design have 
been completed for most commercial dairy cattle populations, and significant across-
study effects for economic traits have been found on chromosomes 1, 3, 6, 9, 10, 14 and 
20. Quantitative trait loci associated with trypanotolerance have been detected in a cross 
between the African N’Dama and the Boran breeds as the first step in the introgression 
of these genes into breeds susceptible to trypanosomosis. In dairy cattle, the actual DNA 
polymorphism has been determined twice, for QTL on BTA 6 and BTA 14. In both cases 
the polymorphism caused a non-conservative amino acid change, and both QTL chiefly 
affect fat and protein concentration. Most theoretical studies have estimated the expected 
gains that can be obtained by MAS to be in the range of a 5 to 20 percent increase in the 
rates of genetic gain obtained by traditional selection programmes. Applied MAS pro-
grammes have commenced for French and German Holsteins. In both programmes genetic 
evaluations including QTL effects are computed by variants of marker-assisted best linear 
unbiased prediction (MA-BLUP).
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Introduction
Compared with other agricultural species, 
dairy cattle are unique in terms of the 
value of each animal, their long genera-
tion interval and the very limited fertility 
of females. Thus unlike plant and poultry 
breeding, most dairy cattle breeding pro-
grammes are based on selection within the 
commercial population. Similarly, detection 
of quantitative trait loci (QTL) and marker-
assisted selection (MAS) programmes are 
generally based on analysis of existing pop-
ulations. The specific requirements of dairy 
cattle breeding have led to the generation 
of very large data banks in most developed 
countries, which are available for analysis. 
In this chapter, dairy cattle breeding pro-
grammes in the developed and developing 
countries are reviewed and compared. The 
important issues in the application of MAS 
are then outlined. These include economic 
considerations based on phenotypic selec-
tion, the current status of cattle marker 

maps, methods to detect QTL and to esti-
mate QTL effects and location suitable 
for dairy cattle, the current state of QTL 
detection in dairy cattle, methods to incor-
porate information from genetic markers 
in genetic evaluation systems, methods to 
identify the actual polymorphisms respon-
sible for observed QTL and description of 
the reported results, methods and theory 
for MAS in dairy cattle, the current status 
of MAS and, finally, the future prospects 
for MAS in dairy cattle.

Dairy cattle breeding programmes 
in developed countries
In most developed countries, dairy cattle 
breeding programmes are based on the 
“progeny test” (PT) design. The PT is 
the design of choice for moderate to large 
dairy cattle populations, including the 
United States Holsteins, which include 
over ten million animals. An example of 
the Israeli PT design is given in Figure 1. 

Figure 1
The Israeli Holstein breeding programme
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This population consists of approximately 
120 000 cows of which 90 percent are 
milk recorded. Approximately 20 bulls 
are used for general service. Each year 
about 300 elite cows are selected as bull 
dams. These are mated to the two to four 
best local bulls and an equal number of 
foreign bulls to produce approximately 50 
bull calves for progeny testing. At the age 
of one year, the bull calves reach sexual 
maturity, and approximately 1 000 semen 
samples are collected from each young bull. 
These bulls are mated to approximately 
30 000 first parity cows to produce about 
5 000 daughters, or 100 daughters per 
young bull. Gestation length for cattle is 
nine months. Thus the young bulls are 
approximately two years old when their 
daughters are born, and are close to four 
when their daughters calve and begin 
their first lactation. At the completion of 
their daughters’ first lactations, most of 
the young bulls are culled. Only four to 
five are returned to general service, and a 
similar number of the old proven sires are 
culled. By this time the selected bulls are 
approximately five years old.

Various studies have shown that rates 
of genetic gain by a PT scheme are about 
0.1 to 0.2 genetic standard deviations of 
the selection index per year (Nicholas 
and Smith, 1983; Israel and Weller, 2000). 
The PT was devised to take advantage 
of the nearly unlimited fertility of males. 
However, compared with breeding schemes 
for other species, the PT has several major 
weaknesses. First, for a PT system to be 
effective, the population must include at 
least several tens of thousands of animals 
with recording on production traits and 
paternity. Inaccurate recording can signifi-
cantly reduce rates of genetic gain (Israel 
and Weller, 2000). Second, generation inter-
vals, especially along the sire-to-dam and 

sire-to-sire paths, are much longer than 
the biological requirements. The increase 
in generation interval reduces genetic gain 
per year. As artificial insemination (AI) 
institutes generally pay a premium price 
for male calves of elite cows, these cows are 
often given preferential treatment in order 
to increase their genetic evaluations (Powell 
and Norman, 1988). The small number of 
bulls actually used for general service, and 
the even smaller number of bulls used as 
bull sires, tends to reduce the effective pop-
ulation size, which increases inbreeding and 
decreases genetic variance in the population. 
The effective population size of the United 
States Holstein population with ten mil-
lion cows has been estimated at about 100 
(Farnir et al., 2000). Finally, there is virtually 
no selection along the dam-to-dam path. 
Generally, 70-80 percent of healthy female 
calves produced are used as replacements.

Various studies have suggested that 
selection intensities along the dam-to-dam 
path could be increased by application of 
multiple ovulation and embryo transfer 
(MOET) and sexed semen. Costs of both 
technologies are still prohibitively high to 
be applied to the entire population, as 
shown below. To overcome this problem 
for MOET, Nicholas and Smith (1983) 
proposed a “nucleus” breeding scheme. In 
nucleus schemes, the selection population 
consists of several hundred individuals, and 
bulls are not progeny tested. Instead, bulls 
are selected based on the genetic evaluations 
of their dams and sisters, which shortens the 
generation interval on the sire-to-dam and 
sire-to-sire paths, but reduces the reliabilities 
of the genetic evaluations. Dams of bulls and 
cows are selected based chiefly on their own 
production records, and MOET is applied 
to increase the number of progeny per dam. 
As the selection population consists of only 
several hundred individuals, MOET costs 
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are manageable if costs are spread over 
the entire national dairy industry. Rates 
of genetic gain within the nucleus are thus 
higher than can be obtained by a national 
PT design. This gain is transferred to the 
general population through the use of bulls 
from the nucleus population. In addition to 
the greater overall rate of genetic gain, the 
nucleus scheme has the advantage that it is 
necessary to collect data on a much smaller 
population, which should reduce costs 
and increase accuracy. The disadvantages 
of MOET are that overall costs and rates 
of increase of inbreeding will be greater  
unless steps are taken to reduce inbreeding. 
However, these steps will also slightly 
decrease rates of genetic gain. In practice, no 
country has replaced its standard PT scheme 
with a nucleus breeding programme.

Dairy cattle breeding in  
developing countries
The genus Bos includes five to seven spe-
cies, of which Bos taurus and Bos indicus 
are the most widespread and economi-
cally important. B. taurus is the main dairy 
cattle species, and is found generally in 
temperate climates. Several tropical and 
subtropical cattle breeds are the result of 
crosses between B. taurus and B. indicus, 
which interbreed freely. In the tropics, 
cows need at least some degree of toler-
ance to environmental stress due to poor 
nutrition, heat and disease challenge to 
sustain relatively high production levels 
(Cunningham, 1989). Tropical breeds are 
adapted to these stresses but have low milk 
yield, whereas more productive temperate 
breeds cannot withstand the harsh tropical 
conditions, to the point of not being able to 
sustain their numbers (de Vaccaro, 1990). 
Furthermore, most tropical countries are 
developing countries, which lack systematic 
large-scale milk and pedigree recording. 

A number of studies have been con-
ducted on crosses between imported and 
local breeds in the tropics. Generally, the F1 
B. taurus x B. indicus crosses are economi-
cally superior to either of the purebred 
strains (FAO, 1987). The heterosis effect 
of the F1 cross is due to genes for disease 
resistance from the local parent, and genes 
for milk production from the imported 
strain (Smith, 1988; Cunningham, 1989). 
However, this heterosis is lost in future 
generations if the F1 is backcrossed to either 
parental strain. Madalena (1993) presented 
an F1 continuous replacement scheme 
to capitalize on its superiority. Recently, 
Kosgey, Kahi and van Arendonk (2005) 
proposed a closed adult nucleus MOET 
scheme to increase milk production in 
tropical crossbred cattle.

Economic considerations in 
applying MAS to dairy cattle
For any new technique to be economically 
viable, overall gains must be greater than 
overall costs. This also applies to using 
MAS within a dairy cattle breeding pro-
gramme. However, unlike investment in 
new equipment, genetic gains never “wear 
out”, i.e. breeding is unique in that genetic 
gains are cumulative and eternal. Thus, as 
shown by Weller (1994, 2001) investments 
in MAS or other techniques that enhance 
breeding programmes are economically 
viable even if “nominal” costs are greater 
than “nominal” gains. 

For example, consider an ongoing breed-
ing programme with a constant rate of genetic 
gain per year. Assume that the annual rate of 
genetic gain has a nominal economical value 
of V. The cumulative discounted returns to 
year T, Rv, will be a function of the nominal 
annual returns, the discount rate, d, the 
profit horizon, T, and the number of years 
from the beginning of the programme until 
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first returns are realized, t. Rv is computed as 
follows (Hill, 1971):

where rd= 1/(1+d). For example, with d = 
0.08, T = 20 years, and t = 5 years, Rv = 
32.58V. That is, the cumulative returns are 
equal to nearly 33 times the nominal annual 
returns. For an infinite profit horizon, 
Equation {1} reduces to:

and Rv = 124.04V.
The value of nominal annual genetic 

gain will now be compared with the annual 
costs of a breeding programme, assuming a 
fixed nominal cost per year. Costs, unlike 
genetic gain, only have an effect in the year 
they occur. Assuming that annual costs are 
equal during the length of the breeding 
programme, and that first costs occur in the 
year after the base year, CT, the net present 
value of the total costs of the breeding pro-
gramme is computed as follows:

where Cc = annual costs of the breeding 
programme. Using the same values for T 
and d, CT = 9.82Cc. Thus, with a profit 
horizon of 20 years, cumulative profit is 
positive if V > 0.31Cc. For an infinite profit 
horizon, CT = 12.5Cc, and profit will be 
positive if V > 0.1Cc.

Therefore, a breeding programme can be 
profitable even if the nominal annual costs 
are several times the value of the nominal 
annual genetic gain. For example, consider 

the United States of America dairy cattle 
population, which consists of about ten 
million cows. Annual genetic gain is about 
100 kg milk per year. The value of a 1 kg 
gain in milk production has been estimated 
at US$0.1 (Weller, 1994). Thus, the nominal 
annual value of a 10 percent increase in the 
rate of genetic gain (10 kg per year) is:

V = (10 kg per cow per year)	
(US$0.1 per kg)(10 000 000 cows) = 
US$10 000 000 per year	

The cumulative value with a profit 
horizon of 20 years and an 8 percent dis-
count rate would be US$326 million, and 
break-even annual costs for a technology 
that increases annual genetic gain by 10 per-
cent are US$32 million per year. Thus, it 
would be profitable to spend quite a lot for 
a relatively small genetic gain.

The value of genetic gain to a specific 
breeding enterprise will generally be less 
than the gain to the general economy. This 
is because most of the gains obtained by 
breeding will be passed on to the consumers. 
Brascamp, van Arendonk and Groen (1993) 
considered the economic value of MAS 
based on changes in returns from semen 
sales for a breeding organization oper-
ating in a competitive market. In this case, 
a breeding firm that adopts a MAS pro-
gramme can increase its returns either by 
increasing its market share or increasing the 
mean price of a semen dose. Although the 
value of genetic gain will be less, relatively 
small changes in genetic merit can result in 
large changes in market share.

current status of marker maps 
in cattle
Cattle have 29 pairs of autosomes and one 
pair of sex chromosomes. All the auto-
somes are acrocentric, and map units are 
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scored from the centromere. Chromosomes 
are denoted with the prefix “BTA” (B. 
taurus). Similar to other mammals, the 
bovine DNA includes 3×109 base pairs 
(bp), and the map length is approximately 
3 000 cM. The human genome is estimated 
to encode 20 000–25 000 protein-coding 
genes (International Human Genome 
Sequencing Consortium, 2004), and it can 
be assumed that the number of genes in 
other mammals, including cattle, should be 
quite similar. Thus, a single map unit, on 
average, includes approximately eight genes 
and one million bp.  

As in other animal species, microsatellites 
are still the marker of choice for map 
construction due to their prevalence and 
high polymorphism. Although single 
nucleotide polymorphisms (SNPs) are 
much more prevalent, genetic maps based 
on SNPs are still in the future. More 
than 50 000 SNPs have been identified in 
humans, but only several thousand have 
been validated in cattle (www.afns.ualberta.
ca/Hosted/Bovine%20Genomics/), and 
rates of polymorphism are generally 
unknown. With the completion of the six-
fold coverage of the bovine genome by 
the Bovine Genome Sequencing Project at 
Baylor College of Medicine (www.hgsc.
bcm.tmc.edu/projects/bovine/) many more 
SNPs will be identified.

Several genetic maps are available on the 
internet. The United States Meat Animal 
Research Center (MARC) (www.marc.
usda.gov/) includes thousands of markers, 
chiefly microsatellites. The ArkDB data-
base system, hosted at Roslin Institute, 
includes data from several published maps 
(www.thearkdb.org/). The Commonwealth 
Scientific and Industrial Research Organiza-
tion (CSIRO) livestock industries cattle 
genome marker map is built upon data 
provided by the University of Sydney’s 

comparative location database (www.	
livestockgenomics.csiro.au/perl/gbrowse.
cgi/cattlemap/). This map combined all pub-
licly-available maps into a single integrated 
map that currently includes 9 400 markers.

Methods of QTL detection  
suitable for commercial dairy 
cattle populations
Detection of QTL requires generation of 
linkage disequilibrium (LD) between the 
genetic markers and QTL. In plants, this is 
generally accomplished by crosses between 
inbred lines but, for the reasons noted in 
the introduction, this is not a viable option 
for dairy cattle in developed countries, in 
which all analyses must be based on anal-
ysis of the existing population. Detection of 
QTL in developing countries is considered 
below. For advanced commercial popula-
tions, the “daughter” and “granddaughter” 
designs, which make use of the existence 
of large half-sib families, are most appro-
priate for QTL analysis (Weller, Kashi and 
Soller, 1990).  These designs are presented 
in Figures 2 and 3. 

Both designs are similar to the backcross 
design for crosses between inbred lines in 
that only the alleles of one parent are fol-
lowed in the progeny. Thus, similar to the 
backcross design, dominance cannot be 
estimated. These designs differ from crosses 
between inbred lines in that several fami-
lies are analysed in which the linkage phase 
between QTL and genetic markers may 
differ. In addition, any specific QTL will be 
heterozygous in only a fraction of the fami-
lies included in the analysis. Thus, QTL 
effects must be estimated within families, 
and these designs are therefore less pow-
erful per individual genotyped than designs 
based on crosses between inbred lines.

The granddaughter design has the 
advantage of greater statistical power per 



Marker-assisted selection – Current status and future perspectives in crops, livestock, forestry and fish206

individual genotyped. As each genotype 
is associated with multiple phenotypic 
records, the power per individual geno-
typed in the granddaughter design can be 
four-fold the power of the daughter design 
(Weller, Kashi and Soller, 1990). The disad-
vantage of this design is that the appropriate 
data structure (hundreds of progeny tested 
bulls, sons of a limited number of sires) is 
found only in the largest dairy cattle popu-
lations. Both daughter and granddaughter 
designs are less powerful per individual 
genotyped than designs based on analysis 
of inbred lines. Furthermore, the half-sib 
designs have the disadvantage that progeny 
with the same genotype as the sire are unin-
formative, because the progeny could have 
received either paternal allele.

Additional experimental designs have 
also been proposed. Coppieters et al. 
(1999) proposed the “great-granddaughter 
design”. One of the disadvantages of the 
granddaughter design is that the number of 
progeny-tested sons of most sires is too low 
to obtain reasonable power to detect QTL 
of moderate effects. Coppieters et al. (1999) 
proposed that power can be increased by 
also genotyping progeny-tested grandsons 
of the grandsire. Inclusion of the grand-
sons is complicated by the fact that there is 
another generation of meiosis between the 
grandsire and his grandson.

A significant drawback of all the designs 
considered above is that they give no 
indication of the number of QTL alleles 
segregating in the population or their rela-

Figure 2
The daughter design
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Only a single family is shown, although in practice several families will be analysed jointly. The sire 
is assumed to be heterozygous for a QTL and a linked genetic marker. The two alleles of the marker 
locus are denoted “M” and “m”, and the two alleles of the QTL are denoted “A” and “a”. Alleles of 
maternal origin are denoted by question marks.
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tive frequencies. To answer this question, 
Weller et al. (2002) proposed the “modi-
fied granddaughter design” presented in 
Figure 4. Assume that a segregating QTL 
for a trait of interest has been detected 
and mapped to a short chromosomal 
segment using either a daughter or a grand-
daughter design. Consider the maternal 
granddaughters of a grandsire with a sig-
nificant contrast between his two paternal 

alleles. This grandsire will be denoted the 
“heterozygous grandsire”. Each maternal 
granddaughter will receive one allele from 
her sire, who is assumed to be unrelated to 
the heterozygous grandsire, and one allele 
from her dam, who is a daughter of the 
heterozygous grandsire. Of these grand-
daughters, one-quarter should receive the 
grandpaternal QTL allele with the posi-
tive effect, one-quarter should receive the 

Figure 3
 The granddaughter design
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The grandsire is assumed to be heterozygous for a QTL and a linked genetic marker. As in Figure 2, only a single family 
is shown. The two alleles of the marker locus are denote “M” and “m”, and the two alleles of the QTL are denoted “A” 
and “a”. Alleles of maternal origin are denoted by question marks. Genotypes are not listed for the granddaughters 
because they were not genotyped.
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negative grandpaternal QTL allele, and half 
should receive neither grandpaternal allele. 
In the third case, the granddaughter received 
one of the QTL alleles of her grand-dam, 
the mate of the heterozygous grandsire. 
These grand-dams can be considered a 
random sample of the general population 
with respect to the allelic distribution of the 
QTL. All genetic and environmental effects 
not linked to the chromosomal segment in 
question are assumed to be randomly dis-
tributed among the granddaughters, or are 
included in the analysis model. Thus, unlike 
the daughter or granddaughter designs, it is 
possible to compare the effects of the two 
grandpaternal alleles with the mean QTL 
population effect.  

Assuming that the QTL is “functionally 
biallelic” (i.e. there are only two alleles 
with differential expression relative to the 
quantitative trait), and that allele origin 

can be determined in the granddaughters, 
the relative frequencies of the two QTL 
alleles in the population can be determined 
by comparing the mean values of the 
three groups of granddaughters for the 
quantitative trait. Using the modified 
granddaughter design it is also possible to 
estimate the number of alleles segregating 
in the population, and to determine if the 
same alleles are segregating in different 
cattle populations. Weller et al. (2002) 
estimated the frequency of the QTL allele 
that increases fat and protein concentration 
on BTA6 in the Israeli Holstein population 
as 0.69 and 0.63, relative to fat and protein 
percent, by the modified granddaughter 
design. This corresponded closely to the 
frequency of 0.69 estimated for the Y581 
allele of the ABCG2 gene for cows born 
during the same time period (Cohen-Zinder 
et al., 2005).

Figure 4
The modified granddaughter design

Q1 Q2 M1

Q1 M1 Q2 M2
H1 H2

H1 Q1 H2 M1 H3 M2

H3 H4

Q2 H4

M2

Only alleles for the QTL are shown. Alleles originating in the heterozygous grandsire are termed “Q1” and Q2”. Alleles originating 
in the grand-dams are termed “M1” and “M2”. Alleles originating in the sires are termed “H1”, “H2”, “H3” and “H4”.
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Methods to estimate QTL effects 
and location in dairy cattle
If a significant effect on a quantitative trait 
is associated with a genetic marker, the 
difference between the means of marker 
genotype classes will be a biased estimate 
of the QTL effect due to recombination 
between the QTL and the genetic marker. 
Weller (1986) first demonstrated that max-
imum likelihood (ML) methodology could 
be used to obtain estimates of QTL loca-
tion and effect unbiased by recombination, 
while Lander and Botstein (1989) proposed 
interval mapping, based on ML for a QTL 
bracketed between two markers. Haley and 
Knott (1992) and Martinez and Curnow 
(1992) proposed an interval mapping 
method based on non-linear regression, 
which was easier to apply than ML. Their 
methods are not directly applicable to half-
sib designs because, as noted previously, 
linkage relationships between the QTL and 
the genetic markers will be different across 
families, and in some families the common 
ancestor will be homozygous for the QTL. 
Furthermore, if multiple QTL alleles are 
segregating in the population, or if the 
observed effect is due to several tightly 
linked QTL, the magnitude of the effect 
will also differ across families.  

A method suitable for interval mapping 
that accounts for these problems has been 
developed by Knott, Elsen and Haley (1996) 
and has been applied to nearly all daughter 
and granddaughter design analyses. Their 
method is a modification of the non-linear 
regression method, and assumes a single 
QTL location for all families, but estimates 
a separate QTL effect for each family. This 
method has the advantage that, unlike ML, 
it can readily deal with missing and unin-
formative genotypes for some markers. 
Mackinnon and Weller (1995) proposed an 
ML method to estimate both QTL location 

and effect for half-sib designs under the 
assumption that only two QTL alleles are 
segregating in the population. Using this 
method it is also possible to estimate QTL 
genotype of the common parent of each 
family. However, these determinations are 
accurate only for relatively large QTL. The 
method of Mackinnon and Weller (1995) is 
more difficult to apply than the method of 
Knott, Elsen and Haley (1996), and has not 
come into general usage.

Lander and Botstein (1989) proposed 
the LOD-score (logarithm of the odds to 
the base 10) drop-off method to estimate 
confidence intervals for QTL location, but 
several studies have shown that this seri-
ously underestimate the actual value (e.g. 
Darvasi et al., 1993). The non-parametric 
bootstrap method (Visscher, Thompson 
and Haley,   1996) was found to be more 
accurate, but tends to overestimate confi-
dence intervals. Bennewitz, Reinsch and 
Kalm (2003) proposed improvements to the 
bootstrap method that result in shorter but 
still unbiased confidence intervals.

Most studies to detect QTL in dairy 
cattle have considered many markers and 
multiple traits. In some studies nearly the 
entire genome was analysed, which raises a 
serious problem with respect to the appro-
priate threshold to declare significance. If 
normal point-wise significance levels of 5 or 
1 percent are used, many marker-trait combi-
nations will show “significance” by chance. 
While this is a problem for all QTL genome 
scans, it is even more severe for dairy cattle 
in which multiple half-sib families are ana-
lysed, in addition to multiple markers and 
traits. Several solutions to this problem have 
been proposed, none of which is completely 
satisfactory. The only solution to deal ade-
quately with both multiple traits and families 
in addition to multiple markers is the false 
discovery rate (Weller et al., 1998).  
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The QTL effects derived from either 
daughter or granddaughter by ML or non-
linear regression will still be biased for 
several reasons. First, the usual assump-
tions of interval mapping, a single QTL 
segregating within the marker interval and 
no QTL in adjacent intervals, often do 
not reflect reality. Second, the dependant 
variable is generally an “adjusted” record, 
either daughter yield deviations (DYD; 
VanRaden and Wiggans, 1991) or genetic 
evaluations. Israel and Weller (1998) dem-
onstrated that QTL effects derived from 
analysis of either genetic evaluations, yield 
deviations or DYD will be underestimated. 
In addition to this downward bias, there 
are two sources of upward bias for QTL 
effects. First, the direction of the effects 
is generally arbitrary, and therefore abso-
lute values are retained and all effects are 
>0. Third, only the effects deemed “sig-
nificant” are retained, and this is a selected 
sample (Georges et al., 1995). Bayesian 
analysis methods that account for bias of 
QTL effect due to selection have recently 
been developed by Weller, Schlezinger and 
Ron (2005).

current status of QTL detection 
in dairy cattle
Genome scans by the granddaughter 
design have been completed for Holsteins 
from Canada (Nadesalingam, Plante and 
Gibson, 2001), the Netherlands (Spelman 
et al., 1996; Schrooten et al., 2000), France 
(Bennewitz, et al., 2003a; Boichard et al., 
2003), Germany (Bennewitz, et al., 2003a; 
Kuhn et al., 2003a), New Zealand (Spelman 
et al., 1999), and the United States (Georges 
et al., 1995; Ashwell et al., 1996, 1997, 
1998a, 1998b, 2004; Ashwell, Van Tassell 
and Sonstegard, 2001; Zhang et al., 1998; 
Ashwell and Van Tassell, 1999; Heyen et 
al., 1999); Finnish Ayrshires (Vilkki et al., 

1997; Viitala et al., 2003; Schulman et al., 
2004); French Normande and Montbeliarde 
cattle (Boichard et al., 2003); Norwegian 
cattle in Norway (Klungland et al., 2001; 
Olsen et al., 2002); and Swedish Red and 
White (SRB) (Holmberg and Andersson-
Eklund, 2004). Daughter design analyses 
have been performed for Israeli Holsteins 
(Mosig et al., 2001; Ron et al., 2004). Most 
studies have considered the five economic 
milk production traits: milk, fat and protein 
production, and fat and protein concentra-
tion, although a number of studies have 
also considered somatic cell score (SCS), 
female fertility, herd life, calving traits, 
health traits, temperament and conforma-
tion traits. The SCS is a log base 2 function 
of the concentration of somatic cells, and 
has been shown to be a useful indicator of 
udder health. Results are summarized in 
Table 1.

Results for milk, fat and protein pro-
duction, fat and protein concentration, and 
SCS from most of the studies listed above 
are summarized at www.vetsci.usyd.edu.
au/reprogen/QTL_Map/. Results from 
these traits, and many others including 
meat production, are summarized at http://
bovineqtl.tamu.edu. Significant effects were 
found on all 29 autosomes, but most effects 
were found only in single studies and have 
not been repeated. Khatkar et al. (2004) 
performed a meta-analysis, combining data 
from most of these studies, and found 
significant across-study effects on chromo-
somes 1, 3, 6, 9, 10, 14 and 20.

Methods of incorporating 
information from genetic markers 
in genetic evaluation systems
Heritabilities of most economic traits in 
dairy cattle are low to moderate. Genetic 
evaluation of dairy cattle is complicated 
by confounding between genetic and 
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environmental factors. Cows are scattered 
over many different herds with different 
management levels, and distribution of sires 
across herds is not random or orthogonal. 
Furthermore, cows generally produce 
multiple lactations that are correlated. In 
order to account for the limited heritability, 
and co-variances among relatives, genetic 
effects are generally assumed to be 

random, while most environmental effects 
are assumed to be fixed. Thus, genetic 
evaluation is performed by the mixed 
model using best linear unbiased prediction 
(BLUP) methodology (Henderson, 1984).  

Beginning in the late 1980s, the model 
of choice for genetic evaluation for milk 
production traits was the individual animal 
model, in which a genetic effect is computed 

Table 1
Summary of dairy cattle genome scans

Experimental 
design

Breed Country Traits analysed References

Granddaughter Ayrshire Finland Milk production1 Vilkki et al., 1997; de Koning et al., 
2001; Viitala et al., 2003 

SCS2, mastitis, other treatments Schulman et al., 2004

Jersey New Zealand Conformation Spelman, Garrick and van 
Arendonk, 1999

Holstein Canadian Milk production Plante et al., 2001

France Milk production Boichard et al., 2003

Germany Milk production Thomsen et al., 2001

Functional Kuhn et al., 2003

Conformation, temperament, 
milking speed

Hiendleder et al., 2003

Netherlands conformation, SCS, fertility, 
calving, milking speed, 
gestation, birth weight, 
temperament

Schrooten et al., 2000

New Zealand Conformation Spelman, Garrick and van 
Arendonk, 1999

USA Milk production Ashwell et al., 1998b; Ashwell and 
Tassell 1999; Ashwell et al., 1997, 
2004; Ashwell, Van Tassell and 
Sonstegard, 2001;Georges et al., 
1995; Heyen et al., 1999; Zhang et 
al., 1998

SCS Ashwell et al., 1996, 1997, 1998b; 
Ashwell and Van Tassell, 1999; 
Heyen et al., 1999

Herdlife Heyen et al., 1999

Conformation Ashwell et al., 1998a, 1998b; 
Ashwell and Van Tassell, 1999

Fertility Ashwell et al., 2004

Montbeliarde France Milk production Boichard et al., 2003

Normande France Milk production Boichard et al., 2003

Norwegian Norway Milk production Olsen et al., 2002

SCS, mastitis Klungland et al., 2001

Swedish Sweden SCS, mastitis, other diseases Holmberg and Andersson-Eklund, 
2004

Daughter Holstein Israel Milk production, SCS, fertility, 
herdlife

Ron et al., 2004

% protein Mosig et al., 2001

1 Milk, fat, and protein production, and fat and protein concentration.
2 Somatic cell concentration
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for each animal, including animals that did 
not have production records (Westall and 
van Vleck, 1987). Genetic evaluations for 
these animals are derived via the numerator 
relationship matrix, which is included in the 
model. In addition, a “permanent environ-
mental” effect is computed for each animal 
with records to account for similarities 
among multiple records of the same cow 
that are not due to additive genetic effects. 
As noted previously, analysis of QTL 
effects has generally been based on analysis 
of genetic evaluations or DYD, which are 
the adjusted means of the daughter records 
of a bull but which, unlike genetic evalu-
ations, are not regressed. However, the 
statistical properties of DYD are not well 
understood, and QTL effects derived from 
analysis of DYD are still biased (Israel 
and Weller, 1998). Theoretically, it should 
be possible to derive unbiased QTL esti-
mates if these effects are incorporated into 
a genetic evaluation scheme based on anal-
ysis of the actual records, such as the animal 
model. In practice, the inclusion of QTL 
effects into genetic evaluation models is 
complicated by three main factors:
•	 actual QTL location is unknown, and 

there is only partial linkage between 
genetic markers and QTL;

•	 linkage phase between genetic markers 
and QTL differs among individuals, and 
is generally unknown;

•	 only a small fraction of the population is 
genotyped.
An analysis including only genotyped 

individuals is not a viable option as it will 
generally not be possible to derive accurate 
fixed effects, such as herd-year-seasons, 
from this sample.

Fernando and Grossman (1989) pro-
posed modifying the individual animal 
model described above to a “gametic” 
model that assumes the two QTL alleles 

of each individual are random effects sam-
pled from a distribution with a known 
variance. They developed a method to esti-
mate breeding values for all individuals 
in a population, including QTL effects 
via linkage to genetic markers, provided 
that all animals are genotyped and the 
heritability and recombination frequency 
between the QTL and the genetic marker 
are known. This model is suitable for any 
population structure and can also incorpo-
rate non-linked polygenic effects and other 
“nuisance” effects such as herd or block. 
The basic model assumes only a single 
record per individual, but can be adapted 
readily to a situation of multiple records 
per animal. This method is also denoted 
“marker-assisted BLUP” or “MA-BLUP”.

Each individual with unknown ances-
tors is assumed to have two unique alleles 
for the QTL, which are “sampled” from an 
infinite population of alleles. For animals 
that are not genotyped, the probability of 
receiving either allele from either parent will 
be equal. However, if both the parent and 
progeny are genotyped for a linked genetic 
marker, then the probability of receiving a 
specific parental allele for a QTL linked to 
the genetic marker will be a function of the 
progeny marker genotype and recombina-
tion frequency. Based on these probabilities, 
Fernando and Grossman (1989) demon-
strated how a variance-co-variance matrix 
could be constructed for the QTL gametic 
effects. They further described a simple 
algorithm to invert this matrix analo-
gous to Henderson's method for inverting 
the numerator relationship matrix. This 
method has been extended to handle mul-
tiple markers and traits (Goddard, 1992). 
Cantet and Smith (1991) demonstrated that 
the number of equations could be signifi-
cantly reduced by analysis of the reduced 
animal model.
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The disadvantages of this model are that 
it assumes that both recombination fre-
quency and the variance due to the QTL are 
known a priori. Studies on simulated data 
have demonstrated that although restricted 
maximum likelihood methodology can be 
used to estimate these parameters, they 
are completely confounded for a single 
marker locus (van Arendonk et al., 1994). 
Methods to estimate the variance contrib-
uted by QTL with multiple markers were 
developed by Grignola, Hoeschele and Tier 
(1996). Furthermore, as each individual 
with unknown parents is assumed to have 
two unique alleles, the prediction error 
variances of the effects for any individual 
will be quite large and, therefore, not very 
informative. Finally, the assumption of a 
normal distribution of possible QTL allele 
effects may not be realistic.

Israel and Weller (1998) proposed an 
alternative method that assumes that only 
two QTL alleles are segregating in the 
population, and that either a daughter or 
granddaughter design has been applied to 
determine QTL genotypes of the family 
ancestors. The QTL effect is then included 
in the complete animal model analysis as 
a fixed effect. For individuals that are 
not genotyped, probabilities of receiving 
either allele are included as regression 
constants. These probabilities can be readily 
computed for the entire population using 
the segregation analysis method of Kerr 
and Kinghorn (1996). Israel and Weller 
(1998) assumed complete linkage between 
the QTL and a single marker. Israel and 
Weller (2002) extended the method to QTL 
analysis based on flanking marker, using 
the method of Whittaker, Thompsom and 
Visscher (1996) to estimate QTL effects 
and location from the regression estimates 
of flanking markers. This method has been 
tested extensively on simulated populations, 

and was able to derive unbiased estimates 
of QTL effect and location. It has also 
been applied to actual data from the Israeli 
Holstein population for a segregating 
QTL on chromosome 14 that affected 
milk production traits (Weller et al., 2003). 
However, in this case the QTL effect 
was underestimated. Further research is 
required to determine the reason for this 
discrepancy.

Methods for QTL detection and 
MAS in developing countries
As noted previously, dairy cattle breeding 
in tropical and subtropical countries is gen-
erally based on crossbreeding between high 
production breeds adapted to temperate 
climates, and tropical strains which are 
adapted to the local environment, including 
resistance to local diseases. In other animal 
species, synthetic strains have been pro-
duced by selecting those individuals that 
retain the positive characteristics from 
both strains. For example, the Assaf sheep 
breed was produced from a cross between 
the Middle East Awassi breed and the 
East Friesian breed (www.sheep101.info/
breedsA.html). In dairy cattle, the problem 
of an appropriate strategy for future gen-
erations has not been adequately solved, 
for reasons considered previously. If the 
economically important genes were identi-
fied, then the time and effort required for 
production of the desired synthetic strains 
could be reduced.

Visscher, Haley and Thompson (1996) 
considered the situation in which the 
recipient strain is an outbred population 
in an ongoing selection programme, and 
the introgressed genes are QTL. Markers 
flanking the QTL will be required in order 
to select backcross progeny that received the 
donor QTL allele. As there will be uncer-
tainty with respect to the QTL location, 
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the flanking markers must be sufficiently 
close to the QTL so that it will be pos-
sible to determine with relative certainty 
that the QTL is in fact located between 
the flanking markers. Although marker-
assisted introgression does decrease the 
number of generations required to obtain 
fixation of the desired allele, it increases 
two key cost elements. First, with tradi-
tional introgression, half of the progeny 
will carry the donor allele for the intro-
gressed gene, and all of these can be used 
as parents in the next generation. However, 
if only a small fraction of the progeny is 
selected based on genetic markers, then 
many more individuals must be produced 
each generation. Second, genotyping costs 
for a large number of markers at each gen-
eration will also be significant.

Crosses between cattle breeds can also 
be used for QTL detection and they have 
been used in developing countries. In most 
plant species, the parental lines are com-
pletely inbred, and there will be complete 
LD in the F2 or backcross generation. 
However, cattle are outbreeders and in 
crosses between breeds there will therefore 
only be partial LD between segregating 
QTL and linked genetic markers. Song, 
Soller and Genizi (1999) proposed the full-
sib intercross line (FSIL) design for QTL 
detection and mapping for crosses between 
strains of outcrossing species. They assumed 
that the two parental strains differ in allelic 
frequencies, but were not at fixation for 
alternative QTL alleles.  

For given statistical power, the FSIL 
design requires only slightly more indi-
viduals than an F2 design derived from an 
inbred line cross, but six- to ten-fold fewer 
than a half-sib or full-sib design. In addi-
tion, as the population is maintained by 
continued intercrossing, DNA samples and 
phenotypic information can be accumulated 

across generations. Continued intercrossing 
in future generations also leads to map 
expansion, and thus to increased map-
ping accuracy in the later generations. An 
FSIL can therefore be used for fine map-
ping of QTL and this is considered below 
in detail.  

Although these methods have not as yet 
been applied to detect QTL related to milk 
production, they have been applied to QTL 
for disease resistance. Trypanosomosis 
(sleeping sickness) is a major constraint 
on livestock productivity in sub-Saharan 
Africa. Hanotte et al. (2003) mapped 
QTL affecting trypanotolerance in a cross 
between the “tolerant” N’Dama breed and 
the susceptible Boran breed. Putative QTL 
affecting 16 traits associated with disease 
susceptibility were mapped tentatively to 
18 autosomes. Excluding chromosomes 
with ambiguous effects, the allele associ-
ated with resistance was derived from the 
N’Dama strain for nine QTL and from the 
Boran strain for five QTL. These results are 
consistent with many plant crossbreeding 
experiments in which the strain with overall 
phenotypic inferiority for the quantitative 
trait nevertheless harbours QTL alleles that 
are superior to the alleles present in the 
phenotypically superior strain (e.g. Weller, 
Soller and Brody, 1988).    

From QTL to QTN – theory
As noted by Darvasi and Soller (1997), 
with a saturated genetic map, the resolving 
power for QTL will be a function of the 
experimental design, number of individuals 
genotyped and QTL effect. Weller and 
Soller (2004) computed that the 95 percent 
confidence interval (CI) in percent recom-
bination for half-sib designs, including the 
daughter and granddaughter designs, was 
3073/d2N, where d is the QTL substitution 
effect in units of the standard deviation, and 
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N is the sample size. In the case of a grand-
daughter design, the units for the standard 
deviation will be either units of the bulls’ 
DYD or genetic evaluations. For example, 
if d is 0.5 and N is 400, the CI will be 31 per-
cent recombination, or approximately 35 
cM. Thus, except for the largest QTL, CIs 
will generally include several tens of cM. 
Considering that each cattle cM includes ~8 
genes and one million bp, detection of the 
actual polymorphism responsible for the 
observed QTL effects (the quantitative trait 
nucleotide, QTN) appears at first glance to 
be a “mission impossible”.

Various strategies have been pro-
posed to reduce the CI based on multiple 
crosses, but most are not applicable to 
dairy cattle (e.g. Darvasi, 1998). Meuwissen 
and Goddard (2000) proposed that CI for 
QTL location could be reduced to indi-
vidual cM by application of LD mapping. 
If a QTL polymorphism is due to a rela-
tively recent mutation or to a relatively 
recent introduction from another popula-
tion, then it should be possible to detect 
population-wide LD between the QTL 
and closely linked genetic markers. The 
closer the marker to the QTL, the greater 
will be the extent of LD. They developed 
a method to estimate QTL location and CI 
based on LD between a QTL and a series 
of closely linked markers.  The CI can be 
further reduced by combining linkage and 
LD mapping (Meuwissen et al., 2002), and 
by a multitrait analysis (Meuwissen and 
Goddard, 2004). However, unless the QTL 
effect is very large, the CI will still extend 
over several cM. 

In order to determine the actual gene 
responsible for the QTL, most studies have 
used the “candidate gene” approach, i.e. 
to determine a likely candidate among the 
genes within the CI, based on known gene 
function, or specific gene expression in the 

organ of interest. Examples are given in 
the following section. However, even if a 
polymorphism is detected in the candidate 
gene and the polymorphism has a major 
LD effect on the QTL, how does one prove 
that this polymorphism is not merely in 
LD with the actual QTN?

Mackay (2001) proposed two alterna-
tives for proof positive that a candidate 
polymorphism is in fact the QTN, namely, 
co-segregation of intragenic recombinant 
genotypes in a candidate gene with the 
QTL phenotype, and functional comple-
mentation where the trait phenotype is 
“rescued” in a transgenic organism. Neither 
of these is applicable to QTL in dairy cattle. 
In this case, Mackay (2001) postulated that 
the only option to achieve the standard of 
rigorous proof for identification of a gene 
underlying a QTL in commercial animal 
populations is to collect “multiple pieces 
of evidence, no single one of which is con-
vincing, but which together consistently 
point to a candidate gene”. Evidence can be 
provided by concordance of polymorphism 
with deduced QTL genotype, quantitative 
differences of gene expression in physi-
ologically relevant organs, SNP capable 
of encoding a non-conservative amino 
acid change, protein differences in cows 
with contrasting genotypes for the QTN, 
orthologous QTL in other species (genes 
that are derived from a common ances-
tral gene) and alteration of gene protein 
in bovine cell lines by “short interfering 
RNA” (siRNA) technology. (The siRNA 
molecules bind with proteins to form a unit 
called the “RNA-induced silencing com-
plex” that suppresses the expression of the 
gene to which it corresponds in the viral 
genome, silencing the gene from which the 
siRNA is derived.)

For dairy cattle, to date, the most com-
pelling evidence is “concordance”, i.e. that 
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the deduced QTL genotypes of a sample of 
individuals correspond completely to their 
genotypes for the putative QTN. All indi-
viduals heterozygous for the QTL should 
be heterozygous for the putative QTN, 
with the same QTN allele associated with 
the same QTL allele in all individuals, and 
all individuals homozygous for the QTL 
should also be homozygous for the QTN. 
Theoretically, the sample of individuals 
analysed should be large enough to reject 
statistically the hypothesis that concord-
ance was obtained by chance. However, 
in dairy cattle, the only individuals for 
which QTL genotype can be derived with 
any level of reliability are sires that have 
been analysed by either a daughter or 
granddaughter design, and the number 
of these individuals will always be lim-
ited. Furthermore, there is at present no 
accepted theory to compute concordance 
probabilities by chance, considering that 
any polymorphism very close to the QTN 
will display significant LD. Several studies 
have addressed the problem (Cohen-Zinder 
et al., 2005; Schnabel et al., 2005). The case 
for identification of the QTN is clearly 
more compelling if concordance is obtained 
in two different populations.

From QTL to QTN – results
To date, the QTN has been determined 
in two cases in dairy cattle, on BTA 6 and 
BTA 14. In both cases the QTL chiefly 
affected fat and protein concentration and 
the QTL effect was large enough that the 
confidence interval for QTL location was 
<10 cM. A QTL on BTA 14 near the cen-
tromere that chiefly affected fat quantity 
and both fat and protein concentration in 
both the United States and Israeli Holstein 
populations was first detected by Ron et 
al. (1998), and further studies were able 
to map the QTL to a region of approxi-

mately 10 cM (Coppieters et al., 1999). In 
2002, two studies independently showed 
that a mis-sense mutation, causing replace-
ment of a lysine residue with alanine in 
exon VIII of the gene acylCoA:diacyg-
lycerol acyltransferase (DGAT1), is the 
QTN (Grisart et al., 2002; Winter et al., 
2002). Discovery was aided by the fact 
that DGAT1 was an obvious physiological 
candidate. In addition to mapping to the 
putative QTL region, DGAT1 encodes 
a microsomal enzyme that catalyses the 
final step of triglyceride synthesis and mice 
lacking both copies of DGAT1 are com-
pletely devoid of milk secretion. Complete 
concordance between this polymorphism 
and the QTL was found in three different 
dairy breeds.

The QTL near the middle of BTA 6 
affecting protein concentration was first 
detected by Georges et al. (1995) in the 
United States Holstein population. This 
QTL was then detected in several other 
Holstein populations, including Finnish 
Ayrshire cattle (Velmala et al., 1999) and 
Norwegian cattle (Olsen et al., 2002). Ron 
et al. (2001) reduced the CI to 4 cM 
centred on microsatellite BM143. Olsen 
et al. (2002) used physical mapping and 
combined linkage and LD mapping to 
determine that this QTL is located within 
a 420 000 bp region between the genes 
ABCG2 and LAP3. 

In 2005, two research groups claimed 
to have found the QTN in two different 
genes. Schnabel et al. (2005) claimed that the 
QTN is located in a poly-A sequence in the 
promoter region of the osteopontin gene, 
also denoted SPP1, while Cohen-Zinder et 
al. (2005) claimed that the QTN is a mis-
sense mutation in exon 14 of the ABCG2 
gene. Both studies based their claim on 
gene function and concordance of bulls 
with known genotypes. Both genes are dif-
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ferentially expressed in the mammary gland 
during lactation, as compared with the liver. 
Furthermore, anti-sense SPP1 transgenic 
mice displayed abnormal mammary gland 
differentiation and milk secretion (Nemir 
et al., 2000).

Schnabel et al. (2005) found concord-
ance based on four heterozygous and four 
homozygous sires for the United States 
Holstein population, as determined by a 
granddaughter design, while Cohen-Zinder 
et al. (2005) found concordance for three 
heterozygous and 15 homozygous sires 
from both the United States and Israeli 
Holstein populations. Cohen-Zinder et al. 
(2005) also analysed the site proposed by 
Schnabel et al. (2005), and found that this 
site was hyper-variable in that at least 
four single nucleotide changes were found 
within the 20 bp region centred on the 
poly-A sequence. Eight of nine Israeli 
sires analysed by the daughter design were 
heterozygous for at least one of these 
polymorphisms.

Many studies have found a QTL 
affecting all five milk production traits and 
SCS near the middle of BTA 20. Blott et al. 
(2003) claimed that a mis-sense mutation 
in the bovine growth hormone receptor 
was responsible for the QTL affecting 
milk yield and composition on BTA 20, 
but did not find concordance for the bulls 
heterozygous for the QTL. Thus, this pol-
ymorphism may be responsible for only 
part of the observed effect on BTA 20, or 
may be a physiologically neutral mutation 
in LD with the QTN.

For both the QTL on BTA 6 and 14, 
the polymorphisms analysed apparently do 
not account for the entire effect observed in 
these chromosomal regions (Bennewitz et 
al., 2004a; Kuhn et al., 2004; Cohen-Zinder 
et al., 2005). The effect associated with the 
mis-sense mutation in ABCG2 explains the 

entire effect observed on milk yield and fat 
and protein concentration, but does not 
explain the effects associated with fat and 
protein yield. It is likely that in the near 
future additional QTN will be resolved. 
As noted, the meta-analysis (Khatkar et al., 
2004) found significant effects on BTA 1, 3, 
9 and 10, in addition to the effects described 
on BTA 6, 14 and 20.

Methods and theory for MAS in 
dairy cattle
Considering the long generation interval, 
the high value of each individual, the very 
limited female fertility and the fact that 
nearly all economic traits are expressed 
only in females, it would seem that dairy 
cattle should be a nearly ideal species for 
application of MAS. However, most theo-
retical studies have been rather pessimistic 
with respect to the expected gains that can 
be obtained by MAS. As noted by Weller 
(2001), MAS can potentially increase annual 
genetic gain by increasing the accuracy of 
evaluation, increasing the selection inten-
sity and decreasing the generation interval.

The following dairy cattle breeding 
schemes that incorporate MAS have been 
proposed:
•	 a standard PT system, with informa-

tion from genetic markers being used to 
increase the accuracy of sire evaluations 
in addition to phenotypic information 
from daughter records (Meuwissen and 
van Arendonk, 1992);

•	 a MOET nucleus breeding scheme in 
which marker information is used to 
select sires for service in the MOET 
population, in addition to phenotypic 
information on half-sisters (Meuwissen 
and van Arendonk, 1992);

•	 PT schemes in which information on 
genetic markers is used to preselect young 
sires for entrance into the PT (Kashi, 
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Hallerman and Soller, 1990; Mackinnon 
and Georges, 1998);

•	 selection of bull sires without a PT, based 
on half-sib records and genetic markers 
(Spelman, Garrick and van Arendonk, 
1999);

•	 selection of sires in a half-sib scheme, 
based on half-sib records and genet-
ic markers (Spelman, Garrick and van 
Arendonk, 1999);

•	 use of genetic markers to reduce errors 
in parentage determination (Israel and 
Weller, 2000).
Meuwissen and van Arendonk (1992) 

found that inclusion of marker information 
to increase the accuracy of sire evalua-
tions increased the rate of genetic gain by 
only 5 percent when the markers explained 
25 percent of the genetic variance. This 
result is not surprising considering that the 
accuracy of sire evaluations based on a PT 
of 50 to 100 daughters is already quite high. 
In “open” and “closed” nucleus breeding 
schemes, rates of genetic gain were increased 
by 26 and 22 percent, respectively. The 
advantage of MAS in this case is greater, 
because young sires are not progeny tested, 
and their reliabilities based only on half-sib 
information are much lower.

Mackinnon and Georges (1998) proposed 
“top-down” and “bottom-up” strategies to 
apply the third scheme listed above, pre-
selection of young sires prior to PT. In the 
“top-down” strategy, QTL genotypes are 
determined for the elite sires used as bull 
sires by a granddaughter design. If a dense 
marker map is available, it will then be pos-
sible to determine which QTL allele is passed 
to each son. Elite bulls from among these 
sons are then selected as bull sires for the 
next generation. If the original sire was het-
erozygous for a QTL, it can be determined 
which of his sons received the favourable 
allele. Sons of these sires are then genotyped 

and selected based on whether they received 
the favourable grandpaternal QTL alleles. 
It is assumed that the dams of the candidate 
sires are also genotyped, and that these cows 
will be progeny of the sires evaluated by a 
granddaughter design. Thus, grandpaternal 
alleles inherited via the candidates’ dams can 
also be traced. A disadvantage of this scheme 
is that only the grandpaternal alleles are fol-
lowed. Some of the sons of the original sires 
that were evaluated by a granddaughter 
design will also have received the favourable 
QTL allele from their dams, but not via the 
genotyped grandsires. However, young sires 
will be selected based only on the grandpa-
ternal haplotypes.

In the “bottom-up” scheme, QTL gen-
otypes of elite sires are determined by 
a daughter design. These sires are then 
used as bull sires. The candidate bulls 
are then pre-selected for those QTL het-
erozygous in their sires, based on which 
paternal haplotype they received. As the 
QTL phase is evaluated on the sires of the 
bull calves (the candidates for selection), 
no selection pressure is “wasted” as in 
the “top-down” scheme. In addition, this 
design can be applied to a much smaller 
population, because only several hundred 
daughters are required to evaluate each bull 
sire. On the negative side, more daughters 
than sons must be genotyped to determine 
QTL genotype. Mackinnon and Georges 
(1998) assumed that in either scheme it will 
not be necessary to increase mean genera-
tion interval above that of a traditional PT 
programme, although this will probably 
not be the case (Weller, 2001). 

Kashi, Hallerman and Soller (1990), 
Mackinnon and Georges (1998), and Israel 
and Weller (2004) all addressed the problem 
that QTL determination will be subject 
to error. Deciding that a specific sire is 
homozygous for the QTL when in fact 
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the sire is heterozygous will be denoted 
the “type I” error.  Deciding that the QTL 
is heterozygous in a specific sire, while 
the sire is in reality homozygous will be 
denoted the “type II” error. In the first 
case, segregating QTL will be missed while, 
in the second case, selection for the positive 
QTL allele will be applied to no advan-
tage. All three studies found that genetic 
gains will be maximized with a relatively 
large proportion of type I errors, between 
5 and 20 percent. This is due to the fact 
that as type I error increases, type II error 
decreases, and more real effects will be 
detected and applied in selection. A third 
type of error is theoretically possible, i.e. 
determining correctly that the ancestor is 
heterozygous for the QTL, but incorrect 
determination of QTL phase relative to 
the genetic markers. However, Israel and 
Weller (2004) showed by simulation that 
this error never occurred even when the 
type I error rate was set at 20 percent.

Spelman, Garrick and van Arendonk 
(1999) considered three different breeding 
schemes by deterministic simulation:
•	 a standard PT with the inclusion of QTL 

data;
•	 the same scheme except that young bulls 

without PT could also be used as bull 
sires based on QTL information;

•	 a scheme in which young sires could be 
used as both bull sires and cow sires in 
the general population, based on QTL 
information.
It was assumed that only bulls were 

genotyped but that, once genotyped, the 
information on QTL genotype and effect 
was known without error. It was then pos-
sible to conduct a completely deterministic 
analysis. They varied the fraction of the 
genetic variance controlled by known QTL 
from zero to 100 percent. Even without 
MAS, a slight gain was obtained by allowing 

young sires to be used as bull sires, and a 
genetic gain of 9 percent was obtained if 
young sires with superior evaluations were 
also used directly as both sires of sires and 
in general service. As noted previously, the 
genetic gain was limited where MAS was 
used only to increase the accuracy of young 
bull evaluations for a standard PT scheme 
because the accuracy of the bull evalua-
tions was already high. Thus, even if all the 
genetic variance was accounted for by QTL, 
the genetic gain was less than 25 percent. 
However, if young sires are selected for 
general service based on known QTL, the 
rate of genetic progress can be doubled. The 
maximum rate of genetic gain that can be 
obtained in the third scheme, the “all bulls” 
scheme, was 2.2 times the rate of genetic 
gain in a standard PT. Theoretically, with 
half of the genetic variance due to known 
QTL, the rate of genetic gain obtained 
was greater than that possible with nucleus 
breeding schemes.

The final scheme, with use of genetic 
markers to reduce parentage errors, is the 
most certain to produce gains, as it does 
not rely on QTL genotype determination, 
which may be erroneous. Weller et al. 
(2004) genotyped 6 040 Israeli Holstein 
cows from 181 Kibbutz herds for 104 
microsatellites. The frequency of rejected 
paternity was 11.7 percent, and most errors 
were due to inseminator mistakes. Most 
advanced breeding schemes already use 
genetic markers to confirm parentage of 
young sires. Israel and Weller (2002) found 
by simulations that if the parentage of bull 
dams and the test daughters of young sires 
are also verified, genetic gain increased 
by 4.3 percent compared with a breeding 
programme with 10 percent incorrect 
paternity. This scheme is economically 
justified if genotyping costs per individual 
are no more than US$15.
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current status of MAS in dairy 
cattle
Two ongoing MAS programmes in dairy 
cattle have been reported to date, in 
French and German Holsteins (Boichard 
et al., 2002, 2006; Bennewitz et al., 2004b). 
Currently in the German programme, 
markers on three chromosomes are used. 
The MA-BLUP evaluations (Fernando 
and Grossman, 1989) are computed at the 
VIT-computing centre in Verden, and are 
distributed to Holstein breeders who can 
use these evaluations for selection of bull 
dams and preselection of sires for progeny 
testing. The MA-BLUP algorithm only 
includes equations for bulls and bull dams, 
and the dependent variable is the bull’s 
DYD (Bennewitz et al., 2003b). Linkage 
equilibrium throughout the population is 
assumed. To close the gap between the 
grandsire families analysed in the German 
granddaughter design and the current gen-
eration of bulls, 3 600 bulls were genotyped 
in 2002. As then, about 800 bulls have been 
evaluated each year (N. Reinsch, personal 
communication). Only bulls and bull dams 
are genotyped as tissue samples are already 
collected for paternity testing. Thus addi-
tional costs due to MAS are low and even 
a very modest genetic gain can be economi-
cally justified. This scheme is similar to the 
“top-down” scheme of Mackinnon and 
Georges (1998) in that evaluation of the 
sons is used to determine which grandsires 
are heterozygous for the QTL and their 
linkage phase. This information is then 
used to select grandsons based on which 
haplotype was passed from their sires. It 
differs from the scheme of Mackinnon and 
Georges (1998) in that the grandsons are 
preselected for PT based on MA-BLUP 
evaluations, which include general pedigree 
information in addition to genotypes.

The French MAS programme includes 

elements of both the “top-down” and 
“bottom-up” MAS designs. Similar to the 
German programme, genetic evaluations 
including marker information were com-
puted by a variant of MA-BLUP, and 
only genotyped animals and non-geno-
typed connecting ancestors were included 
in the algorithm. Genotyped females were 
characterized by their average performance 
based on pre-corrected records (with the 
appropriate weight), whereas males were 
characterized by twice the yield deviation 
of their non-genotyped daughters. Twelve 
chromosomal segments, ranging in length 
from 5 to 30 cM, are analysed. Regions 
with putative QTL affecting milk produc-
tion or composition are located on BTA 3, 
6, 7, 14, 19, 20 and 26; segments affecting 
mastitis resistance are located on BTA 10, 
15 and 21; and chromosomal segments 
affecting fertility are located on BTA 1, 7 
and 21. Each region was found to affect one 
to four traits and on average three regions 
with segregating QTL were found for each 
trait. Each region is monitored by two to 
four evenly spaced microsatellites, and each 
animal included in the MAS programme is 
genotyped for at least 43 markers. Sires and 
dams of candidates for selection, all male 
AI ancestors, up to 60 AI uncles of candi-
dates, and sampling daughters of bull sires 
and their dams are genotyped. The number 
of genotyped animals was 8 000 in 2001 and 
50 000 in 2006. An additional 10 000 ani-
mals are genotyped per year, with equal 
proportions of candidates for selection and 
historical animals. 

Future prospective for MAS in 
dairy cattle
Although the first large experiment in 
QTL detection in dairy cattle was pub-
lished in 1961 by Neimann-Sørensen and 
Robertson, in 1985 it still looked as if 
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MAS was a long way off for commercial 
animal populations as there were very few 
known genetic markers and methodology 
was rudimentary. In the last 20 years there 
have been huge advances in both DNA 
technology and statistical methodology, 
and it can now be stated with near certainty 
that the technology is available to detect 
and map accurately segregating QTL in 
dairy cattle. Furthermore, although many 
effects reported in the literature are “false 
positives”, there is a wealth of evidence that 
several QTL are in fact real as a number of 
effects have been repeated across numerous 
experiments, and the actual QTN have 
been identified for at least two QTL.

The main limitation at this point to 
detecting and mapping more QTL is the 
sample sizes available, especially the number 
of progeny tested bulls per family. To map 
QTL of smaller magnitude accurately, it 
will be necessary to combine data across 
experiments (e.g. Khatkar et al., 2004) or 
significantly increase sample sizes. This can 
only be done by genotyping cows, even 
though power per individual genotyped 
will be lower. 

The fact that only two countries have 
actually started MAS programmes high-
lights the current limitations to practical 
application of MAS. To date, very few seg-
regating QTL with economic impact have 

been identified in commercial dairy cattle 
populations. Of the two QTNs that have 
been detected, each has disadvantages with 
respect to application in MAS. The allele 
of DGAT1 that increases fat production 
and decreases water content in the milk, 
both desirable, also decreases protein yield, 
which is undesirable (Weller et al., 2003). 
The allele of ABCG2 that decreases milk 
production and increases protein percent 
is clearly the favourable allele in nearly all 
current selection indices, but this allele is 
already at a very high frequency in all major 
dairy cattle populations (Ron et al., 2006).

In addition to the limitation of defini-
tively identified QTL with economic value, 
suitable software for genetic evaluation 
including QTL effects is also a limiting 
factor. At present, those countries that are 
applying MAS are using two-step proce-
dures, i.e. a preliminary analysis to compute 
genetic evaluations based only on pedigree 
and phenotypic data, and then a second 
analysis in which the genetic evaluations 
are “adjusted” for QTL effects. Ideally a 
single algorithm should be used to derive 
genetic evaluations for the entire popula-
tion including the effects of known QTL. 
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Summary
Sheep and goats are often kept in low input production systems, often at subsistence levels. 
In such systems, the uptake of effective commercial breeding programmes is limited, let 
alone the uptake of more advanced technologies such as those needed for marker-assisted 
selection (MAS). However, effective breeding programmes exist in a number of countries, 
the largest ones in Australia and New Zealand aiming for genetic improvement of meat and 
wool characteristics as well as disease resistance and fecundity. Advances have been made 
in sheep gene mapping with the marker map consisting of more than 1 200 microsatellites, 
and a virtual genome sequence together with a very dense single nucleotide polymorphism 
(SNP) map are expected within a year. Significant research efforts into quantitative trait 
loci (QTL) are under way and a number of commercial sheep gene tests have already 
become available, mainly for single gene effects but some for muscularity and disease 
resistance. Gene mapping in goats is much less advanced with mainly some activity in 
dairy goats. Integration of genotypic information into commercial genetic evaluation and 
optimal selection strategies is a challenge that deserves more development.
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Introduction
The benefits of marker-assisted selection 
(MAS) to sheep and goat breeding 
programmes depend on a number of 
conditions that are relevant for most 
breeding programmes across species. These 
conditions include the existence of a geno-
type test predicting phenotypic differences, 
the economic value of these differences 
and the value of the genotypic information 
within the breeding programme. The value 
of genetic information will depend heavily 
on the socio-economic context of the 
breeding programme and the production 
system. In a technical sense, the value of 
this information is basically driven by the 
increase in selection accuracy resulting from 
knowledge of genotypes, which in turn will 
differ between animals from different age 
classes. In particular, the relative increase in 
selection accuracy of the youngest selection 
candidates will be critical to the value 
of MAS. However, technical arguments 
about increased selection accuracy are of 
little value if these selection criteria are 
poorly developed or accepted within the 
production system.

The application of new technologies such 
as MAS in animal breeding programmes 
therefore depends not only on a number of 
technical aspects associated with increased 
rates of genetic improvement, but also on 
the commercial structures of the industry. 
For example, the uptake of MAS in breeding 
programmes depends on the willingness of 
breeders to invest in genotypic informa-
tion, and their ability to turn this into 
knowledge that helps them improve their 
commercial breeding activities. A basic 
understanding of breeding programme 
characteristics, the possible role of genetic 
information within these programmes, and 
the commercial relationships among the 
different players are needed to assess the 

value and predict the application of MAS 
in breeding programmes. These commer-
cial relationships are distinctly different 
in sheep and goat breeding programmes 
from those in the more intensive animal 
industries, and the application of MAS will 
therefore be different. For example, 96 per-
cent of the world goat population is kept 
by smallholders in developing countries, 
and genetic improvement programmes are 
rare (Olivier et al., 2005).

The purpose of this chapter is to describe 
the use of MAS in breeding programmes 
for sheep and goats and the likely rate of 
uptake of this technology in these species. It 
begins by characterizing such programmes 
and describing and comparing existing pro-
grammes. MAS is most useful for traits that 
cannot be improved easily by phenotypic 
selection, either because they are difficult 
to measure on young animals (before sexual 
reproduction), or because of low herit-
ability. Therefore, breeding objectives are 
discussed in general terms and the traits that 
are particularly suitable for MAS are iden-
tified. Based on some general well-known 
advantages of MAS, its possible role within 
breeding programmes can be predicted and 
examples of these are provided. Examples 
of marked genes are then described and 
an overview given of the status of “gene 
discovery” and gene mapping projects in 
sheep and goats. The chapter concludes 
by describing cases of using this informa-
tion in actual breeding programmes. Some 
gene tests are based on actual functional 
mutations, many of which do not affect 
quantitative traits that are generally tar-
geted in breeding programmes. Although, 
the term “MAS” should be replaced in 
some cases by “genotype assisted selec-
tion” (GAS), the term MAS is used loosely 
to refer to all selection based on geno-
typic information. It will become clear that 
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currently most real applications of MAS 
for sheep and goat breeding are based on 
research projects and therefore subsidized. 
However, the first commercial applications 
are now also emerging. The main require-
ments for a successful commercial and 
long-term application of MAS in sheep and 
goat breeding are discussed and illustrated 
based on examples.

MAS applications are often illustrated or 
simulated for pure breeding programmes. 
However, MAS could be particularly 
useful in crossbreeding programmes where 
desirable genotypes in unfavourable back-
grounds are introgressed into productive 
local breeds with overall better breeding 
values. The opposite is also possible, where 
disease resistance genes of local breeds 
are specifically targeted in upgrading pro-
grammes with imported stock with higher 
productivity being crossed to local breeds. 
Crossbreeding and introgression pro-
grammes are discussed and, as sheep and 
goat production is relatively predominant 
in developing countries, particular atten-
tion is given to breeding programmes for 
low to medium input production systems. 

Characteristics of sheep and 
goat breeding programmes
Breeding structures
Breeding programmes for sheep and goats 
generally operate within an industry that is 
based on low levels of resource inputs, i.e. 
low levels of feeding and low labour costs 
on a per animal basis. Goat production takes 
place largely in developing countries where 
selective breeding based on performance 
recording is often absent. A more substan-
tial proportion of sheep production is found 
in developed countries such as Australia, 
France, New Zealand, South Africa and the 
United Kingdom. These systems are also 
predominantly pastoral-based and extensive 

in nature. An FAO working group report 
(Hoste, 2002; Olivier et al., 2005) made the 
following distinction between production 
systems and the opportunities within them 
for breeding programmes: 1) subsistence-
based production, among the world’s 
poorest, with limited market development 
and limited inputs and scope for genetic 
improvement; 2) market-based production, 
with better developed markets targeting 
urban populations, higher input levels and 
more specialized production systems, with 
scope for genetic improvement depending 
on cost of inputs and also on skills and 
information literacy of breeders and 
producers; and 3) high-input production, 
with further specialization, emphasis on 
increased land and labour efficiency, and 
much more concern for food quality, food 
safety, animal welfare and the environment. 
Most of the world’s goat production as 
well as many of the sheep systems would 
fall into the first category, whereas sheep 
production in developed countries would 
mainly fall into the second category, with 
some of these working towards the third 
category.

Sheep and goat breeding programmes are 
characterized by a flat breeding structure, 
meaning that compared with intensive 
livestock industries many operations 
participate in genetic improvement, thereby 
forming a wide base for the nucleus breeding 
sector. Reproductive levels of breeding 
animals, especially males, are relatively low 
compared with other species. In such a 
system, the multiplication factor, i.e. the 
number of commercial expressions resulting 
from investments in improved genotypes in 
the breeding nucleus, is relatively low. This 
makes it more difficult to introduce new 
technologies and justify large investments in 
improving individual animals. However, like 
other breeding programmes, there remains 
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a significant return on overall investment in 
genetic improvement. Also, in some more 
advanced sheep breeding programmes, 
the use of artificial insemination (AI) and 
across-flock evaluation has boosted the use 
of high profile rams and raised the value of 
individual breeding animals.

The main investment in breeding pro-
grammes is for performance recording. 
The extent of trait measurement is often 
quite closely aligned with the intensity of 
the production system. Input levels for 
sheep production vary, depending on breed 
type and market. In Australia, for example, 
there is a significant difference between 
wool producing Merino sheep that are 
kept extensively in harsh environments, 
and more intensive lamb production sys-
tems that are found in higher rainfall areas 
or on irrigated land. The proportion of 
breeding flocks for which objective trait 
and pedigree measurements are undertaken 
is relatively much higher in the Australian 
terminal sire breeds.

Selection takes place within the breeding 
studs. AI is common in the stud breeding 
sector, enabling the genetic linkage of flocks. 
There are breeder groups with organized 
progeny testing of young sires across flock 
programmes. In Australia, a national genetic 
evaluation system known as “Lambplan” 
has driven genetic evaluation for terminal 
sires and maternal breeds across flocks for 
more than a decade. Breeders as well as ram 
buyers are increasingly basing their ram 
assessment on estimated breeding value 
(EBV) or dollar index value. Such a system 
gives breeders incentives to invest in trait 
measurement and to create genetic links 
between their flocks, otherwise it would 
be difficult for a ram to rise to the top of 
the across-flock EBV list. Hence, there is 
increasingly an exchange of genetic mate-
rial between flocks, mainly through the use 

of AI. Obviously, such a breeding struc-
ture would be more conducive to breeders 
investing in gene marker technology.

By contrast, the Australian Merino 
industry has had a much lower proportion 
of breeders taking up trait and pedigree 
recording. The industry is more traditional 
and selection is most often based on visual 
assessment. While this might be due partly 
to the sector being more extensive, AI 
has been commonly used in the Merino 
stud sector and top Merino rams have 
always been sold for high prices. Therefore, 
the extensive nature of the industry does 
not fully explain the lack of investment 
in performance recording. The traditional 
nature of the industry that has hampered 
the uptake of quantitative genetic principles 
is also the result of socio-economic factors, 
with wool producers being traditionally 
a prominent and relatively wealthy social 
class. The lamb industry has long been 
the wool person’s “poor brother”, but this 
lack of status has accelerated innovation 
with the introduction of new approaches 
such as formal recording and across-flock 
evaluation. Hence, economic as well as 
social and cultural reasons may explain 
why sheep breeding programmes have 
different levels of sophistication in terms 
of recording, genetic evaluation and across-
flock selection.

Breeding programmes and traits 
targeted
Meat sheep
Large-scale genetic evaluation programmes 
for sheep are found in Australia, France, 
New Zealand, South Africa and the United 
Kingdom. In all of these, performance 
recording for meat traits is well advanced, 
with not only weight traits measured, but 
also traits related to carcass quality such as 
body fat and muscle (based on ultrasound 
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scanning and in some cases computer tom-
ography [CT] scanning), disease (mainly 
resistance to internal parasites) and repro-
duction. The national evaluation system 
in Australia (“Lambplan”) now has about 
120 000 new animals from about 450 flocks 
recorded each year for terminal sire breeds 
and maternal breeds (A. Ball, personal com-
munication). Performance recording takes 
place only at the stud level, which in a sense 
is a dispersed nucleus, and a large proportion 
of the genetic basis of the commercial pop-
ulation stems from these recorded flocks. 
The proportion of pedigree recorded indi-
viduals is high at the stud level, allowing 
best linear unbiased prediction (BLUP) of 
EBV. In New Zealand, a similar programme 
exists (“Sheep Improvement Limited” 
[SIL]), in which pedigree and performance 
records are registered with genetic service 
providers and the information “retailed” 
back to the breeders. SIL enters more than 
250 000 new animals per year from some 
750 recorded flocks, all pedigree recorded, 
and has a database of more than 5 mil-
lion animal records. Across-flock EBVs are 
estimated for a proportion of these. In the 
United Kingdom, about 50 000 breeding 
ewes and their lamb records are recorded 
every year from 37 different breeds, and 
indices have been developed for terminals 
and maternal (“hill”) breeds (Conington et 
al., 2004). Across-flock genetic evaluation 
programmes for meat sheep breeds exist 
also on smaller scales in France, Norway 
and South Africa.

Most breeding programmes for meat 
sheep focus on weight traits, and ultra-
sound scanning is commonly used for fat 
and muscle traits. Reproduction traits are 
recorded as numbers of lambs born and 
weaned. Selection for resistance to internal 
parasites can be based on faecal worm egg 
counts (WECs) associated with natural 

challenge in the field, e.g. in Australia and 
New Zealand, and this has been shown to 
be reasonably heritable in Merino sheep 
(e.g. Khusro et al., 2004). EBVs for WEC 
are produced for an increasing number of 
flocks in Australia and New Zealand.

The traits that would most obviously 
benefit from MAS in meat sheep would 
be traits related to carcass and carcass 
quality, reproduction and disease resistance. 
Ultrasound measurements are currently 
used to predict carcass fat and muscling. 
However, genetic correlations with traits 
measured on carcass are only moderate 
(Safari, Fogarty and Gilmour, 2005) and 
specific meat quality attributes such as 
tenderness and colour might not be well 
captured by current measurement. Carcass 
traits are prime targets for MAS as they 
cannot be measured on breeding animals 
and progeny or sib testing would be needed 
as an alternative. Reproduction traits as 
well as maternal behaviour and ewe sur-
vival are also good MAS targets as they are 
sex limited and are only expressed after the 
first round of reproduction. Disease resist-
ance traits are generally hard to measure 
under uniform conditions and would also 
greatly benefit from MAS.

Wool sheep
Breeding for and recording of wool traits is 
limited to a few countries. The largest across-
flock scheme is found in Australia (mainly 
for the Merino breed), and smaller genetic 
evaluation schemes are run in New Zealand, 
South Africa and South America (Merino 
and Corriedale). In Australia, the propor-
tion of breeders participating in formal 
recording and genetic evaluation is smaller 
for wool than for meat sheep. However, the 
Merino industry is very large, constituting 
the vast majority of the Australian flock 
that consists of about 100 million sheep. By 
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the end of 2005, a new single system for a 
national across-flock genetic evaluation of 
Merinos had been introduced in Australia, 
combining data from previously separate 
schemes. The number of animals perform-
ance recorded per year is growing rapidly, 
with about 100 000 new animals now being 
entered annually. 

Wool production efficiency is mainly 
determined by fleece weight and wool 
quality. Wool quality traits are mainly fibre 
diameter and staple strength, and these are 
economically much more important for fine 
wools. Staple strength is more expensive to 
measure, but has a high correlation with the 
coefficient of variation of fibre diameter, 
which is therefore a good predictor. Wool 
traits have generally high levels of herit-
ability, especially fleece weight and fibre 
diameter. 

Reproductive rate in wool sheep has 
been hard to select for as pedigree recording 
has been limited and the heritability is 
low. Moreover, genetic improvement of 
reproductive rate has been less impor-
tant for wool production because of the 
positive net economic benefit of wool pro-
ducing breeding females. However, with an 
increasing meat/wool price ratio, the situ-
ation is changing and reproductive rate is 
currently becoming more important. Also, 
meat attributes of Merino sheep are now 
receiving increased attention, including 
measurements of body weight at different 
ages, fat depth and eye muscle depth (ultra-
sound scanned).

In pure wool production systems, MAS 
would be expected to have limited benefit 
for wool production traits because of their 
high heritability and the ability to measure 
the traits before the age of first selection. 
MAS for reproductive traits and mothering 
ability would be more beneficial because of 
low heritability and sex-limited recording. 

Parasite resistance is becoming a trait of 
greater economic importance due to the 
development of resistance to all the major 
classes of anthelmintics used and the lack 
of new anthelmintic classes being devel-
oped. Host resistance to internal parasites 
is particularly poor in the Merino breed. 
The trait can be selected for using field 
records of WEC. EBVs are being produced 
for this trait and genetic progress is being 
achieved. However, the procedure is labo-
rious and there is also some concern about 
uniformity of measurement and trait defi-
nition, as well as the existence of different 
species of parasites in different regions. 
Various studies have looked at genotype 
x environment interactions for parasite 
resistance and, although some interaction 
exists, relatively high correlations (~0.8) 
were found between breeding values in dif-
ferent environments, when environments 
were defined either through worm type 
(McEwan et al., 1997) or by high and low 
flock averages for WEC (Pollot and Greeff, 
2004). In any case, many of these trait 
attributes make parasite resistance a good 
target for MAS. Identifying QTL for para-
site resistance might also shed more light 
on the biology of immunity, and possibly 
help to find other modes of improvement. 

Feed efficiency, and particularly maternal 
efficiency, are important determinants of 
pastoral production systems (Ferrell and 
Jenkins, 1984) and genetic improvement 
would benefit from MAS because of the 
cost of their measurement. However, feed 
availability and feed costs are quite variable 
within and between years, and the ability 
of sheep to cope with harsh environments 
and periods of drought is perceived by 
industry as being of greater importance. 
Hardiness and ewe survival are not well 
defined characteristics and are not nor-
mally measured in breeding programmes. 
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Ewe fitness and adaptation are often used 
as the main argument for the existence 
of genotype x environment interaction in 
wool production, inhibiting the exchange 
of genetic material among regions. Carrick 
(2005) found moderate to high genetic cor-
relations between wool production traits 
in flock groups differentiated by their phe-
notypic means for a range of production 
traits. Discovering QTL for fitness and 
survival traits in different environments 
would be useful, but these are unlikely to 
be found unless the traits themselves are 
clearly defined and measured.

Dairy sheep
Dairy sheep are predominantly found in 
the Mediterranean region with both milk 
and meat production being economically 
relevant traits to farmers. A great variety 
of breeds are being targeted in selection 
programmes for the improvement of  milk 
yield and milk composition but the impor-
tance of functional traits such as udder 
characteristics and mastitis susceptibility is 
increasing (Barillet, 1997; Barillet, Arranz 
and Carta, 2005). Genetic improvement for 
dairy traits, being sex-limited and measured 
after the first offspring are born, would 
particularly benefit from MAS.

Goats
Most goat farming systems focus on meat 
production (about 80 percent), with  more 
emphasis in developed countries on dairy 
goat production (Olivier et al., 2005) and 
fibre production (cashmere, mohair). In 
dairy goat breeding, the most developed 
breeding programmes are found in France 
and are based on a strong goat cheese 
market. Based on AI and milk recording, 
Caprigene France runs selection schemes 
for the Saanen and Alpine breeds, with 
300 000 goats in 2 500 herds being recorded 

for milk traits. Dairy goat production is 
also recorded on   smaller scales in Italy, 
Norway and Spain, with no more than a 
few thousand animals recorded in other 
countries (Montaldo and Manfredi, 2002). 
The main traits in dairy goat production are 
milk yield and protein and fat content of 
milk. Being sex-limited and measured only 
after first production of progeny, these 
traits would benefit from MAS.

Goat meat production is widely spread 
throughout the developing world but there 
are few breeding programmes of any sig-
nificance. Genetic evaluation for Boer goats 
and other meat breeds is taking place in 
Australia and South Africa with weaning 
weight usually being the main trait meas-
ured. Ultrasound measurement of fat and 
muscle traits is less common in goats, while 
reproductive traits have had less attention, 
possibly because of their low heritability 
and multiparous nature. There are few 
studies concerning resistance to internal 
parasites in goats (Olayemi et al., 2002), 
but these seem to indicate that faecal WECs 
could be a similar selection trait as in sheep. 
However, the trait is hard to measure and 
there is no systematic recording and evalu-
ation in breeding programmes.

Development of sheep and goat 
genome maps
Several key publications have reported 
progress on the linkage map of the sheep 
genome based on an international mapping 
flock developed in New Zealand (Crawford 
et al., 1995; Maddox et al., 2001). The latest 
sheep linkage map (version 4.3) comprises 
1 256 gene markers mapped to unique loca-
tions (Maddox, 2004) and most genomic 
regions are well covered with a maximum 
gap of 20 cM. However, there are quite 
a number of markers of low quality, so a 
typical genome scan would leave a number 
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of gaps. Most of the markers are micro-
satellites. The total number of sheep loci 
listed in the ARKdb database (http://iowa.
thearkdb.org) contains more than 2 000 
markers, but many of these are not on 
the linkage map. The development of the 
sheep genome map runs somewhat behind 
developments for other livestock species 
because of substantially lower investments. 
Nevertheless, at the DNA level where the 
sequence can be aligned, there is a ~90 per-
cent homology with the cattle sequence and 
through gene coding regions ~96 percent, 
and the sequencing of the cattle genome 
will therefore greatly enhance the develop-
ment of the genome map in sheep. There is 
generally good agreement between sheep 
and cattle maps, with 598 mainly anony-
mous common microsatellite loci, i.e. gene 
markers can be linked to a comparative 
map. Based on sequence information in 
other mammals (mainly cattle) and sheep 
GeneBank sequences, comparative map-
ping can be used to construct a predicted 
sheep map. This can be accessed from 
the Australian Gene Mapping Web site 
(Maddox, 2005a). The number of single 
nucleotide polymorphism (SNP) markers 
in sheep is still very low, but with the cattle 
sequence known and with an international 
collaborative sheep bacterial artificial chro-
mosome (BAC)-end sequencing project 
under way, it is expected that there will be 
a large number (~16 000) of SNPs available 
for sheep towards the end of 2006. This 
will form a set of markers that would allow 
high-density genome-wide scans.

The goat map is more sparse than 
the sheep map and contains about half 
the number of markers known in sheep: 
731 loci with 271 genes and 423 microsat-
ellites (http://locus.jouy.inra.fr/). The last 
pub-lished linkage map for goats contains 
only 307 markers (Schibler et al., 1998), 

with coverage of the whole goat genome 
being far from complete. Although the 
sparsity of the sheep map makes it difficult 
to develop a good homology between the 
maps, about two-thirds of the mapped goat 
markers can also be linked to the sheep map 
(Maddox, 2005b). 

QTL and gene mapping 
An excellent overview of mapping experi-
ments in sheep can be found on the Australian 
Gene Mapping Web site (Maddox, 2005a), 
including references to identified QTL and 
genes. Successfully identified genes and 
QTL are related mainly to fecundity, dis-
ease resistance and meat quality. 

Fecundity
Two genetic mutations have been reported 
for fecundity: the Booroola mutation: FecB 
on chromosome 6 (Wilson et al., 2001; 
Mulsant et al., 2001; Souza et al., 2001) and 
the Inverdale gene: FecX on the X chromo-
some (Galloway et al., 2000). The Booroola 
gene has a substantial additive effect on 
ovulation rate with each copy increasing 
this by about 1.5 eggs (i.e. scanned foe-
tuses). The additional allelic effect of the 
Booroola mutation on litter size is about 
0.8 to 0.9 lambs (Davis et al., 1982; Piper 
and Bindon, 1982; Gootwine et al., 2003) 
whereas a second copy of the mutation has 
a slightly smaller effect (0.4–0.6 lambs). The 
effect on number of lambs weaned is some-
what lower. The effect of the Booroola 
gene is often perceived as too large and the 
survival of twin and triplet lambs decreases 
substantially in extensive and harsh con-
ditions, typical for many sheep flocks. 
For example, in the Australian Merino 
industry, the Booroola mutation is not 
seen as a desirable characteristic. However, 
the Booroola gene has been introduced in 
many sheep populations around the world. 
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The Booroola mutation possibly originates 
from the Indian Garole (Davis et al., 2002) 
and, interestingly, the gene effect appeared 
to be smaller (0.6 lambs born alive) in 
an Indian introgression programme with 
Deccani sheep (Nimbkar, Pardeshi and 
Ghalsasi, 2005). This increase in litter size 
appears to be easily managed in shepherd 
flocks. A smaller effect would be more 
desirable for extensive production systems. 
It is not clear whether the reduced gene 
effect arises from a modification due to 
environmental effects or the genetic back-
ground. As the reproductive rate is a trait of 
high economic value, and due to the availa-
bility of a test for the actual gene mutation, 
Booroola remains a very interesting gene 
for MAS and marker-assisted introgression 
(MAI) programmes.

The Inverdale gene has been mapped 
to the X chromosome and has an effect 
of about 0.6 lambs per ewe lambing. 
However, the homozygous ewe is infertile. 
As carrier rams as well as non-carrier ewes 
need to be maintained in a crossbreeding 
system, using this gene in the industry is  
more complex. However, the 100 percent 
accurate test has made the use of this gene 
more manageable.

A number of other major genes for 
fecundity have been described by Davis 
(2005), but the molecular basis of these 
effects has not been formally described.

Disease
Internal parasites are the main cause of 
economic losses due to health problems 
in sheep and goat production systems. 
Although there is significant research under 
way to detect and map QTL for host resist-
ance to internal parasites, there have not 
yet been any major breakthroughs in terms 
of detected polymorphisms in functional 
genes. Few QTL have been reported for 

resistance to internal parasites (see review 
by Dominik, 2005) but not all results are 
reported in the literature. A major gene 
effect for resistance to Haemonchus con-
tortus was found based on segregation 
analysis (Meszaros et al., 1999) but this has 
not been confirmed based on gene markers. 
The problem of finding distinct QTL for 
resistance to internal parasites may be due 
to the complexity of the underlying bio-
logical mechanism as well as the difficulty 
of finding well-defined phenotypes that 
measure resistance.

Transmissible spongiform encephalop-
athy (TSE) is a prion disease like scrapie 
and is characterized by the accumulation 
of a modified form of a protein known 
as PrP. The PrP gene has been associated 
with variation in scrapie susceptibility in 
sheep (Moreno et al., 2002), mice (Moreno 
et al., 2003), and goats (Acin et al., 2003). 
The gene only explains a proportion of the 
overall variation for increased resistance to 
scrapie. Commercial gene tests are available 
for the PrP gene mutation.

A causative mutation has been found 
for the Spider Lamb Syndrome. This is a 
relatively rare recessive skeletal disorder 
with the responsible mutation being 
assigned to chromosome 6 (Cockett et al., 
1999). A commercial test is available for 
this syndrome. 

A gene test based on the DQA2 gene that 
resides on the MHC complex (Hickford et 
al., 2004) and predicts susceptibility to 
foot rot has been developed at Lincoln 
University in New Zealand. Thirty-one 
different alleles have been identified for 
DQA2 and a gene marker test rating has 
been developed based on a susceptibility 
score of the two alleles of a genotype. There 
is a clear association between the test rating 
and the relative risk of contracting foot rot. 
A gene marker test has been available since 
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2001 and has been used extensively (over 
40 000 tests).

The β-3 adrenergic receptor gene has 
been sequenced (Forrest and Hickford, 
2000) and eight different alleles have been 
found. This allelic variation is significantly 
associated with increased risk of cold-
related mortality of lambs.

Meat traits
The first causal mutation found for meat 
traits in sheep is the callipyge gene causing 
muscular hypertrophy. The gene has been 
mapped to chromosome 18 and the causa-
tive mutation has been identified. However, 
the trait is expressed in a rather com-
plex manner, termed polar over-dominance; 
only lambs that inherit the callipyge muta-
tion from their father but not their mother 
develop the trait. Several interacting genes 
are involved and the complete molecular 
basis of callipyge phenotypes has not yet 
been fully resolved (Freking et al., 2002; 
Cockett et al., 1996, 2005).

The Carwell gene somewhat resembles 
the callipyge gene, as it has been mapped 
to the same genomic region (distal end 
of chromosome 18) and it also affects 
muscling (McLaren et al., 2001). However, 
the overall phenotypic effect is not exactly 
the same in that the Carwell gene affects 
only the longissimus dorsi and unlike the 
callipyge gene it has not been associated 
with a decreased tenderness if the meat 
is aged appropriately and neither does 
it seem to be affected by the parent of 
origin (Jopson et al., 2001). The functional 
mutation of the Carwell gene, also known 
as the rib-eye muscling (REM) gene, has 
not yet been found but close markers in 
linkage disequilibrium with the putative 
gene are being developed in Australia, 
New Zealand and the United Kingdom. A 
commercial gene test termed “LoinMax” 

was introduced towards the end of 2005 by 
Ovita in New Zealand. 

A number of gene detection projects 
have resulted in significant QTL for muscle, 
fat and other carcass traits, but not all of 
these have been published, confirmed or 
fine mapped. A number of studies have 
reported on QTL for meat traits in sheep 
(Broad et al., 2000; Walling et al., 2004; 
Johnson et al., 2005; McRae et al., 2005) 
and there are probably some unpublished 
QTL being further developed. Some of 
these sheep QTL are  based on related cattle 
genes, e.g. the myostatin gene for double 
muscling (Grobet et al., 1997) and the 
thyroglobulin gene affecting intramuscular 
fat (Barendse et al., 2004).

Wool traits
In a recent paper, Purvis and Franklin (2005) 
reviewed QTL for wool production traits 
and wool quality. Although wool traits can 
be measured easily and have high herita-
bility, these authors suggested that research 
into certain wool production genes was still 
justified, for example, to break antagonistic 
correlations (between fleece weight and 
fibre diameter) or to target specific wool 
quality traits important for the processing 
of the product. 

A few Mendelian (single locus) 
characteristics have been described for 
wool. There is a known mutation of the 
halo hair gene (HH1) causing extreme 
hairiness. This has been found in the New 
Zealand Romney breed and several lines 
have been developed for the production of 
“carpet wool” using this specific mutation,. 
A recessive gene for hairlessness (hr) has 
been described by Finocchiaro et al. (2003). 
Several QTL for wool traits have been 
published (see Purvis and Franklin, 2005 
for an overview), but few of these have 
been confirmed. On the other hand, it is 
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probable that a number of QTL identified 
have not been published. It is likely that 
some of these wool QTL will be confirmed 
and available for gene testing over the 
next few years. Polymorphisms associated 
with candidate genes for the wool proteins 
keratin and sulphur have been described 
(Rogers, Hickford and Bickerstaffe, 1994; 
McLaren et al., 1997) and seem to be 
associated significantly with fibre diameter 
and staple strength.

The genetic regulation of some forms 
of pigmented wool fibres has often 
been associated with the Agouti gene 
(chromosome 13) but this has proven to 
be a complex pattern of inheritance with 
several mutations seemingly involved 
(Smith et al., 2002). More specifically, there 
appear to be two Agouti loci and at least 
two different polymorphisms (deletions). 
Currently, a genetic test for self coloured 
black wool is not yet available. Other 
pigmented phenotypes such as badger face 
and piebald also have a distinct Mendelian 
inheritance pattern (Sponenberg, 1997) but 
the molecular basis of these phenotypic 
variations has not been found.

Dairy traits
Research in dairy sheep has mainly focused 
on milk protein polymorphisms, in par-
ticular αs1-casein and β-lactoglobulin, but 
results have been inconclusive, unlike those 
in goats. Together with unfavourable allele 
frequencies, these results make it unlikely 
that these polymorphisms will be very 
useful in a MAS programme. Further QTL 
mapping work is under way, focusing on 
production and functional traits (Barillet, 
Arranz and Carta, 2005).

Other
The Horns gene has been found in sheep 
as described by Montgomery et al. (1996), 

allowing improved selection efficiency for 
polled sheep.

Goats
Two goat genes have been well studied. 
Substantial mapping work has been dedi-
cated towards finding a gene associated with 
Polled Intersex Syndrome (PIS), and the 
actual mutation for PIS has been described 
(Pailhoux et al., 2005). Furthermore, the 
effects of the αs1-casein gene on milk solids 
content (protein, fat, casein, casein/pro-
tein ratio) have been described in French 
dairy goat breeds (Barbieri et al., 1995) and 
the molecular basis has been unravelled 
(Yahyaoui et al., 2003).

Examples of sheep and goat MAS 
breeding programmes
There is little formal literature about 
actual applications of MAS in breeding 
programmes for any livestock species, let 
alone for sheep and goats. In fact, gene 
testing and MAS in sheep and goats have 
only very recently been introduced, and 
therefore the information   compiled in 
this section is based mainly on informa-
tion obtained from communication with 
colleagues in a number of countries (see 
Acknowledgements).

There are currently two types of MAS 
programmes. One is the use of gene 
markers in selection programmes within 
research projects. Usually the genotyping 
is subsidized and the purpose of the project 
is to create additional data for confirmatory 
studies of the QTL effect, or simply to 
obtain “proof of concept” where predictions 
based on simulation and modelling are 
being verified based on real data. In the 
other type of application, commercial 
gene testing is used. This is the scenario 
required for long-term and sustained 
use of the technology, but there are few 
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breeding programmes where commercial 
applications are viable. The basic condition 
is that ram breeders and ram buyers are 
prepared to pay for genetic information 
arising from genetic testing. This is more 
likely to happen in places where across-
flock genetic evaluations already exist, 
combined with objective trait measurement 
and trait valuation in the form of indices. 
However, not all genetic information can 
be translated into dollar index terms and 
genetic testing is often valued beyond the 
existing index framework. 

Experimental sheep MAS
The purpose of “experimental MAS” pro-
grammes is to demonstrate that genetic 
changes can be achieved based on genotype 
selection and thereby to encourage uptake 
of MAS by commercial breeders. Usually, 
the programmes are also designed either 
to estimate QTL effects more clearly, or 
to confirm earlier experimental results in 
industry flocks. Examples of such MAS 
programmes are:
•	 selection of sheep against susceptibility 

to scrapie, being conducted in France and 
the United Kingdom;

•	 the MAS Applied to Commercial Sheep 
(MASACS) Programme in the Unit-
ed Kingdom, coordinated by Oswald 
Matika from the Roslin Institute. The 
research team in this programme collabo-
rates with commercial breeders. Three 
gene marker tests for muscling are being 
trialled in the first year and it is envisaged 
that a test for parasite resistance will be 
introduced in 2006. The three QTL are 
termed “Texel muscling” (chromosome 
18), “Suffolk muscling” (chromosome 1) 
and “Charollais muscling” (chromosome 
1) as described by McRae et al. (2005), 
and the tests will be applied within the 
respective breeds.

Commercial sheep MAS
Commercial gene testing in sheep is lim-
ited mostly to service providers in New 
Zealand, mainly Ovita and the University 
of Lincoln, whereas it is absent in goats. 
Details about gene tests can be found on 
the Australian Gene Mapping Web site 
(Maddox, 2005). Gene tests currently avail-
able are: 
•	 Foot rot, a gene test commercialized by 

the University of Lincoln;
•	 Inverdale gene, through Ovita; 
•	Booroola gene, through Genomnz;
•	 Scrapie, (PrP gene), available through 

many companies (see Maddox, 2005);
•	Carwell gene, available through Ovita as 

Loinmax;
•	Texel Muscling gene (Chrom 2), available 

through Ovita as MyoMax.
None of these tests is currently inte-

grated with formal genetic evaluation 
systems. Rather, gene test results and index 
values based on polygenic quantitative 
traits will have to be used separately, and 
holistic approaches are needed to devise 
selection rules. The gene tests for reproduc-
tive traits are not straightforward to use, 
while the Inverdale gene is only useful in 
a heterozygous state and requires specific 
crossing programmes. The Booroola inher-
itance model is more straightforward but 
the effect is too large for most management 
systems found in Australia.

It should also be noted that most of 
the commercial gene tests are for traits 
that are not captured by formal EBVs, and 
cannot be incorporated easily into existing 
EBVs, e.g. gene tests for disease traits such 
as scrapie and foot rot. In principle, the 
tests for muscle traits could be part of the 
EBV calculation, but from a ram marketing 
perspective it might be more useful to exploit 
the genotype information obtained more 
explicitly. Furthermore, the proportion of 
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breeding animals genotyped will be small 
in relation to the total number of animals 
evaluated based on phenotype, making an 
integration of genotypic information with 
the full evaluation procedure less sensible 
at this stage. Finally, service providers 
offering the genotyping results are often 
different from the service providers of EBV 
which inhibits a full integration of genetic 
information to the breeder.

In New Zealand, a significant and rap-
idly expanding part of the performance 
recording sheep industry already uses 
DNA parentage and the above-mentioned 
tests are now often provided as part of that 
system. At this point in time, DNA frac-
tional parentage (Dodds, Tate and Sise, 
2005) is included within the SIL system, 
but MAS EBVs for some of the above-
mentioned tests (Inverdale, LoinMax) are 
only carried out on a stand alone basis, in 
the case of LoinMax since 1997.

Goat MAS
A GAS programme is operational for the 
alpha-S1 casein gene for dairy goats in 
France (Manfredi, 2003). The gene is associ-
ated with protein content and protein yield. 
In this programme, young bucks are pre-
selected within families based on genotype. 
The programme is run by a cooperative AI 
centre (Capri-IA) and, although started up 
with government funding, it is now almost 
running on a fully commercial basis. 

MAS in developing countries
Most breeding programmes in developing 
countries, if existing at all, are small-scale 
with modest objectives. Usually, the chal-
lenge is to foster the flow of information 
(measurement and evaluation) as well as the 
flow of genes (dissemination of improved 
stock). These processes are often inhibited 
by infrastructural, logistical and socio-

economic factors. Clearly, gene marker 
technology will not be the first priority 
in many of these programmes. However, 
where gene tests exist for clearly defined 
characters with substantial economic ben-
efit, gene markers and MAS could be very 
beneficial. Introgression of disease resist-
ance genes into productive breeds could be 
of great value, but few of these examples 
exist in sheep and goats. 

A good example of a clear gene effect 
successfully implemented in a MAI pro-
gramme is found in India (Nimbkar et al., 
2005). The Booroola gene is being intro-
gressed here from the small Garole breed 
into the local Deccani breed that is suit-
able for meat production but has a limited 
reproductive performance. The Booroola 
gene has tremendous economic effects in 
this production system, raising the weaning 
rate by nearly 50 percent. The breeding 
programme is undertaken by a research 
institute, but there are clear strategies and 
activities to ensure that the improved stock 
finds its way to  shepherd flocks. Evaluation 
of the results in these shepherd flocks is an 
explicit part of the project, and initial results 
look very promising. Therefore, MAS and 
MAI should not be ruled out for breeding 
programmes in developing countries, but 
should be assessed based on the merit of 
each case. However, implementation of 
gene marker technology will only work 
within the framework of a sound existing 
breeding programme, ensuring the prereq-
uisite that genetic information is valued and 
that the gene marker accounts for substan-
tial economic merit.

Conclusion
Sheep and goat breeding programmes exist 
in low- to medium-input agricultural sys-
tems where there are many independent 
breeding units and where trait recording 
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and genetic evaluation are provided by 
external service agents. This situation is dif-
ferent from that in poultry and pigs and to 
some extent dairy, and more similar to that 
in beef cattle, in the sense that the business 
units that invest in genetic information are 
not the same as those providing genetic 
evaluation, and EBVs are available in the 
public domain. Also, genotypic informa-
tion is an explicit part of the marketing of 
genetic material. The result is that geno-
typic information is more likely to be used 
outside the usual EBV system, with the 
chance of being overvalued once the invest-
ment is made. There is a place for MAS 
and MAI based on genetic tests for clearly 
demonstrated phenotypic effects with eco-
nomic benefit, for example for disease, 
fecundity and meat quality.

The number of detected and confirmed 
QTL is low for sheep and goats and gene 
mapping is less advanced than in other 
livestock species. There is significant invest-
ment and progress being made in marker 
development and gene discovery, but it 
will take some years before large amounts 
of genetic information become available at 
little cost, e.g. in the form of SNP chips. 
Until then, genotypic information will pro-
vide additional selection criteria, making 
optimal selection a greater challenge.

Ultimately, the additional value of gene 
markers will be greatest in breeding pro-
grammes that already use intensive pedigree 
and performance recording, and it will help 
to shift selection pressure towards traits 
that are hard to improve based on phe-
notypic (BLUP) selection (i.e. traits such 

as fertility, disease resistance and carcass 
quality). It is not essential that genetic 
tests are based on functional mutations, 
as gene markers can have predictive value 
due to being in linkage disequilibrium with 
functional genes. In breeding programmes 
without extensive recording, it is more 
important to rely on direct markers, but 
this will only be valuable in practice if 
genes have very large economic effects. 
The same holds for genetic tests for dis-
tinct Mendelian traits, but the overall value 
of these traits in breeding programmes is 
limited. In less-developed breeding pro-
grammes, investments in pedigree and 
performance recording will most likely be 
more profitable than investments in gene 
technology.

Application of MAS or MAI in many 
sheep and goat breeding programmes in 
developing countries is not a priority, but 
opportunities exist, conditional on having a 
clearly visible phenotypic effect and a pro-
gramme based on well-defined objectives 
and performance based selection.
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