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Preface
The Department of Animal Breeding
and Genetics at the Danish Institute of
Agricultural Sciences was founded in
1995, as part of a general change from a
species to a discipline-oriented organisation. During its existence the department has been developing and
integrating a number of different
disciplines within animal breeding and
genetics. Currently the department has
human and technical resources that
make it an international centre of
excellence and a recent international
evaluation has confirmed this.
Due to this development, research in
the department is based on the most
modern and updated techniques related
to biometrical methods, molecular biology, quantitative genetics, and reproductive biology. This has generated
results of great relevance to agriculture
and especially to animal breeding and
animal breeding research both nationally and internationally.

All this has been achieved under the
leadership of Research Director Dr.
Bernt Bech Andersen who has decided
to retire on April 1. 2002. To honour his
leadership and his dedication to the
Department of Animal Breeding and
Genetics, a group of colleagues and
collaborators have written a status over
current research together with their
visions for the future research in the
area. The chapters presented in this
book show the great impact that Bernt
Bech Andersen has had on current
research in animal breeding and genetics, and to generate debate on the
future development of research in the
area.
The authors and the editorial committee hereby express their gratitude to
Bernt Bech Andersen for his leadership
and for as his interest and concern in all
other aspects of our lives
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Research Director,
Dr. Sci. Bernt Bech Andersen
•

Born 4th August 1939.

•

Practical training in agronomy 1955-1962

•

Cand. agro. (M.Sc.) 1966

•

Ph.D. 1970

•

Postgraduate study in Canada and USA in 1970

•

Dr. Sci. 1977

•

Research Assistant at Dept. of Cattle and Sheep, 1966-1968

•

Research Fellow Royal Veterinary and Agricultural University, 1968-1970

•

Leader of section for planning of test of future AI bulls at Dept. of Cattle and
Sheep, National Institute of Animal Science

•

Senior Research Fellow, Royal Veterinary and Agricultural University, 19731976

•

Head of Research Unit in Department of Cattle and Sheep, 1976-1987

•

Co-ordinator of research in animal breeding and genetics across all departments in the National Institute of Animal Science 1987-1993

•

Research Director in Department of Cattle and Sheep 1994-1995

•

Research Director in Department of Animal Breeding and Genetics at Danish
Institute of Animal Science, 1995-1997, and Danish Institute of Agricultural
Sciences, 1997-2002

•

Co-ordinator of research in cattle production, across all departments at the
Danish Institute of Agricultural Sciences, 1997-2002

•

Marks of honour: Bestowed ”Sir John Hammond’s Memorial Price” related to
a lecture given at The British Society of Animal Production” in 1977. Received
the Agronomy Licentiate awards as an appreciation for ”Original research of
high quality within agronomy” in 1978. Bestowed memorial grants of J.
Gylling Holm in 1983

•

Member of the National Research Foundation 1994–2001 and member of its
executive committee during parts of the time

•

Danish representative in EEC committee for Agricultural Research.

Bernt Bech Andersen belongs to the
generation of scientists that introduced
linear algebra into animal breeding
research in Denmark in the early
1970thies, where also the electronic
computers became available.
The major scientific efforts of Bernt
Bech Andersen are his works on the
growth, slaughter and meat quality in
cattle. This work presented in his thesis
on “Genetic Investigations on Growth,
Development of the Body and Feed
Utilisation” gave him considerable
international recognition.
The recruitment and education of
young scientist has been an interest of
great importance for Bernt Bech Andersen, and he has been a key person in the
creation of ABCD, which is a breakthrough in the co-operation between
universities and sector research institutes in Denmark.
It early became clear that Bernt Bech
Andersen had outstanding abilities to
lead groups of people to success in
work on cattle breeding and genetics.
The ability to look through complicated
scientific problems and in few and
cogent words and sentences characterise the contents was another outstanding ability that has made him a
wanted member of many committees
and evaluation teams.
Bernt Bech Andersen was therefore a
natural person as Research Director at

the establishment of the Department of
Animal Breeding and Genetics in 1995.
At those time groups of people was
gathered from four departments with
different culture and research traditions. At the creation of this department
there was a chance to mould into one
department a group of scientist in
biometry and population genetics and a
group of scientists in molecular
genetics. It was a challenge to create a
well functioning department from that
basis. A long lasting interest of Bernt
Bech Andersen has been the use of
reproductive technology in animal
breeding and this area is now
functioning well within the department
of animal breeding and genetics.
During its six years of existence the
new department has expanded, particularly in the area of molecular genetics,
and it is the impression that tension
between the two major areas of research
in the department has lessened. The
international evaluation of the whole
department carried out at the end of
2000 came to the conclusion that the
department was well lead, and that it
ranked among the worlds five best
research environments in the area of
animal breeding and genetics. The
leadership of Bernt Bech Andersen has
been very instrumental in reaching this
state.
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1

Statistical Methods in Quantitative Genetics
Daniel Sorensen, Inge Riis Korsgaard, Per Madsen & Just Jensen

Introduction
Over the last 7-8 years a significant
amount of departmental resources have
been devoted to developing expertise in
Markov chain Monte Carlo (MCMC).
MCMC has had and is having a major
impact in the flexibility with which we
can pose, fit and validate probability
models. These models can be used to
understand the underlying mechanisms
of the state of nature, or they can be
used to predict future observations or
unobserved random variables, such as
genetic values of candidates for selection. Many of the models implemented are extremely intricate, reflecting the nature of the new challenges
confronting the modern quantitative
geneticist. Indeed, rather than focusing
singly on productivity, we are now
interested in understanding the biological and statistical relationships among
traits related to productivity, product
quality, disease resistance, behaviour.

✳

The "easy" questions have been answered; today's problems bring a
qualitatively different complexity. As a
result, many of the techniques needed
to tackle modern research areas have
become very sophisticated. MCMC is
becoming an essential element in the
toolkit of the modern statistical
geneticist.
The purpose of this chapter is to
provide an overall picture of the work
carried out in the department in recent
years on this and related topics. The
organisation is as follows. Section 2
gives an overview of MCMC. Section 3
describes the way it has been applied to
solve genetic problems. Section 4
discusses non-MCMC techniques to
infer parameters using restricted maximum likelihood. Section 5 presents an
overview of work done in the area of
international sire evaluation. The
chapter concludes in section 6, providing a short summary of work likely
to be implemented in the coming years.

✳ Danish Institute of Agricultural Sciences, Department of Animal Breeding and Genetics, P.O. Box 50, DK8830 Tjele
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1.2

An overview of MCMC

distribution (2), whose mean is Gi and

1.2.1 A motivating example

variance is σ². Here we will assume that

We motivate MCMC with a toy
example that can be solved without
using MCMC. Consider the problem of
deciding whether sows of genotype 1
(G1) produce litters of different size
than sows of genotype 2 (G2). In the toy
example it is assumed that this is the
only locus affecting litter size in pigs. In
order to pose the problem in precise
terms, the scientist postulates a model
(or several models) which associates
litter size with the genotype effects Gi, i
= 1,2. The model consists of several
ingredients. The first one is a relationship between litter size and the genotype in question. If we imagine that
genotypes act additively on the scale of
measurement, one can write:

yij = Gi + eij ,

{yij} are a realisation from a sampling
distribution. Despite that litter size is a
discrete random variable, much simplicity can be gained by assuming a
normal sampling model. Thus:

(

label [Gi|y,σ²] and is of the form:

(1)

where yij is the jth litter size record of
genotype i, i = 1,2; j = 1,2,…, n. Now it
is postulated that the observed data y =

Yij | Gi ~ N Gi , σ 22

σ² is known, so G1 and G2 are the only
unknown parameters of the model.
We will take a Bayesian view to learn
about Gi. This means that the posterior
distribution of Gi must be constructed.
Once we obtain these posterior distributions, any inferences about G1 and G2
can be drawn.
In order to obtain the posterior
distributions of G1 and G2, one assigns a
prior distribution to G1 and G2, and
then one makes use of Bayes theorem.
Often G1 and G2 are assumed to be a
priori independent. Further, one can
choose as prior for Gi a "flat" uniform.
With this assumption, a straightforward
application of Bayes theorem yields the
posterior distribution of Gi, which we

)

(2)

That is, individuals from genotype Gi
have been "sampled" from the normal

 σ2
Gi | y ,σ 2 ~ N  yi , ,
n 


(3)

where yi is the mean of the records
of geneotype i. The (normal) distribution defined in (3) is all one needs to
make statements about Gi or about
differences between the two genotypes,
in the light of the data collected y and
conditional on the model. It is a precise
description of the posterior uncertainty
about the parameter Gi. In terms of the
contrast between the genotypes, we
have:

14


2σ 2 

G1 − G2 | y ,σ 2 ~ N  y1 − y2 ,
n 


(4)

This allows you to “look” at the
distribution of the difference between
the genotypes, to see whether it is
centered near zero, and to compute
(posterior) probabilities that the “true”
difference takes a positive value, say, or
the 95% posterior probability interval of
the true difference between G1 and G2 .
Results are only a little different if we
had not assumed that σ² is known: the
distributions [Gi|y] and [G1 - G2|y] are
Student-t with n - 2 degrees of freedom.
Most of the problems in animal
breeding and genetics are less stylised
than the one described above. The
consequence of this is that posterior
distributions of parameters of interest the essential ingredient to make inferences and to draw conclusions - or of
functions of these, are not known. Here
is where the power of MCMC comes to
our rescue. MCMC provides the
experimenter with samples from these
unknown distributions. Via these
samples, the posterior distributions can
be characterised, in much the same way
as one can estimate the mean and
variance of a "population" by taking
random samples (not necessarily independent) from it and computing the
sample mean and the sample variance.

1.2.2 A little excursion in Markov
chains
The question is how to generate
draws from the desired distribution ?
The answer lies hidden in the realm of
Markov chain theory. A Markov chain
can be envisaged as a sequence of
random variables that evolves with
time. There are two important ingredients that define the behaviour of the
Markov chain. One is the probability
distribution and the other is the
transition probability matrix. Imagine
for the moment that a discrete random
variable X can take any of 4 possible
values, say. One can order the probability that X takes any of these 4 values at
time t = 0,1,2,…, in a column vector π(t),
whose ith element denotes the probability that X takes the value xi, i = 1, 2, 3, 4,
at time t. This vector is the probability
distribution of X at time t. The 4 × 4
transition probability matrix is denoted
P = {p (i,j)}, where i denotes a row
suffix and j a column suffix. The
elements of P are conditional probabilities; thus p (i,j) is the probability that X
takes the value xj in the next transition,
given that its present value is xi. Matrix
P is assumed constant across time.
There is a recurrence relationship
that allows writing the probability
distribution at time t, from knowledge
of π(0) and P. Thus,
π ( t )' = π ( 0)'P t ,
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(

where Pt denotes matrix P to the power
t. One is interested in knowing whether
for some t, the probability distribution
of X stabilises to some stationary or
equilibrium distribution π. One may
also wish to know whether, irrespective
of the starting distribution π(0), π is
unique, and whether the system converges to it (since an equilibrium
distribution may exist, but the system
may not converge to it). Finally, one
wants to learn about the rate of
convergence to π.
All these questions can be answered
using elements of Markov chain theory.
This theory tells us that provided that
the matrix P satisfies certain conditions,
a unique stationary distribution exists
and the system converges to it, for all
legal starting values of π(0). The rate of
convergence can also be calculated.
Such well behaved systems are called
ergodic Markov chains.
1.2.3 The link between Markov chains
and MCMC
The conclusion from the previous
section is that if one knows the starting
configuration of a Markov chain, and
one has a “well behaved” transition
probability matrix, then a full probabilistic description of the behaviour of the
Markov chain is possible. Further, after
a certain number of transitions, the
system “forgets” the starting values and
converges to a unique, stationary

distribution π. Once it gets to π, the
system never leaves it.
What it the relationship with this
theory and MCMC? How does one tie
this knowledge to the problem of
estimating heritability for a given trait
in a given population, say? The answer
to the first question is as follows. In the
context of Markov chains, one has
available π(0) and P, and one wishes to
characterise π, the stationary distribution of the random variable X. On the
other hand, in the context of MCMC,
the problem is more or less turned on
its head: one has available an unnormalised π. Here π is the posterior
distribution (of heritability, for example) encapsulating all that is necessary to
make inferences about the parameter(s)
of interest. But because π is unnormalised, probability statements about
these parameters cannot be made, and
therefore only approximate and often
poor inferences via modal values are
possible. How can one create a well
behaved transition probability matrix P,
so that the system converges to a
normalised equilibrium distribution,
which is the desired posterior distribution of all the parameters of the
model?
It turns out that a very powerful
recipe is available to build a transition
kernel (which is the equivalent to
matrix P when the random variables are
continuous, instead of discrete) that
guarantees convergence to the desired
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stationary distribution, provided the
Markov chain is ergodic. This recipe, or
family of recipes, is known as the
Metropolis-Hastings algorithm. The
Gibbs sampler is a member of this
family. Using this recipe and a computer, one creates a Markov chain
drawing random numbers from appropriate generators. The recipe tells us
how to update the system at each
iteration. After a suitable number of
iterations, the numbers drawn can be
interpreted as approximate realisations
from the desired posterior distributions.
One can draw histograms to visualise
these distributions, or one can compute
various moments from these realised
values to characterise the moments of
distributions, which these realised
values represent. Here one makes use of
powerful theorems that provide a
justification for these calculations and
for the conclusions one draws from
them. There are many assumptions and
conditions on which these theorems
build. In common with most high-tech
methods, the road is full of dangers and
things can go wrong. In many cases, a
critical look at results and common
sense can help us avoid most of these
dangers.
Below we give an overview of some
of the problems that have been solved
by colleagues from the department
using MCMC.

1.3

Applications in Genetics

1.3.1 Introduction
In a series of problems in animal
breeding it has been demonstrated that
MCMC is a powerful tool to obtain
sampling-based estimates of analytically intractable features of posterior
distributions. The complexity of the
models where this technique has been
applied has increased tremendously
during the last decade. In the following
we summarise the development,
highlighting contributions from the
Department of Animal Breeding and
Genetics at the Danish Institute of
Agricultural Sciences.
1.3.2 Gaussian traits
In traditional breeding programs,
best linear unbiased predictor (BLUP) of
breeding values is used for selection of
Gaussian traits. If in classical linear
mixed models, all the parameters were
known, that is fixed effects and variance
components, then the best linear
unbiased predictor is identical to the
best predictor (which is linear for
Gaussian traits). If selection is based on
the best predictor, the mean genetic
value of the selected candidates is
maximised, which is a desirable property. Often, knowledge of variance components cannot be assumed, and these
must be estimated from the data at
hand. Before the advent of Bayesian
methods, the traditional approach in
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this situation was to estimate variances
using a likelihood approach, and then
use the estimates in lieu of the true
variances. This works quite well in most
situations, but no account is taken about
the uncertainty associated with the
estimated variances. Therefore, inferences of functions of additive genetic
values/and or fixed effects are understated; clearly, an undesirable situation.
Bayesian methods, via marginalisation, account automatically for this
source of variation. Several papers written by colleagues from the department
have illustrated the attractive properties
of an MCMC-based Bayesian approach
for a full analysis of the Gaussian linear
model. It is easy to implement computationally and allows small sample
inferences without recourse to approximations or to asymptotic properties.
Among the first papers on this topic we
can name Wang, Gianola, Sorensen,
Jensen, Christensen and Rutledge
(1994), who illustrated an application
for analysing a selection experiment for
litter size in pigs, and Jensen, Wang,
Sorensen and Gianola (1994) who fitted
a model with maternal effects correlated
with direct genetic effects to analyse
body weight of lambs at 60 days of age.
Applications in poultry have been
reported by Su, Sørensen and Sorensen
(1997), and further work on analyses of
fertility traits in pigs can be found in
Blasco, Sorensen and Bidanel (1998) and

in Sorensen, Vernersen and Andersen
(2000).
1.3.3 Categorical traits
Several traits of interest in animal
breeding are either binary traits or
ordered categorical traits with more
than two categories. Examples of
categorical traits include "diseased/not
diseased" in a given period, conformation scores, and degree of calving
difficulties. Categorical traits are sometimes treated as if they were normally
distributed. With small number of
categories and an asymmetric distribution of occurrences in the different
categories this approximation is extremely crude. A commonly used
approach for the analysis of ordered
categorical responses is based on the
threshold model (e.g. Wright, 1934). In
the threshold model it is assumed that
there is an unobserved latent variable
(liability) for each individual, and that
the joint distribution of the latent
variables is multivariate normal. The
observed phenotypic value of a given
animal is determined by a grouping
defined by thresholds on the liability
scale. A Bayesian-MCMC implemented
threshold-liability model was develloped by Sorensen, Andersen, Gianola
and Korsgaard (1995). The methodology was illustrated with an analysis of
hip dysplasia in German shepherd
dogs. Henryon, Berg, Christensen,
Jensen, Lund and Korsgaard (2002)
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used the model to analyse incidences of
disease in pigs.
1.3.4 Survival traits
In dairy cows, longevity is a
desirable character, since increasing
longevity means that fewer heifers need
to be raised and replacement costs are
decreased (e.g. Ducrocq, 1988). Similarly in pig production, because sows have
their largest litter size about the fourth
parity (Cole, Harker and Close, 1985)
culling at an early age causes economic
losses. Often censoring is present in
survival traits (or longevity/duration
traits). For example, analysing longevity
in dairy cows (measured as time from
first calving until culling), some cows
may still be alive at the day of data
collection. These cows are said to have
right censored records on longevity, i.e.
for a censored cow, it is only known
that her longevity will exceed her "cowage" at the time the data were registered.
In survival analysis account is taken
for the censoring mechanism. The
approach is very flexible, allowing for
time-dependent covariates with associated fixed or random effects. The
latter is not shared by the Gaussian
model. In Sorensen, Gianola and
Korsgaard (1998) a Bayesian analysis of
censored normally distributed data
using Gibbs sampling was described
and illustrated. A fully Bayesian
analysis of disease data, on future AI-

bulls from the Danish performance
testing program, was carried out in
Korsgaard, Madsen and Jensen (1998).
The trait was "time from entering test
until first time a respiratory disease
occurred" and the model was a Cox lognormal animal frailty model.
1.3.5 Joint analysis of Gaussian,
categorical and right censored Gaussian
traits
Initially, Gibbs sampling based
Bayesian analyses were applied univariately in the modelling of Gaussian,
categorical and of survival traits. In a
second step, a multivariate approach
was developed, which allows joint analysis of several traits. Thus, a Gibbs
sampler for Bayesian inference in a
bivariate model with a Gaussian and a
binary threshold character was given in
Jensen (1994). This was extended to an
ordered categorical threshold character
by Wang, Quaas and Pollak (1996) and
to an arbitrary number of Gaussian,
categorical and censored Gaussian traits
by Korsgaard, Sorensen and Gianola
(1997) and by Korsgaard, Lund,
Sorensen, Gianola, Madsen and Jensen
(1999). Also Van Tassell, Van Vleck and
Gregory (1998) considered several
Gaussian, binary and ordered categorical threshold characters. A general
computer program was developed in
relation with the work of Korsgaard,
Lund, Sorensen, Gianola, Madsen and
Jensen (1999). This allows analyses of
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data based on models with several
random effects, including maternal
genetic effects. The program was recently used by e.g. Grandinson, Lund,
Rydhmer and Strandberg (2002) to
carry out a bivariate Bayesian analysis
of mortality traits and birth weight in
pigs (i.e. of a binary threshold character
and a Gaussian trait) and by Henryon,
Berg, Christensen, Jensen, Lund and
Korsgaard (2002) for genetic analyses
for post-mortem disease lesions in
growing pigs, modelled as categorical
traits.
1.3.6 Inferences about response to
selection and of changes of (co)variances under selection
A common question in a selection
experiment or breeding programme is
how the mean (or means) of the selected
trait evolves with time. That is, how to
infer response to selection. There are
several ways of doing this. A good
approach should account for the
information loss about response, due to
the fact that other parameters from the
model are also estimated. It would also
be nice to have a good measure of
uncertainty attached to the statements
about response, which does not rely on
asymptotic approximations. Further,
the method should allow the scientist to
check the model in some way, since the
answers are conditional on the model
posed. A general solution to these questions has been provided by Sorensen

et.al, (1994). The approach provides
small sample size measures of
uncertainty about response to selection,
and accounts for the variance due to
genetic drift. It is based on the Bayesian
view of inference, where the variance
due to genetic drift is viewed as the
increase in the correlated structure
among additive genetic values that
develops in successive cycles of
selection. When genetic means in each
generation are computed from the same
number of observations, posterior
variances of genetic means increase
with time, reflecting higher posterior
uncertainty as the experiment progresses. More recently, the approach
was given a more general formulation
in order to also allow inferences about
changes due to selection and/or genetic
drift in other genetic parameters such as
variances and covariances (Sorensen et
al., 2001).
1.3.7 Monte Carlo EM algorithm
The EM algorithm can be used to
obtain the modal value of a function. In
common with data augmentation, the
approach consists of generating the socalled complete data, by judiciously
augmenting with the so-called missing
data. This allows constructing a
complete data likelihood, which is
easier to maximise than the observed
data likelihood. The expectation step of
the algorithm consists of integrating the
complete data likelihood over the
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conditional distribution of the missing
data, given the current value of the
parameters and the observed data. In
models that belong to the exponential
family such as the Gaussian model, the
algorithm reduces to equating the
conditional expectations (given the
observed data) of the natural sufficient
statistics for the model of the complete
data, to their unconditional expectations. The expectation part of the
algorithm can be demanding in highly
dimensional problems, because it
requires the inverse of a matrix of the
order of the number of location
parameters of the model. Guo and
Thompson (1994) proposed a MCMC
approximation to the computation of
these expectations, at the expense of
introducing Monte Carlo noise. Thompson (1994) suggested an ingenious
modification to the algorithm that
reduces this noise. A third approach
that can be computationally competitive
to Thompson's method was suggested
and illustrated by García-Cortés and
Sorensen (2001).
1.3.8 Improving mixing and convergence of the Gibbs sampler
The Gibbs sampler is usually applied
updating each variable at a time in a
systematic manner; this is known as the
systematic scan, single-site Gibbs sampler. When parameters of the model are
strongly correlated in the posterior
distribution, this implementation of the

algorithm can lead to very slow mixing
and slow convergence. As a result, only
a limited region of the posterior
distribution is visited by the sampler;
this leads to poor inferences. Additive
genetic models, particularly in a
multiple trait scenario with arbitrary
patterns of missing data, are a case in
point. When the correlation among
parameters is high, and a reparameterisation to ameliorate the problem is
not obvious, it is convenient to sample
parameters in blocks, jointly, rather
than one at a time. García-Cortés and
Sorensen (1996) describe a way of doing
this in Gaussian models. The approach
allows sampling all location parameters
(all "fixed" effects and random effects
linearly related to the data vector) in
one pass. It requires solving the mixed
model equations in each round of the
Gibbs sampler. This can be done by
direct matrix inversion or using iterative algorithms, depending on the size
of the problem and the computer power
available.
1.4 Estimation of (co)variance components using REML
An advantage of the MCMC methods
described in the previous section is that
even very complicated models can be
formulated relatively easy. A major
drawback of MCMC is that it often
requires very time consuming computations. Before the introduction of
MCMC methods to the field of animal
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breeding and genetics, the method of
choice for the estimation of (co)variance
components was Restricted Maximum
Likelihood
(REML).
Implementing
REML with the EM algorithm leads to
iterative methods with poor convergence properties, so that in practice
only relatively small and well
structured datasets could be analysed.
These problems, therefore, have lead to
research into more efficient and
practical methods of implementing a
REML analysis.
The estimation of (co)variance
components using REML involves
maximising the likelihood of the data
after integrating out all fixed and
random effects in the model under
investigation. The resulting restricted
likelihood function is only a function of
the variances and covariances of
interest. Estimation by use of the EMalgorithm involves utilisation of first
derivatives of the likelihood function
and this is the main reason for the slow
convergence of the EM-algorithm.
Some earlier REML algorithms were
based on either the Newton-Raphson or
the Fisher scoring algorithm. In both
cases information about the second
derivatives of the restricted likelihood is
used. The inverse of the matrix of
second derivatives is called the
information matrix and the NewtonRaphson algorithm uses the observed
information matrix, whereas the Fisher

scoring algorithm uses the expected
information. In both cases this leads to
very complicated mathematical expressions that often result in very heavy
computation.
In 1994 Johnson and Thompson
(1995) discovered that taking the
average of observed and expected information leads to easier computation.
This was extended in 1996 to very
general multivariate models by Jensen
et.al, (1996/97). This formulation have
led to a quite complicated mathematical
formulation and consequently a very
complicated computer program. However, the algorithm yields reasonable
computing times due to very good
convergence characteristics of the
algorithm. The method, called AIREML, has been incorporated in the
general computer package DMU
(Madsen and Jensen, 2000) which is
maintained by the department of
Animal Breeding and Genetics. This
package is now very extensively used
both within and outside the department
for the estimation of genetic and
environmental variances and covariances for a broad array of traits of interest
in animal breeding and genetics. Recent
extensions of the algorithm have involved estimation of QTL effects, multivariate fine mapping of QTL and the
estimation of across-country genetic
covariances for use in international sire
evaluation.
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1.5

International sire evaluation

International trade of germ plasm
has increased tremendously in recent
decades. This has enabled farmers,
especially dairy farmers, to select sires
on a global scale. However, in order to
take selection decisions on such scale,
international comparisons are necessary. To accommodate this the International Committee for Animal Recording
(ICAR), the European Association for
Animal Production (EAAP) and the
International Dairy Federation (IDF)
formed “Interbull” in 1983. The international sire comparison conducted by
Interbull is based on combining national evaluation results. Initially, its
service included only milk production
traits, but in later years the service has
been extended to include type traits,
somatic cell count and clinical mastitis.
The current method for the international comparisons is MACE (Multiple
Across Country Evaluation) (Schaeffer
and Zhang, 1993). Work on establishing
similar services is in progress for other
species. An organisation named Interstallion for horses is expected to come
into operation shortly and work is also
underway in beef cattle.
A prerequisite for cross-country sire
evaluation is that genetic links exist
among the populations of sires under
comparison. Furthermore, the genetic
correlation between the same trait
expressed in different countries must be
known. This correlation may be less

than unity because of genotype by
environment interactions due to differences in production environment in
different countries or because of
differences in the national sire
evaluation systems.
The method currently used by the
Interbull Centre for estimation of (co)variance components between traits
measured in different countries does
not allow for non-zero residual correlations. Therefore, the method can only
handle univariate cases i.e. only one
trait per country. However, national
evaluations for traits of interest are
often based on recordings form the
same individuals and therefore, zero
residual covariances cannot be assumed. A method allowing for non-zero
residual covariances has been developed (Madsen, Jensen and Mark, 2000)
and implemented in the DMU package
(Madsen and Jensen, 2000). One further
feature of this new method is that it
provides standard errors of the
estimated (co)-variance components.
When new countries or new breeds
are included in the international evaluation system, the genetic links are often
week. Consequently, only little information is available for estimation of the
needed (co)variance components. One
solution to this problem could be to use
Bayesian methods, where parameters
for similar countries or breeds are used
as a priori estimates for (co)variance
components. As the amount of data
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from the new country or breed accumulates, information from the data will
overwhelm the prior information. Such
a model, called Bayesian MACE, has the
advantage that it also yields predicted
breeding values for the sires included in
the evaluation, taking into account the
uncertainty on the (co)-variance components. This Department is working
on the implementation of Bayesian
MACE in co-operation with Interbull
and the newly formed Nordic Centre
for Genetic Evaluation.
Two different sources of information
have been used in MACE and for the
estimation of (co)variance components.
One source is deregressed proofs (DP)
and the other Daughter Yield Deviations (DYD). The DP’s are based on
extracting parts of the pedigree
information from national proofs. Parts
extracted correspond to the amount of
pedigree information included in the
subsequent analyses. The DP’s can be
calculated based on national proofs and
information on accuracy without access
to raw data. The DYD’s have to be
calculated as a by-product of the
national evaluations. A simulation
study by Madsen, Sørensen, and Mark
(2001) has shown that use of DP’s for
estimation of (co)variance components
can lead to seriously biased estimates
especially for traits with low heritability
(<=.12). The same simulation study also
showed that strong selection could bias
the estimates based on DP’s even for

traits with moderately high heritabilities (=.25).
The utilisation of information from
other countries in the Danish genetic
evaluation system for yield traits in
dairy cattle was introduced in 1998 as
an integrated part of the national
animal model (Aamand, Pedersen,
Nielsen, Jensen, Madsen, Thomasen and
Christensen, 1999). The sources of
information included are MACE EBV’s
(Estimated Breeding Values) from
Interbull for sires, and national EBV’s
converted to Danish scale by conversion
factors provided by Interbull for cows.
The cattle breeding industries in the
Nordic countries have recently initiated
a close cooperation. This cooperation is
intended to strengthen the Nordic
breeding profile for dairy cattle, with its
relative high weight on health traits and
functional traits. This requires a
borderless evaluation not only for males
as the one provided by Interbull, but
also for females. This can be achieved
by a joint prediction of breeding values
based on raw data. The tremendous
growth in computer capacity as well as
the use of parallel computing (Larsen
and Madsen, 1999, Madsen and Larsen,
1999) has made such cooperation
possible. The first attempt for a joint
Nordic evaluation for the Holstein
breed was carried out by Langdahl
(2000). The results from this study
showed that a joint evaluation is
feasible.

24

World-wide, there is a trend shifting
from the traditional 305-day lactation
model to models using individual testday (TD) records for genetic evaluation
of dairy cattle. Often the TD model is a
random regression model, where a
cow’s yield is modelled as a random
deviation from an overall lactation
curve. This Department, in cooperation
with “Dansk Kvæg”, is working on
implementing a TD model in Denmark,
scheduled by the end of 2002. The
existing 305-day lactation yield model
uses records from 1984 onwards. Test
day records are only available from
1990 onwards. To utilise data from 1984
onwards in a TD model, a blending
procedure including both TD and
lactation records is needed. A similar
procedure is also needed for the
planned joint genetic evaluation for
dairy cattle for the Nordic countries.
This is because Finland already uses a
TD model and Denmark will do so
shortly, but Sweden and Norway will
continue to use a lactation model in the
foreseeable future. For the blending
procedure, a multitrait model for TD
records and 305-day records has been
developed and tested by Villumsen
(2002) and Villumsen, Madsen, Jensen,
and Jakobsen (2002).
1.6

The future ?

Research and implementation in
statistical genetics is influenced by
breakthroughs in computing power,

molecular biology and data registration
devices. Globalisation trends as well as
changes in the breeding goals of
selection programs pose also new
questions and challenges for the
modern geneticist. Finally, the high
degree of sophistication of the methods
used demands revision and an
updating of the teaching curricula for
the coming generation of statistical
geneticists.
It is expected that the quantity of
DNA-related
data
will
increase
explosively in the coming years. Finemapping methods of QTL detection,
interpretation of micro-array data
related to gene function and expression,
and pattern analysis of cell cycle
regulations, require the input of
complex statistical genetic models and
bio-informatic techniques. There are
several reasons for this complexity.
Firstly, the number of model parameters is extremely large in relation to
the number of experimental units.
Secondly, there is typically a strongly
non-linear relationship between the
data and the parameters one wishes to
infer. Thirdly, in studies involving the
number of QTL’s affecting a particular
response variable, posterior distributions are defined in spaces of varying
dimension. Exact inference methods
cannot be implemented with these
highly sophisticated models and one
must typically resort to modern Monte
Carlo based approaches instead. Not
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only does the analysis of these data
present major statistical genetic challenges, but also the (optimum) use of all
this information in breeding programs
is an open question.
Over recent years there has been
interest in the relationships among
disease and traits related to production,
product quality and behaviour. This
requires development and implementation of models that can account for the
involved distributional structure of the
data: disease data are often registered as
a function of time until it is first
observed (censored, survival data); behavioural data are typically grouped in
discrete categories; production traits are
commonly measured on a continuous
scale. A proper understanding of the
underlying relationships among these
traits requires careful modelling.
Analysis of longitudinal data is
posing demands not only at the level of
modelling, but also at the implemen1.7

tation level. Indeed, automatic data
registration devices generate data that
are characterised by their massive
volume and intricate correlation structure. This is another area that requires
the input of the statistical geneticist.
These developments in the field
create a need for restructuring current
courses that can give today’s agriculture
and biology Scandinavian students the
necessary fundament to understand the
modern developments in Statistical
Genetics. The technically involved
subject must be an integral part of
courses in modern animal breeding and
must be presented in a format that is
pedagogically adapted to the background and needs of the target
audience. It is expected that considerable efforts will be directed towards the
creation of a modern and academically
sound teaching package that can meet
the needs of the coming generation of
quantitative geneticists.
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Biometrical Methods for the Analysis of Molecular
Information
✳

Mogens Sandø Lund, Bernt Guldbrandtsen, & Daniel Sorensen
2.1

Introduction

Most models used for quantitative
traits in animal breeding or in genetic
research assume that the trait is
influenced by a large number of genes
that each has a very small effect.
Advances in molecular genetics has
brought forward the possibilities to (i)
decompose parts of the genetic variance
into genes or small groups of genes
(QTL) that have a detectable affect on
the trait and (ii) to estimate the position
of those QTL on the chromosomes.
Mapping of genes involves tracing the
inheritance of chromosomal segments
from parents to offspring using genetic
markers and to test if relatives
inheriting different copies of a given
segment have different genetic merits
for a trait of interest. A large number of
QTL mapping methods have been
proposed. They fall into different
categories according to the experimental design they are appropriate for,
which genetic model is fitted, and
which statistical paradigm is used.

2.1.2 Aim of this chapter
The next section (Methods for linkage analysis) will give an overview of
the different groups of statistical
methods for QTL analyses. Each of the
methods have useful properties and the
following section (Methodologies implemented and developed at Dept. of
Animal Breeding and Genetics) gives
more information about methods that
we have chosen to work with in the
department.
2.2

Methods for linkage analysis

Several methods have been proposed
for QTL detection (see Hoeschele 1997
for a review) including models for
crosses of inbred lines, crosses of
outbred lines, outbred populations,
with biallelic QTL, multiallelic QTL,
and nonparametric methods. Here we
will briefly outline the main classes of
methods for parametric models in
which a putative biallelic or multiallelic
QTL is segregating in an outbred
population.

✳

Danish Institute of Agricultural Sciences, Dept. of Animal Breeding and Genetics, P.O. Box 50,
DK-8830 Tjele

31

The simplest methods are based on
the least squares (LS) principle (e.g.
Haley and Knott, 1994). These methods
have been heavily used due to their
computational efficiency. However,
least squares applies only to specific
and simple designs (e.g. half-sibships or
full-sib pairs), it does not utilise all
information in the distribution of the
data, it is not possible to include
random polygenic effects, and it does
not provide estimates of QTL parameters other than QTL position and
effect.
The second group of approaches
utilises the principle of maximum likelihood. Here, phenotypes are modelled
as a mixture of normals pertaining to
each QTL genotype in a biallelic QTL or
alternatively, the variance associated
with a multiallelic QTL is estimated.
Initial methods were developed to
analyse line crosses using several linked
markers (Lander and Botstein, 1989;
Jansen and Stam, 1994; Jansen, 1996).
For outbred populations, methods were
developed for full-sib groups (Knott
and Haley, 1992), for halfsib groups
(Mackinnon and Weller, 1995), and for
general pedigrees (Guo and Thompson,
1992). In general complex pedigrees,
with genetic models involving several
loci, exact likelihood computations are
infeasible, and one must resort to Monte
Carlo based approaches. Another model
has been proposed that assumes a large
number of alleles associated with the

QTL, with normally distributed effects
(Xu and Atchley, 1995; Grignola et al.,
1996; Almasy and Blangero, 1998).
Methods using this model are often
referred to as “variance component
methods” and are usually based on the
restricted likelihood. The advantage of
likelihood approaches are that they
allow fitting random polygenic effects,
estimating QTL parameters such as
additive and dominance effects and that
they are not restricted to specific
designs. The drawback compared to the
LS methods is higher computational
requirements, especially when Markov
chain Monte Carlo methods are used.
The third group comprises Bayesian
methods. In these, the point of departure is the joint posterior distribution of
parameters as presented by Hoeschele
and Van-Raden (1993a,b). Inferences are
based on the marginal distribution of
parameters of interest and the method
therefore takes full account of uncertainty associated with all unknowns.
This requires high dimensional integration in the joint posterior distribution, which has been achieved by
Markov chain Monte Carlo methods.
Therefore, these methods are generally
computationally demanding. However,
in addition to the advantages mentioned for the likelihood methods, the
Bayesian paradigm offers more appealing solutions to choosing among nonnested models and models of different
dimentionality.
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2.3 Methods
implemented
developed at the department:

or

2.3.1 Least squares
Preliminary QTL analyses are often
conducted using the least squares
method. This method models the means
of individual groups, in this case
individual QTL genotypes. The quality
of the fit between the model predictions
and the actual values observed is
measured by the sum (or average) of
the squared deviations of the actual
values from the predicted ones, hence
the name of the method. The
outstanding advantage of this method
is its computational simplicity. Calculating least squares estimates is so fast that
for instance permutation testing, where
the original analysis is repeated a large
number of times on permuted data,
becomes computationally feasible. The
drawback of the least squares method is
that it is not an efficient way of using
the information available in the data,
since only the information residing in
the difference between group means is
exploited.
2.3.2 Graphical models
In recent years graphical models
have become a popular way of
specifying statistical models. A great
variety of statistical models can be
represented as graphical models. A
number of highly efficient computational algorithms exist for graphical

models. These can be exploited through
“canned” numerical tools.
We have used a graphical model
formulation to build part of a Gibbs
sampler used for a Bayesian MCMC
analysis of simulated QTL data. With
this we succeeded in detecting nonadditive action at the simulated QTL.
Using graphical models to represent
a large part of the model including all
the parts corresponding to markers and
QTL we achieve two things: First, the
model is relatively easy to modify. The
graph can be changed to introduce or
modify (or remove) various dependencies, thereby changing the model and
the Gibbs sampler. Secondly, through
the use of the commercially available
graphical models programming library
Hugin, we get easy access to the
efficient tools implemented therein.
2.3.3 Multitrait REML
In the Danish/Swedish QTL mapping experiment a large number of traits
are analysed (Chapter 8). Usually, QTL
are mapped for individual traits using
single trait analyses. However, there are
several reasons why it is important to
map QTL using multitrait methods.
First, many of the traits are environmentally and genetically correlated. In
order to use all information optimally
the correlated traits should be considered, which can then increase the statistical power of detection (Knott and
Haley, 2000). We expect this to be
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particularly important when we map
QTL for low heritability traits that are
correlated with a trait of higher heritability (Sørensen et al., 2001). In this
case, the single trait analysis has low
statistical power compared to a multiple
trait analysis, which combines phenotypic information from both traits. For
instance, the information from somatic
cell counts should be used when we
attempt to map QTL affecting mastitis
incidence. Second, it is important to
assess the contribution of the QTL to
genetic correlations. A genetic correlation can be the result of pleiotropic
effects of a single QTL affecting more
than one trait, or of linkage disequilibrium between two or more QTLs, each
affecting one trait only (Falconer and
McKay, 1996). However, the contribution of a QTL to the genetic
correlation between two traits does not
necessarily follow the overall genetic
correlation. Even though the genetic
correlation between clinical mastitis and
milk yield is high, it is possible to
identify QTL that affect one of the traits
only. Such information is relevant when
the value of the QTL for selection is
assessed. Third, if a chromosomal
region is found to affect two traits, it is
important to investigate if a pleiotropic
QTL that affect both traits has been
identified or it is due to close linkage of
two QTL each affecting one trait. If the
latter is the case it is possible to alter the
contribution to the genetic correlation

by selecting offspring that recombined
between the two QTL.
At the department, Peter Sørensen
worked with a multivariate QTL
mapping approach based on the variance component model (Xu and
Atchley, 1995; Grignola et al., 1996;
Almasy and Blangero, 1998) during his
Ph.D. This method decomposes the
overall genetic variance into a component due to the segregation of a
putative QTL, and another due to the
effect of a polygenic term (the collective
effects of all other genes affecting the
trait). An advantage of this approach is
that it, in principle, can be applied to
general
pedigree
structures
and
multiple generations, as shown by
Hoeschele et al., (1997) and George et.al,
(2000). It can also be implemented using
efficient algorithms based on derivatives of the restricted log likelihood,
such as the average information, restricted maximum likelihood algorithm
(AI-REML), (Jensen et al., 1997). Having
implemented the method, a comparison
was made between bivariate and
univariate QTL mapping methods with
respect to the statistical power to detect
a QTL, power to detect a pleiotropic
QTL and precision of parameter
estimates. The two methods were
compared by analysing granddaughter
designs in which two traits were
simulated with different scenarios of
correlation between traits due to QTL
correlation polygenic correlation and
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residual correlation. The results showed
that there generally are three advantages in using the bivariate analysis. First,
the bivariate analysis increases the
statistical power to detect the QTL.
Second, the bivariate analysis improves
the precision of the position estimate.
Third, the bivariate analysis provides a
procedure to test pleiotropic effect of
the QTL (Sørensen et al., 2001).
2.3.4 Longitudinal data
In QTL mapping studies, traits have
often been defined as one record even
though it is a function of several
measurements recorded over a time
period. An example is the 305 days milk
yield, which is a weighted sum of a
number of measurements recorded over
the lactation. Using the sum may be
reasonable if the genetic influence is
constant over time. However, studies
have shown that correlations between
measurements differ over the lactation
(e.g. Meyer et.al, 1989; Pander et.al,
1992; Swalve 1995; Jakobsen, et.al, 2000).
One reason could be that the
physiological state of animals change
greatly over the lactation, such that
different genes are limiting factors, and
therefore, are particularly important in
certain periods of the lactation. Therefore, it can be important to model the

different genotypes’ deviation from a
fixed curve over time. This will provide
important biological information on the
expression pattern/effect over time, and
thereby assess the relevance for
selection purposes. Furthermore, the
statistical power to detect QTL is
expected to be higher compared to a
traditional univariate analysis, particularly if the effect of a QTL varies over
time.
A model that allows the covariance
between measurements to change
gradually over time can be defined
using covariance functions. A linkage
model that is especially suited to build
into this framework is the random QTL
model (Fernando and Grossman, 1989,
Grignola et al., 1996). This is because it
models the variances of and covariances
between QTL allelic effects over time
using random regression (RR).
Until now, preliminary work has
been presented (Lund et al., 2001a).
Results of a small simulation study gave
two main results. First, change in QTL
variation over time could be estimated
(Figure 1). Second, in terms of statistical
power to detect QTL there is little
advantage to use RR when a QTL has a
constant effect over time, but when QTL
effect changed over time the difference
was large (15% for traditional method
vs. 95% for the RR model)

.
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Figure 1. Simulated and estimated QTL variance over time
2.3.5 Finemapping
The linkage analysis methods described so far, utilise information on
recombination events that occur
between genetic markers when gametes
are formed and transmitted from
parents to offspring. However, the low
number of recombination events
between closely linked markers restricts
the precision of QTL mapping using
linkage analysis. In genome scans in
livestock populations a QTL can typically be mapped to a chromosomal
region of 10–30 cM. This accuracy is too
low, especially if the aim is to identify
the functional genes. Therefore, statistical methods that utilise other sources of
information to estimate QTL positions
more accurately are needed.
An assumption common to linkage
analysis methods is that founder individuals with no parents are unrelated

and non-inbred. It follows from this
assumption that the probability of genes
in founders being identical by descent
(IBD) at marker loci or QTL is zero.
However, similarities in haplotypes of
closely linked markers around a given
position provide information on the
probability of founder genes being
identical by descent in this position.
Because individuals that carry a mutant
gene will also be IBD in a chromosomal
region surrounding the gene, linkage
disequilibrium between haplotypes and
QTL loci can be utilised to map QTL
(Meuwissen and Goddard, 2000). They
showed that this information from
linkage disequilibrium could be combined with linkage information in a
model with random QTL effects.
The advantage of this method is that
it utilises information both on historic
recombination events, since the mutation in the QTL occurred, and the
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recombinations
observed
in
the
recorded family structure. Therefore,
closely linked markers provide much
more information than in pure linkage
analysis and the QTL can be mapped to
a region of 1-3 cM (Meuwissen &
Goddard, 2000).
As mentioned earlier there are
several reasons why it is important to
simultaneously map QTL for genetically correlated traits in a multivariate
model. However, when multi-trait linkage analysis is used, as discussed in the
previous section, the position is not
estimated with high enough accuracy to
distinguish between one pleiotropic
QTL and two closely linked QTL each
affecting one trait. First in the finemapping procedure where the linkage
information is combined with the linkage disequilibrium information (as in
this section) we expect to have higher
power to carry out this test. Performing
this test is crucial when finemapping a
QTL that affect several traits. If selective
breeding is aimed for, and the QTL(s)
contribute to an unfavourable genetic
correlation, it is crucial to know if it is
due to one pleiotropic QTL or to two
linked QTLs. If there is one pleiotropic
QTL the genetic correlation is fixed; if
there are two linked loci, selection of
individuals in which a recombination
between the QTLs has changed the

linkage phase can change the
unfavourable correlation. If the aim is to
clone the functional gene, it is obviously
important that the linked QTLs are not
modelled as one pleiotropic QTL with a
position somewhere between the true
QTL positions.
Therefore, a novel multitrait finemapping method was implemented at
the department (Lund et al., 2001b,
Lund et al., 2001c). The model treats
QTL effects as random variables. The
covariance matrix of allelic effects is
calculated based on similarities of
marker haplotypes of individuals of the
first generation of genotyped individuals, using “gene drops” (linkage
disequilibrium) and transmission of
markers from genotyped parents to
genotyped offspring (linkage). A small
simulation study based on a granddaughter design was carried out to
illustrate that the method provides
accurate estimates of QTL position.
Figure 2 shows that closely linked loci
could be well separated. Results from
the simulation also indicate that it is
possible to distinguish between a model
postulating one pleiotropic QTL affecting two traits, versus one postulating
two closely linked loci, each affecting
one of the traits. This is generally a
difficult statistical problem.
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Figure 2. Distribution of QTL position estimates. The x-axis is the
marker interval and the y-axis the number of times the QTL
affecting trait one (light grey bars) and the QTL affecting trait two
(dark grey bars) were estimated in the different marker intervals

2.4

Future

In the near future, two developments
are aimed for. Firstly, the graphical
models developed will be extended to
take account of a general family
structure. This will allow us to take
better account of dependencies in the
data used for QTL mapping and to
estimate dominance variance (despite
the design used). Secondly, we plan to
implement a Bayesian version of the
linkage and finemapping methods that
are based on the multiallele model. This
is mainly because the Bayesian
paradigm gives a better framework to
perform model choice in non-nested
models.
Maternal contributions: Until now,
development of methodology within
the department reflects that the aim is

application in the cattle genome scan
where the grand-daughter design is
used. However, we are now starting to
work with crosses and the daughter
design in pig projects. This will enable
us to follow the contributions from
dams and thereby estimate genetic
interaction effects like dominance,
epistasis, and genetic imprinting.
Imprinting is a phenomenon where the
effect of a given gene depends on which
parent the gene is inherited from. The
phenomenon is generally not tested for,
but new evidence suggests that it is
common.
Complex multigene models: Even the
most advanced linkage models rely on a
quite naive genetic model. In particular
most models assume that all genes act
independently. This is not the case since
genes code for enzymes that act in one
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or more physiological pathway(s), the
pathways interact in a complicated
manner and the end result is phenotypic change.
A challenge for future research will
be to take account of this complicated
relationship when we model the genetic
background for phenotypic variation. In
order to meet this challenge information
from different sources like analysis of
expression profiles, comparative mapping, knowledge on physiological pathways, linkage, and linkage disequilibrium mapping should be integrated
to utilise all available information.
Gene expression analysis: Using
micro array technology, it is possible to
measure the level of expression of

2.5

hundreds of genes in a given tissue
simultaneously. This can be used to
determine different expression profiles
related to different physiological stages
or to different groups of animals with
very different phenotypes in a given
trait. These expression profiles can then
be used to investigate which genes are
involved in a given process or which
genes underlie phenotypic differences.
The statistical methods used so far in
such expression analyses do not utilise
relations between genes investigated or
genetic relations across individuals.
Therefore, it is expected that the
methods used can be improved
substantially.
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Molecular Genetic Dissection of Inherited Diseases in
Farm Animals
✳

Anette Høj Petersen, Bo Thomsen, Vivi Hunnicke Nielsen, & Peter H. Nissen

3.1

Mapping of the genome

Genomic maps are becoming more
and more detailed as new technologies
for genetic research are developed. The
numbers of known genes and genetic
markers are increasing at a tremendous
speed creating high density chromosome maps. For several species the
whole genome has been sequenced.
Recently the human genome was
completed (Nature, The Human Genome, Febraury 2001), and in the area of
farm animals whole genome sequencing
is expected to follow within a few years.
In the following sections we will
describe the process of identification
and analysis of molecular genetic
variation. First, we make a general
description of the tools and techniques
available for this kind of research. This
is followed by a description of related
projects in the Department of Animal
Breeding and Genetics (named ABG in
the following).

3.1.1 Chromosomes, genes and genetic
markers
The genome of eukaryotes (Eukaryota) is divided into a number of
chromosomes, which vary from species
to species (Table 1). The genes are
dispersed on the chromosomes and the
aim of molecular genetics is to locate,
identify and characterize the individual
genes and their function. Once we
know which genes are involved in
which processes, we can use this
information in the selection of breeding
animals, diagnostics, and therapeutics.
The first step in the identification of a
gene that is involved in a given disease
is to establish an animal material that
show phenotypic variation with respect
to that particular trait. Phenotypic
variation is a necessity to determine the
genetic background of any given trait,
and we are looking for the underlying
genetic variation that causes the
phenotypic variation. Once a representative research material is established

✳
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we can search for the chromosomal
location of the gene/genes involved.
This is done by a genome scan. For this
purpose we generally make use of
publicly available genetic markers.
Genetic markers are inherited variations
that can be used to understand and
follow genetic events. At present, the
most widely used markers for genome
scans are microsatellites. Microsatellites
are DNA sequences of unknown
function that consist of repeated
sequences of two to five basepairs. The
number of repeats within a particular
microsatellite varies widely in the

population and this variation makes
microsatellites very suitable as genetic
markers. Microsatellites are found
scattered throughout the genome
(Figure 1), and for a typical genome
scan 200-300 microsatellites separated
by about 10 cM are chosen to represent
all the chromosomes (1 cM is defined as
the genetic distance between two loci in
which the recombination frequency is 1
percent). The selected microsatellites
are analysed in order to look for a
linked inheritage of specific alleles of
certain microsatellites and the disease of
interest.

Table 1. Variation in genome sizes and chromosome number.
References for this table are shown under ”References”.
Species

Genomesize
in Mbp

Chromosome
No.

Estimated
gene No.

Procaryotes:
Mycoplasma genitalium
(simple bacteria)
E. coli (enterobacteria)
Eukaryotes:
S. cereviseas (yeast)
A. thaliana (simple plant)
Rattus norvegicus (rat)
Sus scrofa (pig)
Capra hircus (goat)
Ovis aries (sheep)
Equus caballus (horse)
Homo sapiens (human)
Mus musculus (mouse)
Gorilla gorilla (gorilla)
Bos taurus (cattle)

0,58

-

483*

4,72

-

4377*

12
125
2900
3108
3197
3251
3311
3400
3454
3523
3651

16
5
42
38
60
54
64
46
40
48
60

5885*
14.000
nd
nd
nd
nd
nd
30.000-80.000
nd
nd
nd

* Genome completely characterized, gene number known.
nd: not determined
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Figure 1. Hundreds to thousands of microsatellite markers are
found scattered all over the genome, making it possible to create
high density chromosome maps.
This figure shows a chromosome map of bovine chromosome 6.
Genetic markers (microsatellites) are shown in blue, genes are
shown in green.
The ArkDataBase can be found at:
http://texas.thearkdb.org/anubis
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3.1.2 Comparative mapping
Once a linkage has been observed
between a number of microsatellites
and the trait of interest, we know the
location of the gene. The next step is to
find possible candidate genes. A
candidate gene is a gene whose effect is
known to be related to the biological
system that might affect the trait of
interest and therefore might be the gene
we are looking for.
For this purpose we make use of the
knowledge achieved from genome

maps from other species such as man
and mouse.
It is well known that there is a high
degree of conservation of genes
between species and also that the order
of the genes on the chromosomes is
conserved to some degree. Knowing the
chromosomal location of the gene we
are looking for makes it possible to
compare it to the chromosomal map for
the corresponding chromosome in other
species. This is called comparative
mapping. (Figure 2)

Position of
candidate gene

Figure 2. Comparative mapping.
Example: Linkage between microsatellites on bovine chromosome 6 and the trait
of interest has been detected. Comparative mapping to human and mouse shows
that the region of interest on bovine chromosome 6 corresponds to a region on
human chromosome 4 and mouse chromosome 5. Now we can look for candidate
genes on the more detailed gene maps of human chromosome 4 and mouse
chromosome 5.
46

3.1.3 Examination of the candidate
gene

3.1.4 Functional assays to confirm the
effect of the genetic variation

When we have found a candidate
gene, the next step is to validate the
presence of the gene in the chromosomal region of interest. This is done by
gene mapping in a radiation hybrid
panel. A radiation hybrid panel is a
“library” of chromosome fragments (for
instance from the pig genome) inserted
into a recipient cell line of hamster cells.
The radiation hybrid panel is scanned
for linkage between PCR fragments of
the candidate gene (obtained from the
sequence of the human or mouse
counterpart) and the microsatellites that
showed linkage to the trait. If a linkage
is found, we proceed to clone and
sequence the candidate gene in order to
find a genetic variation that can explain
the phenotypic variation of the trait we
are looking at. When a variation is
detected we examine if it causes a
change in the amino acid composition
of the protein encoded by the gene. If
this is the case we proceed to search for
the mutation in a larger population of
animals. If the disease has a dominant
appearance the mutation should of
course only be present in sick animals.
If the disease is inherited in a recessive
manner the mutation will be present in
both carrier and sick animals.

To confirm that the genetic variation
(mutation) observed is actually responsible for the phenotypic difference it is
often necessary to continue with several
functional assays. It may be assays for
disruption of protein-protein or proteinDNA interactions or it may be enzyme
activity assays.
3.2

Participation in genome mapping

ABG has been involved in three
genome mapping projects funded by
EU: (1) mapping of the pig genome,
PIGMAP (Archibald et al., 1995) (information can be found at :
http://www.ri.bbsrc.ac.uk/pigmap/
ecpigmap.html), (2) mapping of the
cattle genome, BOVMAP (Barendse et
al.,1997)
(http://www.ri.bbsrc.ac.uk/bovmap/b
ovmap.html), and (3) mapping of the
salmon genome, SALMAP (Sakamoto et
al., 2000). Our contribution to these
maps has been both new genes and
microsatellites. In the PIGMAP project
we have primarily contributed with
genes, in the BOVMAP project we have
primarily contributed with microsatellite markers, and in SALMAP we
have contributed with both genes and
markers.
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3.3

The Pig Genome Project

Recently, ABG has become involved
in a major pioneering project in the field
of genome sequencing of livestock
animals. China and Denmark have
joined to form a consortium with the
aim of sequencing the pig genome. The
project is the first of its kind in a
livestock species, and it will take several
years to complete. The outcome of this
project will benefit the pig breeding
industries as well as basic science and
medicine. The participants in the project
are the Danish Institute of Agricultural
Sciences (DIAS), The Royal Veterinary
and Agricultural University (KVL), the

Danish Slaughterhouses, The National
Committee for Pig Production and
Beijing Genomics Institute (BGI).
More information on this project can
be found at :
http://www.gene.ch/genet/2000/N
ov/ msg00060.html.
3.4 Dwarfism due to a dominant
mutation in collagen.
The usefulness of comparative
genomics as a tool for identifying genes
in normal and disease states is illustrated in a project in which we mapped a
gene that, when mutated, causes dwarfism in pigs (Figure 3).

Figure 3. Phenotypic appearance of a normal (left) pig and
its littermate (right) carrying a mutation in type X
collagen.
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The founder was a normal Yorkshire
sow in which the mutation is assumed
to have arisen during embryogenesis.
Offspring groups were established by
inseminating the sow with semen from
unrelated normal boars. Affected
animals were asymptomatic at birth but
developed the dwarf phenotype progressively with age. Breeding experiments demonstrated that the mutation
was inherited in an autosomal dominant manner. To map the mutation we
performed a genome-wide scan with
the purpose of establishing linkage
between the disease locus and microsatellite markers on a specific chromosome. The data showed that the disease
gene is located on pig chromosome 1.
According to comparative gene mapping data this region on pig chromosome
1 corresponds to a region on human
chromosome 6 that harbours the
COL10A1 gene which encodes type X
collagen. This was an important observation because mutations in COL10A1
cause the human skeletal disorder
called Schmid metaphyseal chondrodysplasia (SMCD), which is characterised by dwarfism with abnormalities in
the growth plate of long bones
(Warman et al, (1993). This suggested
that COL10A1 is the primary candidate
gene for carrying the disease-causing
mutation in the dwarf pigs. Therefore,
the COL10A1 gene from a dwarf pig
was cloned and analysed by DNA
sequencing. This revealed a single G to

A transition in the gene that results in a
Gly-to-Arg substitution, G590R, in the
carboxyl terminus of the protein. It is
noteworthy that the mutation aligns
with one of the known mutations in
human type X collagen that causes
SMCD.
3.4.1 Mutation or polymorphism?
Sequence variation in the DNA is
common among individuals and is
normally described as a DNA polymorphism. A mutation is a rare type of
sequence variation within a gene that
seriously impairs the function of the
encoded protein. In order to show that
the G590R substitution is a mutation
rather than a polymorphism we had to
demonstrate that the amino acid
substitution destroyed the function of
type X collagen. The functional form of
type X collagen is a trimeric complex of
three chains. Using two different experimental approaches we were able to
show that the G590R substitution
strongly inhibits the ability of type X
collagen to form trimers. This result
demonstrates that the G590R substitution is the disease-causing mutation.
3.4.2 A model of defects in human
skeletogenesis.
Future genome research in livestock
animals will add important insight into
the function of genes in both normal
and disease states, thereby providing a
new valuable source of animal models.
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Animal models of human diseases are
used to increase our understanding of
the molecular biology underlying the
diseases. Attempts to get insight into
the pathogenesis of SMCD by studying
mouse models have been hampered by
the fact that these models showed very
little abnormal growth plate function
and therefore did not mimic the human
situation. Histological examinations of
the pigs showed that the G590R substitution in the dwarf pigs has phenotypic
consequences that closely resemble
those found in human SMCD. Based on
our genetic, biochemical and histological data we therefore conclude that
the dwarf pigs may provide a useful
model of SMCD. A full account of this
work has been published in Nielsen et
al., (2000).
3.5

Complex Vertebral Malformation

Mutations causing hereditary defects
arise spontaneously in all living
organisms including domestic animals.
While a defect with a dominant inheritance can be eliminated straight
away, a recessively inherited defect is

more subtle. It is initially hidden in
carriers and becomes increasingly a
problem particularly when the effective
population size is small.
3.5.1 The CVM phenotype
Complex Vertebral Malformation
(CVM) is an autosomal recessively
inherited defect recently observed in
Holstein-Friesian Cattle. It affects calf
mortality and fertility traits. The defect
was detected when a large number of
calves with similar symptoms were
recorded in the Danish Health
Programme for Cattle. The cervical and
thoracic parts of the columna are
malformed in CVM calves and bilateral
symmetric contraction of the carpal
joints and the fetlock is found. In
addition, heart malformations are
common and normally the calves are
stillborn (Figure 4). An analysis based
on data on pedigrees, inseminations
and calvings from more than 63.000
cows demonstrated that the majority of
CVM foetuses are aborted (Nielsen et al.
2002).
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Figure 4. In the CVM calves the cervical and thoracic parts
of the columna are malformed and bilatereal symmetric
contraction of the carpal joints and fetlock is seen.
3.5.2 Mapping CVM
The pedigrees of affected calves
show that CVM can be traced back to a
common ancestor – the American elite
sire Carlin Ivanhoe Bell (Figure 5). Bell
is not affected by CVM but he carries
the CVM mutation. He was born in 1974
and was used extensively world-wide.
The CVM mutation is therefore found
in a large number of carriers in the
Holstein-Friesian population.

The mapping of the CVM gene was
carried out at the Department of Animal
Breeding and Genetics. The CVM gene
was localized after scanning the
genome of CVM calves with a large
number of microsatellite markers from
the established cattle gene map. The
markers flanking the CVM chromosomal region were used in a marker test
offered. With this test animals carrying
the CVM mutation were identified.
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Carlin-M Ivanhoe Bell

Non carrier bull
Non carrier cow
Carrier bull
Carrier cow



CVM calf

CVM calves
Figure 5. The CVM calves’ pedigrees show that CVM can be traced
back to a common ancestor – the American elite sire, Carlin Ivanhoe
Bell.
3.5.3 Identification of the CVM gene
To identify the gene, a large-insert
bacterial artificial chromosome (BAC)
library was screened for clones containing the relevant locus using the marker
microsatellites. These BAC clones were
partially sequenced which enabled us to
identify regions of conserved synteny
between the bovine and the human
chromosomes. The purpose of this

procedure is that it allows us to take full
advantage of the high-resolution
human gene map and to use this information to identify possible candidate
genes. Several genes were chosen for
analysis and the corresponding cDNA
from affected calves were sequenced. A
mutation was identified in a candidate
gene. Genotyping of this mutation in a
pedigree showed complete co-segregation of the disease and the mutation.
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3.5.4 Gene test for CVM
On the basis of the identification of
the CVM gene and the mutation an
exact gene test was offered. Both the
marker test and the gene test for CVM
were patented. While the marker test
was restricted to descendants of Carlin
Ivanhoe Bell the gene test offers a
possibility of testing all animals independent of descent. Using the gene
test, analysis of ancestors shows that
Bell’s father Penstate Ivanhoe Star is a
carrier of the CVM mutation, while
Osborndale Ivanhoe - Bell's grandfather
and Penstate's father - also used extensively world-wide is not a carrier of the
defect.
3.6 Spinal Dysmyelination in the
Red Danish Dairy breed
Modern cattle breeding are based on
widespread use of artificial insemination (AI), with superior bulls having
many thousands of progeny. This
structure has raised increasing concern
in the major dairy breeds, due to the
risk of inbreeding resulting in decreased production and increased risk of
outbreaks of recessive genetic defects.
In the Red Danish Dairy breed (RDM),
several defects have caused problems
during the last decade. One of them is
Bovine Spinal Dysmyelination (BSD), a
defect of the spinal cord, resulting in
congenital paralysis of the hind limbs.
The initial investigations of available
pedigree information from the Spinal

Dysmyelination cases in the RDM
breed, revealed that all defective calves
had one common ancestor, the American Brown Swiss (ABS) bull White Cloud
Jason’s Elegant. Several breeding lines
originates from this bull, that was used
to upgrade the RDM breed, and affected calves occurred due to close inbreeding or combination of lines
originating from W.C.J. Elegant.
3.6.1 Developing a DNA diagnostic
test for the defect
In order to determine the chromosomal location of the disease gene, a
genome-wide scan, using approximately 200 microsatellite markers, was performed to search for linkage between
markers and the disease gene. Analysis
of the genotypes made it clear the gene
was located on chromosome 11. The
localisation, and further fine mapping
of the region, paved the way for the
development of a test based on haplotypes of six markers. This test was
offered to the cattle breeding community in the summer of 1999, and made it
possible to determine the carrier status
of potential breeding bulls that
descends from W.C.J. Elegant.
3.6.2 Evaluation of a candidate gene
The genetic map position made it
possible to compare gene mapping data
between species. Alignment of the bovine genome with the human genome
indicates that a large part of bovine
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chromosome 11 (BTA11) is evolutionary
conserved on human chromosome 2
(HSA2). Therefore a search for genes on
HSA2, which could explain the phenotype in cattle, were initiated. It became
clear, that no gene with a known
function resembling Spinal Dysmyelination in cattle, mapped to this chromosome. However, the gene EGR4 showed
high homology to a gene, EGR2 that
was shown to cause myelin defects in
humans and mice, and mapped to a
relevant position on HSA2. Therefore
the bovine counterpart of EGR4 was
cloned and sequenced. The gene was
mapped close to the markers that
flanked the disease locus, indicating
that this could be the disease gene. Sequence evaluation of the gene revealed
a C to G transition causing a substitution from phenylalanine to leucine in
the resulting protein. An assay was
developed to test the significance of this
transition in the pedigree used to map
the disease locus, and in a panel of
different cattle breeds. This analysis
revealed that two of thirteen affected
animals were not homozygous for the G
allele, and furthermore it was shown
that both alleles was distributed in
several cattle breeds. This was
apparently a common polymorphism
and not the mutation causing Spinal
Dysmyelination.

3.6.3 Establishment of a comparative
map
The studies now turned to a strategy
aiming at the development of a more
precise comparative map of the region
containing the BSD gene. This initially
involved isolation of genomic clones
harbouring the microsatellite markers
presumed to flank the gene, and partial
sequencing of these clones, thereby
obtaining genomic sequence from the
region surrounding the BSD gene. This
made it possible to align the bovine
genomic sequences to the draft human
genome sequence. In a few cases
significant alignment was obtained to
the human genome, yielding information on the borders of evolutionary
conservation between HSA2 and
BTA11. The initial results indicated that
the two sequences were separated by
approximately 40 megabases on HSA2.
To confirm these results, genes were
chosen from the two regions on HSA2
and putative orthologous were identified in the public expressed sequence tag
(EST) database. The bovine orthologous
were then mapped, and the results
verified that the genes indeed was
located in the same region on cattle
chromosome 11, in close proximity to
the BSD gene (Figure 6). The results has
two important implications i) the search
for candidate genes in the human
genome can probably be restricted to
two narrow regions on human chromosome 2, and ii) an evolutionary break-
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point seems to be present exactly
between the two flanking markers,
making the choice of candidate genes
difficult.
In summary, this project was aiming
to develop a DNA diagnostic test based
on linked microsatellite markers and
ultimately to clone the gene. The aim to
clone the BSD gene has demonstrated

some of the obstacles of comparative
genomics.
Even though it might very well be a
short cut to clone a trait gene in one of
the farm animal species, comparative
maps with insufficient coverage can
hamper the success of a study relying
on these.

BSD
locus

Figure 6. Radiation hybrid map of the proximal region of BTA11, compared to
the map positions of the corresponding human genes, derived from the draft
human genome sequence. The map shows large rearrangements between a
small region on BTA11 and three regions on HSA2.
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3.7 Vision for the future in the field
of gene mapping
Molecular genetic science is evolving
rapidly and new technologies are constantly being developed to speed up
localisation of genetic variation, genotyping, sequencing, datahandling etc.
The Department of Animal Breeding
and Genetics is updated with respect to
implementation of new technologies in
animal breeding.
3.7.1 Genotyping with single nucleotide polymorphisms (SNPs)
Single nucleotide polymorphisms
(SNPs) are variations in a single nucleotide present at a specific position in the
genome. SNPs are becoming especially
important as genetic markers because
(1) they are very stable, i.e. have very
low mutation rates as compared to
microsatellites, (2) they are occurring at
a high rate in the genome in both
coding and non-coding regions (a
frequency of about one SNP in every
500-1000 bases), (3) they are digital in
nature and therefore easy to genotype,
and (4) genotyping of SNPs is easily
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automated in high-throughput systems.
Since the number of SNPs greatly
surpass the number of microsatellite
markers in the genome, SNPs are
expected to replace microsatellites in
many assays.
3.7.2 Detection of QTLs (Quantitative
Trait Loci)
The refined chromosome maps that
become available as massive numbers
of new SNP markers are discovered
opens new possibilities in the field of
QTL detection. In farm animals we are
interested in QTLs with an affect on
disease resistance but also in QTLs for
milk yield and meat quality. So far,
QTLs have been detected via genome
scans of microsatellite markers and
identification of the genes involved is
limited by the spacing of the microsatellites in the region of the QTL. With
the more detailed grid of SNPs it will be
possible to narrow the region around
the QTL and thereby enhance the
probability of finding the genes involved. QTL projects at ABG are
described in further detail in Chapter 8.
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4

Bioinformatics and Sequence Analysis
✳

Frank Panitz & Christian Bendixen

4.1

Introduction

This chapter will first try to give a
general introduction to some aspects of
bioinformatics and in the second part
we will describe an example of the use
of bioinformatics in the large-scale analysis of DNA sequences.
4.2

What is Bioinformatics?

Bioinformatics combines elements of
Biology (Biochemistry, Cell Biology,
Evolutionay Biology, etc.), Mathematics
and Computer Science. Although the
term bioinformatics is not really well
defined, you could say that this scientific field deals with the computational
management of all kinds of biological
information, whether it may be about
genes and their products, whole organisms or even ecological systems.
Bioinformatics can be described as a
information management system for
molecular biology, that is conceptulalising biology in terms of macromolecules and applying ”informatics”
techniques to organise and understand
the associated information with these

molecules, on large scale. The term bioinformatics is a recent invention initially
intended to describe the field of
research devoted to the analysis of the
large amount of primari sequence data
arising from the human genome-project
and other large scale projects. With the
introduction of new high throughput
technologies in molecular biology, like
high-throughput
expression-analysis
using micro-arrays and proteomics, the
need for new software tools and novel
ways of integrating data from many
different sources technologies have
become urgent and the term bioinformatics is now often used, in a more
general way, to describe the management and analysis of a broad
spectrum of biological data. In general,
the basic goals of bioinformatics are
three-fold: Data organisation and
handling, data analysis and annotation/integration. First, bioinformatics is
the organisation of biological data in
order to enable researchers to access
existing information and to allow
addition of new entries as they are
generated. The second aim is to develop
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tools and resources that aid in the
analysis of data. For example, having
sequenced a particular clone or EST, it
is of interest to compare it with previously characterised sequences. Algorithms must go beyond basic text-based
comparisons and provide means to
decide what matches are biologically
significant. A third purpose of bioinformatics is to examine data using these
tools and interpret the results in a
biologically meaningful manner. While
data management is an essential task,
the raw sequence data stored in these
databases is essentially useless until
analysed. They gain value by annotation that connects these to other data.
Annotating the data converts them to
information. Traditionally molecular
biology analyzed individual systems in
detail, and compared them with a few
that are related or similar. Bioinformatics facilitates now global analyses of
all available data with the aim to find
common principles that apply across
many systems and highlight interesting
candidates for further analysis.
We start with an overview of the
sources of information. Most bioinformatics analyses focus on three primary
sources of data: DNA or protein
sequences, macromolecular structures
and the results of functional genomics
experiments. Raw DNA sequences are
strings of four base-letters comprising
genes, each typically up to 1000 bases
long. At the next level are protein

sequences comprising strings of 20
amino acid-letters. Macromolecular
data represents a more complex form of
information, containing atomic structures of proteins, DNA and RNA solved
by x-ray crystallography and NMR.
Whole genome sequencing is the latetest type of data. As with raw DNA
sequences, genomes consist of strings of
base-letters, ranging up to 3 billion
bases in human or pig. Currently the
complete sequences for nearly 800
organisms are at the Entrez database at
the american National Center for Biotechnology
Information
(NCBI).
(http://www.ncbi.nlm.nih.gov/entrez/
query.fcgi?db=Genome). More recent
sources of data have been from
functional genomics experiments, of
which the most common are gene
expression studies. Further genomicscale
data
include
biochemical
information on metabolic pathways,
regulatory networks, protein-protein
interaction data from two-hybrid
experiments, and systematic knockouts
of individual genes to test the viability
of an organism.
What is apparent from this list is the
diversity in the size and complexity of
different data sets. There are invariably
more sequence-based data than others
because of the relative ease with which
they can be produced. This is partly
related to the greater complexity and
information-content of individual struc-

60

tures and gene expression experiments
compared to individual sequences.
A concept that underpins most
research methods in bioinformatics is
that much of the data can be grouped
together based on biologically meaningful similarities. Thus, an essential aspect
of managing this large volume of data
lies in developing methods for assessing
similarities between different biomolecules and identifying those that are
related. The most profitable research in
bioinformatics often results from integrating multiple sources of data. For
instance, the 3D coordinates of a protein
are more useful if combined with data
about the protein´s function, occurrence
in different genomes, and interaction
with other molecules. In this way,
individual pieces of information are put
in context with respect to other data.
Unfortunately it is not always straightforward to access and cross-reference
these sources of information because of
differences in nomenclature and file
formats: At a basic level, this problem is
frequently addressed by providing
external links to other databases; at a
more advanced level, efforts have been
made to integrate access across several
data sources.
Having examined the data, we can
discuss the types of analyses that are
conducted. The broad subject areas in
bioinformatics can be separated according to the type of information that is
used. For the analysis of raw DNA

sequences, investigations involve separating coding and non-coding
regions, and identification of introns,
exons and promoter regions for annotating genomic DNA. For protein
sequences, analyses include the development of algorithms for sequence
comparisons, methods for producing
sequence alignments and searching for
functional domains from conserved
sequence motifs in such alignments.
The increasing availability of annotated
genomic sequences has resulted in the
introduction of computational genomics
and proteomics – large-scale analyses of
complete genomes and the proteins
they encode. Current research includes
charcterization of protein content and
metabolic pathways between different
genomes, identification of interacting
proteins, assignment and prediction of
gene products, and large-scale analyses
of gene expression levels.
Beyond the primary aim in biological
sequence analysis, which is to compare
a gene or gene product with others,
more advanced approaches in datamining require different types of
informatics techniques. Whereas the
data organisation of the first biological
databases was simply represented by
flat files, increasing amounts of
information have let to relational
database methods with Web-page interfaces. In sequence analysis, techniques
includes string comparision methods
such as text search and one-dimensional
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alignment algorithms. Motif and
pattern identification for multiple sequences depend on machine learning
and clustering techniques. In many of
these areas, computational methods
must be combined with good statistical
analyses in order to provide an
objective measure for the significance of
the results.
Due to the wealth of biochemical
data that are available, genomic studies
in bioinformatics have concentrated on
model organisms and the analysis of
regulatory systems, for example, has
been no exception: Identification of
regulatory factors in genomes depends
on similarity search stratagies, which
assume a functional and evolutionary
relationship between homologous proteins.
4.3

Bioinformatics platform

Genome research in farm animals
differs in several respects from that in
humans or experimental organisms.
Notwithstanding the general interest in
multifactiorial genetics, the identification of simple monogenic disease loci
in farm animals is less important,
because animals with inherited disorders (and their parents) tend to be
eliminated from breeding. Most traits of
interest, such as growth, milk production and meat quality, have a
multifactorial background and are
controlled by an unknown number of
quantitative trait loci. Mutations that

modify gene function or gene expression dominate over mutations with
pathological consequences because the
latter tend to be eliminated by purifying
selection. Furthermore, the mapping
and identification of trait loci, in particular QTL, require powerful genome
resources. To a large extend, the strategies and resources used for genome
research in farm animals have followed
the human genome project: The development of a preliminary transcript
map using expressed sequence tags
(ESTs) has been an important component in the human genome project.
The numbers of ESTs reported in farm
animal species are still small compared
with that in humans but the numbers of
pig and cattle have steadily increased.
In mid-2001 the development of a
bioinformatics platform was initiated at
DIAS to facilitate large-scale analysis of
ESTs, genomic sequences and expression analysis data. The current intergrated hardware setup consists of a
specialized supercomputer ”DeCypher”
(TimeLogic Co.) for sequence comparison and a Linux cluster both connected to mass storage devices.
The ”DeCypher” supercomputer is
based on a Dell PowerEdge4400 Server
with four 700 Mhz CPUs, 4 GB RAM
and 288 GB total disk capacity as well as
an reconfigurable hardware accelerator
card. This FPGA (Field Programmable
Gata Array) accelerator card was
designed for large-scale data analysis

62

and achieves an operating speed of
approx. 7.5 billion Smith-Waterman
cells/second and approx. 1 billion TeraBlastN bp/second thus superceeding
the capacity of multiple conventional
CPU servers. As database data do not
need to be RAM-cached to achieve
high-speed the expected exponential
growth of public and in-house databases should not decrease computing
performance in the near future. In
addition to the different BLAST comparisons against sequences databases,
profile and pattern searches, various
Smith-Waterman analyses as well as
sequence alignments can be perfomed,
both on nucleotid and protein level. A
mutlithreaded version of the mulitple
alignment program PHRAP allows real
parallel processing of EST and genomic
sequences. Other important features
with the purpose of increasing speed
and ease of analysis of large batch
comparisons of DNA sequemces are the
local storage of public sequence
databases downloaded from Genome
Centers (e.g. NCBI, Sanger Center,
EMBL) which makes analysis independent of online access via the internet, and second, the possibilty to build
internal databases from (non-public)
”in-house” data for ”DeCypher” analysis. The most important function the

”DeCypher” supercomputer has in the
current setup is to provide fast access to
a primary annotation of otherwise
unknown DNA sequences. The comparative analysis performed on the
DeCypher is supported by a Linux
cluster and storage devices in the form
of internal disks and external diskservers yielding more than 2.5 TB of
disk-space, connected by a 100Mb
network to allow rapid access from
individual Windows NT servers and
workstations.
4.3.1 The DNA
Pipeline at DIAS.

Sequence

Analysis

The principal steps in the sequence
analysis pipeline (Figure.1), currently
focussed on sequence alignment, SNP
detection and annotation are: 1. Basecalling and base quality assignment, 2.
vector screening, 3. masking of repeats,
4. sequence assembly, 5. SNP detection
and 6. database comparisons.
The final step in DNA sequencing is
translating the processed trace data
obtained for the four different bases
into the actual sequence of nucleotides,
a process referred to as basecalling.
Because basecalling is error prone, it is
desirable to provide an estimate of
quality (quality scores) for each
assigned base.

63

Sequence Analysis Pipeline
Function
Sequencing
Quality Values
Vector Masking
Repeat Masking
Contig Alignment
SNP Dectection
Contig Viewer

Program
MegaBace

Tissue; cDNA library
Seq.Primer & Chem.

Phred
CrossMatch

Sequences

RepeatMasker

Repeats

Phrap

Contigs

PolyBayes

SNPs

Consed

DB Comparison
Integration
Annotation

Information

DeCypher
TeraBLASTN
TeraBLASTX

DATABASE

Quality scores are critical for accurate
sequence assembly and reliable detection of single nucleotide polymorphisms (SNPs). The program Phred
(Ewing & Green, 1998, Ewing et al.,
1998) reads trace data from DNA
sequencer chromatograms, calls bases,
assigns quality values to the bases.
Following the quality assignment it is
important to remove or screen out contaminating sequences (like vector se-

quences) before running Phrap as unremoved sequencing vector may interfere
with proper assembly. As some vector
removal programs may be unreliable at
identifying vector sequences that are
rearranged or found in the lower
quality part of the read, Cross_match
(http://www.phrap.org/phrap.docs/p
hrap.html) is used. Cross_match is a
general-purpose utility (based on a
"banded" version of SWAT, an efficient
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implementation of the Smith-Waterman
algorithm) for comparing any two sets
of DNA sequences. For example, it can
be used to compare a set of reads to a
set of vector sequences and produce
vector-masked versions of the reads. To
carry out the screening all sequences are
screened against a file containing all
vector sequences used in any of the
ongoing sequencing projects. Not only
vector contamination but also the
presence of repetitive elements will
greatly impair the correct assembly of
EST and/or genomic sequences as nonoverlapping segments will be joined in
the
same
contig.
RepeatMasker
(http://repeatmasker.genome.washingt
on.edu/RM/RepeatMasker.html) is a
program that screens DNA sequences
for interspersed repeats and low complexity DNA sequences. The output of
the program is a detailed annotation of
the repeats that are present in the query
sequence as well as a modified version
of the query sequence in which all the
annotated repeats have been masked.
On average, about 50% of a human
genomic DNA sequence is masked by
the program. Sequence comparisons in
RepeatMasker are performed by the
program cross_match. After successfull
masking sequence assembly into
contigs (”clusters”) is performed using
the Phrap program.
(http://www.phrap.org/phrap.docs
/phrap.html). It was initially created to
assemble shotgun DNA sequence data

and is able to handle very large
datasets. The program allows the use of
the entire sequence (not just the
trimmed high quality part) uses a
combination of user-supplied and internally computed data quality information to improve accuracy of assembly in the presence of repeats and constructs contig sequences as a mosaic of
the highest quality parts of reads (rather
than a consensus). Moreover, Phrap
provides extensive information about
the assembly (including quality values
for contig sequence) that can be parsed
into appropriate databases. The multiple sequence alignment generated by
Phrap is used subsequently to scan the
clustered sequences for polymorphic
sites. Based on the individual base
quality we calculate the probability that
a given site is polymorphic as opposed
to being a sequencing error using
Baysian inference implemented into the
program PolyBayes. (Marth et al., 1999),
4.3.2 Databases and Annotation
Realizing the promise of molecular
and structural biology will require more
than higher-performance computers.
High-throughput biological research
requires new and improved tools for
managing information both at laboratory level and database level. Automated analysis and (manual) curation is
required to turn molecular data into
biological
knowledge.
A
wellengineered laboratory information-
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management system will record experimental procedures and data, allow
sample tracking, automate routine dataanalysis procedures, support project
management, quality control and trouble-shooting, as well as providing tools
for the automated export of data to the
relevant public databases. Despite its
obvious utility, a general purpose datamanagement system for a high-troughput laboratory has not yet been
developed, probabely because of the
difficulty in generically representing the
wide variety of experimantal methods
and data types used and generated in
the laboratory.
In order to manage, track and integrate data from different levels of the
analysis pipeline various types of databases are being developed at ABG1
Genetics: 1. EST databases for different
EST projects involving data from cDNA
libraries of multiple tissues in pig, cattle
and salmon; 2. genomic databases to
collect contig information of shotgun
sequences (especially for the DanishChinese Pig Genome Project and the
bovine CVM project); 3. SNP database
to store data on sequence, location,
PCR-primers for testing, evaluation etc.;
4. Repeat database to store (genomic)
repetitive elements detected by Phrap
and RepeatMasker; 5. Download
database for managing the frequent
database updates on the

internet for the “DeCypher” supercomputer, and, in the near future, 6. Array
databases to facilitate gene/clone selection, printing of DNA microarrays and
gene expression analysis.
The EST database, for example,
contains all individual vector-cleaned
sequences in fasta-format, information
on contig assemly and EST clustering,
and results from different sequence
comparisons on the “DeCypher” (TeraBlastN, Tera-BlastX) against various
databases (“non-redundant nucleotide”,
est_human,
est_mouse,
est_others,
swissprot, in-house databases) as well
as information about detected SNPs. As
described earlier, one of the driving
forces behind bioinformatics is the
search for similarities between different
biomolecules. However, descriptions of
the resulting matches in the Blast
searches provide only a primary annotation of the sequences. Further
sequence annotation has to be created
by prediction programs that analyze
open reading frames, intron/exon
structure, splice sites, motifs, etc. followed by curated annotation based on
literature evaluation (e.g Medline)
and/or experiments. (Stein, 2001) Figure 2 shows an overview of different
types of functional annotation, that can
be integrated to provide insight into the
biochemical and biologial function of a
given sequence.

Department of Animal Breeding and
Genetics
1
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Figure 2. Complementary approaches for a complete functional annotation. The
integration of high-throughput in silico and experimental approaches generates a
pool of information and hypotheses on biochemical and biological functions, which,
when considered all together, can lead to more deeply focused experiments.

On the other hand annotation resulting from multiple sources is likely to
create ambiguties as well: sequence
redundany in the databases; several
instances of the same gene under
different names; annotation based on
similarity resulting in descriptions indicating "putative", "potential", "similar"
or "-like" function; and inaccuracy in
(in-silico generated) annotation sources.
A recent comparison of gene prediction
analysis of the human genome performed by two groups showed only
little overlap between their resulting
datasets (Li, 2000), indicating that the
combination of different approaches is a
nessecity for reliable data-mining.

4.4 Large-scale Sequence Analysis:
The Danish-Chinese Pig Genome
Project
The Pig Genome Project is a collaboration of the Beijing Genomics Institute
(BGI), KVL2 (Division of Animal Genetics and Breeding), DIAS (Dept. Animal
Breeding and Genetics) and the Danish
Pig Industry (LUS/DS)3 (Li, 2000).
Sequencing activities, draft assembly,
genome analysis, production of cDNA
libraries and subsequent development
of genetic markers for valuable traits
(growth, disease resistance, etc.) are
The Royal Veterinary and Agricultural
University
3 Danish Slaughterhouses
2)
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shared by the research groups. In a first
phase genomic shotgun sequencing of 8
Mill. clones is performed to produce a
0.8 to 1X coverage of the pig genome.
Large-scale sequencing production was
started at BGI in 2001. Parallel
sequencing of 10.000 cDNA clones from
100 tissue-specific cDNA libraries each,
(mainly generated in Denmark) will
yield a total of 1 Mill. EST sequence that
will be used to identify the majority of
genes.
In general the use of the pig genome
data will take place in three levels:
1) Sequence "preparation" for analysis,
clustering and primary annotation;
2) SNP identification and generation of
full-length cDNA clone sequences ;
3) expression analysis of selected cDNA
clones using microarrays; further
annotation e.g. based on the human
genome (comparative genomics)
gene prediction programs, etc.
Initial sequence analysis includes the
assignment of base quality values
(Phred), vector screening against
cloning and cDNA library vectors
(Cross_match) followed by masking of
the repetitive elements (RepeatMasker;
a library of porcine specific repeats has
to be created first in order to achieve the
required accuracy). The next step in the
analysis pipeline is the alignment of the
sequences, where a special approach on
the "DeCypher" supercomputer will
allow us to cluster large batches of ca.

100.000 sequences. The Tera-Cluster
algorithm performes pairwise TeraBlastN comparisons of all internal
sequence via a temporary database and
generates list of "pre-clusters", thus
reducing the amount of data to be
analysed by muliple parallel Phrap
runs. The consensus sequence and
contig information of each resulting
cluster will be stored in a database. In
order to identify EST clusters or
genomic fragments, respectively, all
vector-screened sequences as well as the
contig
consensus
sequences,
are
submitted to Tera-BlastN/Tera-BlastX
against various nucleotid/protein databases on the "DeCypher" system. The
resulting information will be stored in
the database as primary annotation.
In order to analyse sequence variation SNP detection is performed on the
the multi-sequence alignments. Sequences containing potential polymorphisms
are compared to the human transcript
reference database (RefSeq, (Pruitt,
2001)) to select for SNPs in the coding
region of a gene (cSNPs). From these
the subset of cSNPs that results in an
amino acid change in the transcribed
protein can be experimentally verified.
All related information as sequences,
SNP location, amino acid change,
primer sequence and position, experimental results etc. will be stored in a
special database, together with documentation of the sequence trace of the
polymorphic site.
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Another application of the bioinformatics tools is to generate information
on full-lenth cDNA clones in the EST
sequencing part of the genome project.
As EST sequencing data mostly
contains partial sequence information of
the underlying geneproduct it is of
great importance to compare these (in
silico) with full-length sequences in
other species or predictions from pig
genomic sequences, since all further
functional studies and experimental
models require the use of the complete
4.5

gene sequence, not only (random)
fragments.
The vast amount of data from the pig
genome project together with an
advanced bioinformatics system for
data mining, provides valuable information, in respect to livestock genomics
applications. And although many ap
proaches of the genome analysis follow
the same path as the human genome
project it provides many challenges
regarding data integration, annotation
and development of complex databases.
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5

Comparative analysis of gene activity
✳

Per Horn, Jakob Hedegaard & Christian Bendixen

5.1

Introduction

Comparative analysis of gene activity
is a valuable tool for characterizing the
molecular background of simple and
complex biological traits. A number of
different technologies have been developed for this purpose, among which
Restriction Fragment Differential Display (RFDD), Northern blotting, micro
arrays and proteomics are the most
commonly used. These technologies are
all rapidly advancing and applications
ranging from the profiling of gene
expression and gene discovery to mutation detection and diagnostics have
been convincingly demonstrated. We
plan to apply these technologies in the
investigation of genetic traits affecting
animal diseases, well fare and behavior
in addition to identifying markers for
increased food quality and productivity
of the livestock material. In the
following we will describe the application of a number of technologies by
using as example a project aimed at the
description of molecular differences
related to a meat quality trait.

The porcine RN-genotype has large
effects on meat quality and processing
yields. The RN-genotype results from a
dominant mutation giving rise to a ~ 70
% increase in muscle glycogen content
in glycolytic muscle cells. This is
converted into lactate postmortem resulting in a lowered ultimate pH, severely affecting the yield and quality of
the resulting product. Furthermore, a
number of other physiological changes
are observed, including enlarged sarcoplasmatic compartments and morphologically altered mitochondria. The RNgene has been mapped to chromosome
15 and was recently identified as the
PRKAG3 gene encoding a muscle
specific isoform of the regulatory γ3
subunit of adenosine monophosphate
activated protein kinase (AMPK) (Milan
et al., 2000). The RN-genotype was
found to possess a single nucleotide
substitution resulting in a nonconservative amino acid substitution.
AMPK acts as a metabolic sensor that
monitors cellular energy levels and
when activated, AMPK inhibits ATP
consuming pathways and stimulates
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ATP regenerating pathways (Hardie et
al., 1998.). AMPK has been shown to
inhibit enzymes involved in glycogen,
fatty acid and cholesterol synthesis and
to stimulate fatty acid oxidation,
glycolysis and glucose uptake (Kemp et
al., 1999). In order to provide a
molecular description and understanding of the physiological changes
associated with the RN-phenotype we
have applied different technologies,
including comparative proteom analysis, RFDD and Northern blotting to
describe the molecular differences
between wild type animals and animals
carrying one copy of the mutated RNgene.
5.2

Comparative proteom analysis

Proteins in a complex sample can be
separated with very high resolution
using two-dimensional electrophoresis.
A single sample is first subjected to
isoelectric focusing. During the focusing, proteins will migrate in a pH
gradient formed in a gel material until
reaching the pH equivalent to their
isoelectric point. This single lane gel is
then placed horizontally on top of a
SDS-polyacrylamide gel followed by
electrophoresis in the perpendicular
direction to yield a two-dimensional
pattern of protein spots. Several
thousand proteins can be resolved on a
single gel. By chancing the pH gradient
of the isoelctric focusing and/or the
percentage of polyacrylamide in the

SDS-polyacrylamide gel, it is possible to
“zoom” in or out to achieve the most
optimal separation of the proteins in
view. Following electrophoresis, the
proteins are visualized using different
staining techniques. Staining by the
silver-diamin method provide optimal
sensitivity and a broad linear range for
quantification. To perform a comparative study, a number of dried 2D gels
are scanned and analyzed using a
suitable software package. Protein spots
are detected and the gels are matched
and manually corrected before a matchratio integrated quantification of the
spots is performed. Spots differing
significantly in integrated intensity
dependent on genotype are detected
and the proteins are identified by
Maldi-TOF. Protein spots of interest are
excised from the gel and digested with
trypsin. A Maldi-TOF spectrum facilitates identification of the excised spots
through peptide mass fingerprinting
searching available databases.
To study the effects of the RNmutation on the protein expression in
skeletal muscle tissues, comparative
proteome analysis was performed on
samples from 23 animals (11 wildtype
and 12 carrying the RN-mutation). Two
different samples types was used: 13
samples of muscle taken immediately
after bleeding and 10 samples of
fractionated muscle proteins obtained
by collection of the muscle fluid
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emerging from the muscle during post
mortem storage.
More than thousand protein spots
were detectable on each gel, but a
majority were rejected from analyses
due to uncertain spot boundaries or too
high or low intensities. In 2-D gels of
muscle and fractionated muscle app.
600 and 300 spots, respectively, were
considered
for
further
analyses.

Representative 2-D gels of muscle and
of fractionated muscle are together with
selected spots shown in Figure 1.
Several spots were found to differ
significantly in integrated intensity
dependent on genotype and were
identified by Maldi-TOF. The difference
in expression could be verified by
enzymatic assays and Northern blot
analysis.
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Figure 1. Silver stained 2-D gels of muscle (left) and fractionated muscle (right) from
RN carriers. The positions of the differentially expressed proteins are indicated. A
(+) indicates that the relative amount of protein is higher in carriers of the RNmutation.
By comparative proteome analysis
the RN-mutation have been shown to

affect essential proteins in the synthesis
of glycogen as well as enzymes from the
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glycolysis and the Krebs cycle. This is in
agreement with the finding that the RNmutation results in an increased level of
muscle glycogen and shows a more oxidative metabolism. The molecular link
between the RN-mutation in AMPK and
the various observed effects has not yet
been described.
5.3 Restriction Fragment Differential
Display
The RFDD technique is based on a
Polymerase Chain Reaction (PCR) of
partial cDNA derived from a pool of
mRNA transcripts. More specifically, a
RNA dependent DNA polymerase (Reverse Transcriptase) synthesizes the
first strand cDNA followed by the synthesis of the second strand by a DNA-

dependent DNA polymerase. The
doublestranded DNA is cut to fragments with a restriction enzyme that
generates overhangs that are ligated to
specifically designed adaptors. The
cDNA fragments, containing adaptors,
now represent gene fragments which
quantity is accurately reflected at the
level of mRNA in tissue from which
they were originally derived, and are as
such a direct measure of the expression
of genes.
We have quantified and compared
the expression of about 15.000 genes in
normal and RN pigs. This has resulted
in the identification of several mitochondrial genes which expressions are
elevated in RN pigs.
Figure 2 shows the electopherogram
of an expression window of 10-11 genes
with fragment lengths ranging from 100
to 192 basepairs.

162 bp

Figure 2. RFDD analysis of wildtype (grey curve) and RN (black curve) gene expression.
Each peak represents the expression of a gene. The peak height corresponds to the relative
intensity of expression. The numbers above indicate the size of the gene fragments and this
window shows gene fragments ranging from 100 to 192 basepairs.

Furthermore, it is seen that the
fragment at 162 bp represents a gene

which expression is significantly higher
in RN pigs. Other, similar differences
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have been found and the fragments
have been isolated from agarose gel,
cloned into a vector and characterized.
We have currently verified several of
these differences by Northern blotting
and are investigating their influence on
the complex phenotype seen in the RN
pigs.
5.4

Microarrays, expressionanalyses

Several
methods
to
perform
expression analysis are available but the
DNA micro array makes a rapid and
simultaneous examination of thousands
of genes possible. Two types of DNA
micro arrays have been utilized to
profile gene expression, cDNA arrays
and oligonucleotide arrays. Oligonucleotide arrays consist of synthetic;
solid-phase synthesized oligonucleotides designed to be specific for known
genes. As the production of oligonucleotide arrays are technically and
financially demanding they are presently available from commercial sources
only. cDNA arrays are produced by
printing amplified cDNA fragments on
a suitable glass surface. The cDNA
arrays can, in contrast to oligonuceotide
arrays, be produced using relatively
simple techniques and are consequently
more flexible and results in lower costs.
The production of cDNA arrays
requires access to characterized cDNA
libraries and the increasing number of
completed genomic sequences is a good
source for obtaining the desired genes.

The methods for production, applications and analysis of cDNA arrays are
constantly developing, but the basic
principle of expression analysis using
cDNA arrays is to determine differences
in the amount of specific mRNA´s
between two differentially labeled
samples. RNA is purified from two
samples followed by a differential
labeling using unique labels. The
labeled samples are then hybridized to
a cDNA array and an image showing
the intensity of each label is produced
by means of laser scanning. The
analysis consists of the following steps:
transformation of the graphical picture
to a matrix, background correction,
normalization and final analysis. The
final analysis aims at identifying the
genes being differentially expressed due
to the trait, disease etc. in view. An
expansion of the number of samples,
traits, diseases etc. result in a more
complicated analysis before suitable
information can be extracted from the
experiments.
Currently, the Department is introducing microarray technology to be
used as a tool for analysis of gene
activity on a large scale. This technology
is to be used in the investigation of genetic traits of interest in animal breeding. In particular we plan to study
effects that influences diseases, food
quality and well fare, in order to
establish bioassays that will increase the
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successful implementation of superior
5.5

breeding programs.
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6

Reproductive Technologies in Farm Animal Breeding and
Production
Henrik Callesen1, Gabor Vajta1, Torben Greve2 & Poul Maddox-Hyttel3

6.1

Introduction

The overall research aim in the
Department of Animal Breeding and
Genetics with relation to reproductive
biology has been to achieve a greater
biological understanding of the embryonic and foetal development and to
develop embryo-technologies to use in
the laboratory and in practical animal
breeding schemes. Cattle has been the
species in focus but during the past 5
years an increasing research interest has
also been devoted to pigs. The research
activities have been performed in close
collaboration with KVL, the cattle and
pig industry as well as with universities
and other institutions outside Denmark.
In this chapter, the past 10 years of
major research achievements obtained
at the Department in this field will be
described in the context of the international development in embryo-tech-
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nology. The future plans will finally be
outlined.
6.2

The Past

The research activities have been
undertaken as part of national and
international projects, such as the FY-BI
project (1985-1995), the Embryo Technology Center collaboration (1993-1999),
the Ovum-Pick-Up project (1999-2001),
the Ex Ovo Omnia EU-project (20002002) and the Future Animal Breeding
project (1998-2003). Key results from
these projects are presented in the
following combined with an up-date on
the various technologies.
6.2.1 Superovulation
and
transfer in cattle (MOET)

embryo

Superovulation/embryo
transfer
including cryopreservation is, together
with artificial insemination, the only
reproductive technology that has
achieved widespread practical appli-
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cation in cattle. More than ½ million
cattle embryos were transferred worldwide in 2000, 53% of them after having
been cryopreserved.
At the Department, potential use of
these technologies was tested under
practical conditions in the FY-BI project
from which the main data was
published in 1996-97. Among other
things, the project provided new information on repeatability of superovulation, the choice between heifers and
cows as recipients, importance of
synchrony between embryo and
recipient, and not the least a thorough
description of foetal loss, calvings and
calves resulting from embryo transfer.
These data has had wide practical
implications and has shown how a
MOET plan can be successfully
implemented at least from an embryotechnology point of view.
6.2.2 In-vitro
embryos (IVP)

production

of

cattle

The first calf in Europe resulting
from IVP was born at KVL in 1987.
Since then a world-wide research effort
has resulted in a rapid expansion of this
technology, and IVP is now considered
to be a routine procedure in many
laboratories. An inherent variation in
terms of embryo yield still exists, but
the availability of large numbers of
embryos at specific and well-defined
stages has provided new and unique
possibilities for embryo research work.

In 2000, approximately 30,000 IVP
embryos were transferred world-wide
for commercial use which also
illustrates this progress.
At the Department, IVP has been a
central activity since 1993. On the
technical side, significant innovations
allowed development of simple and
improved embryo culture conditions
with invention of equipment such as the
water bath incubator (Submarine Incubation System, SIS) and the mini-culture
chamber (Well-Of-Well, WOW). On the
biological side, an overall improvement
of the in-vitro production system based
on development of a modified Synthetic
Oviduct Fluid medium (SOFaaci) now
results in an average of 50% blastocyst
rate with minor variation between each
run. The existence of a repeatable IVP
system has enabled us to obtain valuable information on kinetics, morphology, gene activation and protein
expression as well as chromosome
aberrations in embryos. Furthermore,
consequences of in-vitro production
and handling of embryos have been
studied following transfer of IVP
embryos, with focus on pregnancy
events, parturition and certain features
of the newborn calves. Overall, this has
given a clear picture of the type and
extent of differences between in-vivo
and in-vitro embryos and is furthermore evident that our in-vitro system
does not lead to a high proportion of
deviations when compared to the
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reports from many laboratories around
the world.
6.2.3 Cryopreservation of cattle and
pig eggs
Conventional slow freezing of invivo derived cattle embryos has been a
routine for at least 20 years. For more
sensitive embryos, e.g. after IVP, this
cryopreservation method has not given
satisfying pregnancy rates. Using vitrification, where the embryos are exposed
to high concentrations of cryoprotecting
agents to be plunged directly into liquid
nitrogen, seems to provide a higher
survival rate as compared to the conventional slow freezing methods.
At the Department, important
contributions were made in this field
with the invention of the Open-PulledStraw (OPS) method for vitrification.
The results from work around the
world have since shown that the OPSmethod may be applied to oocytes and
embryos of various origin, such as cattle
oocytes and early embryos, pig
embryos, in-vitro produced embryos,
cloned embryos, cytoplasts for nuclear
transfer, as well as embryos from a
number of exotic species.
6.2.4 Ovum-Pick-Up (OPU) in cattle
Aspiration of oocytes from the living
calf, heifer or cow was made possible in
the late 1980es and has since gained a
certain practical application concomitant with the improvements of the

IVP systems. Use of OPU is still limited
to valuable animals, because of inherent
variation in number of oocytes, the cost
of IVP and animal welfare concerns.
With superovulation/embryo transfer
as a proven and robust technology,
OPU may be considered as a valuable
supplement to ordinary ET.
At the Department, OPU has been
used under practical conditions, and its
potentials and limitations have been
clearly demonstrated. Although the
technology may well be used in
practice, a number of e.g. economical
and animal welfare restrictions make
this impossible in Denmark at present.
It should be added that the OPUtechnology is valuable for other
research activities too, for example in a
current EU-project where improvements of the oocyte quality for subsequent in-vitro embryo production are
being tested.
6.2.5 Nuclear transfer in cattle and pig
Cloning by nuclear transfer was
reported in 1986 with blastomeres from
sheep embryos, and in 1997 the first
somatic cell cloned animal was born
(Dolly); here the donor cell originated
from the udder of an adult sheep. The
cloning activities have since expanded
hastily, and many somatic clones have
been born in cattle, goat, mouse, pig
and sheep. It can be added that
commercial use of the technology is
now also a fact with two somatic cloned
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copies of Australia’s top dairy bull
being sold to China in 2002 as one
prominent example. The use of transgenic cells in the nuclear transfer
procedure has further accelerated the
work in the cloning area, with
production of substances of medical
and nutritional value in milk as the
prime target.
At the Department, nuclear transfer
has been an important activity since
1993 in cattle and pig, resulting in major
simplifications that allow cloning with
minimal and now even without use of
micromanipulators. In combination
with the previous mentioned in-vitro
production system and equipment the
resulting rates of embryo development
have been and are remarkably high. At
present, however, birth of such animals
is not possible at the Department due to
ethical and animal welfare constraints.
6.2.6 Other activities with pig embryos
Non-surgical transfer of pig embryos
is attempted based on newly developed
catheters, as no such are commercially
available. The results are promising, but
larger transfer experiments with in-vivo
derived embryos are still needed.
In-vitro production of pig embryos is
being implemented to obtain a reliable
and efficient source of embryos for
other research activities, e.g. to investigate the possibilities for eliminating
virus infection through embryo wash-

ing. The level of success is acceptable,
which for the pig systems means a 1015% blastocyst rate per run, but with a
considerable variation between runs.
6.3

The Present

At the Department, well-established
protocols and routines are present for
large-scale and efficient in-vitro production of embryos, in particular from
cattle. Furthermore there is an easy
access to slaughterhouse ovaries and
the technical staff is highly experienced
in the work. Production of nuclear
transfer embryos in cattle is also
increasing in volume with the development of simpler and more efficient
systems.
On the animal side, i.e. donors and
recipients in both cattle and pig, the
resources are more restricted both in
personnel and finances, but an acceptable platform has been established.
The laboratory handling of the
various types of embryos is a strong
asset, both within the Department with
the types of analyses available (cryopreservation,
morphological
observations, kinetic measurements), but not
the least through the well-established
collaboration to KVL with their range of
methods for e.g. ultrastructural and
chromosomal analyses.
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6.4

The Future

Among the reproductive technologies relevant to farm animals, the
Department can only focus on a few in
the coming years. Their main contents
are described briefly in the following.
6.4.1 Practical use of in-vitro embryo
production of cattle embryos
The present status of the in-vitro
system allows for a practical use, in
spite of the various problems described.
Relevant examples of such use are the
following:
… Female fertility. Using the in-vitro
system, the reproductive process can be
divided into separate phases, i.e. before,
during and after fertilisation. Through
this, new information can be obtained
about e.g. the quality of the oocyte, the
surroundings for fertilisation, the early
embryonic development and the establishment of pregnancy. This may add to
the traditional measures of fertility and
also elucidate factors that may affect
early embryonic development and loss,
abortion as well as calf viability. It may
be possible to obtain basic biological
information that in turn may be used to
improve female fertility. Information on
both genetics, physiological and management of the animals will be used in
this context.
… Male fertility. The ability of semen
to fertilise oocytes may be used to

introduce a new set of in-vitro testing
methods for selection of especially bulls
before using their semen in practice.
6.4.2 Nuclear transfer in farm animals
... Nuclear transfer. The procedure
has to be even more simple in order to
reduce the need for complicated equipment and to make it less laborious. It is
an obvious expectation that this will
also reduce some of the negative consequences associated with the pregnancy,
parturition and viability of the calfs.
... Nuclear transfer as a model. The
nuclear transfer can be considered as
the ‘extreme’ in-vitro handling. As such,
its consequences on subsequent embryo
and foetal development can provide
valuable information for better understanding of the problems associated
with in-vitro production.
... Transgenic animals. The use of
transgenic cells as donors in the nuclear
transfer work is an already widely used
combination. Transgenic animals will
be very useful in a number of ways, e.g.
for production of special proteins in the
milk. A number of problems still have
to be solved, e.g. the variations between
type and treatment of the cell lines
used, but also in understanding the
consequences of using such cells on the
subsequent embryonic and foetal
development.
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6.4.3 Extended development of in-vitro
produced cattle embryos
The traditional end-point in laboratory work with embryos has been the
blastocyst around 7 days after insemination. This is truly a key-point in
development, but it does in fact not
provide adequate information about the
viability of the embryos. Information of
pregnancy rates etc. following transfer
of such embryos is the best way to
obtain additional information, but this
also has practical and economical limitations. Therefore, a relevant aim is to
continue in-vitro embryo development
studies to obtain information about
embryo elongation, hypoblast and
epiblast formation, gastrulation and
germ layer formation. Such an approach
will present a possibility for obtaining
central information about the quality of
the IVP embryo, and provide new
information about the events leading to
establishment of a normal pregnancy
and thus to some of the mechanisms
contributing to early and later embryonic losses. It also provides a
possibility to start obtaining information from various other sources, e.g.
gene expressions, organelle movements
and physiological measures.
6.4.4 Consequences of in-vitro handling of embryos
As mentioned earlier, a number of
differences between in-vitro and in-vivo
embryos are already known. However,

it is important to get further
information about these differences,
with one aim to reduce them. To obtain
this, it is important to develop methods
that are able to disclose these
differences. The rapidly expanding
molecular biology field is one strong
way in this work as it allows for
detection of the expression of certain
genes or whole groups of genes which
may contribute to a better understanding of their action and function
(“functional genomics”). Based on such
information, various in-vitro handlings
must be adjusted accordingly in order
to minimise the differences between invivo and in-vitro embryos.
6.4.5 Other areas of embryo technologies in cattle and pig
… Virus elimination. The potentials
of using embryos as a mean for
eradicating certain infectious diseases
are relevant, both in cattle and pig. In
order to make conclusive statements, it
is necessary to perform rather large
experiments including live animals as
both donors and recipients. A better invitro embryo production system in pigs
would be a great advantage also in this
context.
… Use of eggs for other purposes. Invitro embryo production from farm
animals, first of all cattle, should be
considered as a serious alternative to
the traditional use of embryos from
laboratory animals in e.g. toxicology
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testing. This is both from biological,
economical and animal welfare reasons.
However, comparative studies are
needed to provide the necessary
evidence for this.
6.5

Concluding Remarks

The Department has in its past 10
years performed basic embryo research
relevant for practical application in
cattle and to some entent in pigs. This
should still be the main focus of the
Department in the future. With the
expected lifting of the ban on delivery
of live offspring after somatic cell
nuclear transfer, cloning could also play
a major role and it may be envisaged
that the combination of cloning and
6.6

transgenesis could be a coming activity
in the Department. In the pig, in-vitro
production and non-surgical transfer of
embryos will be in focus, while animal
welfare and health will be in focus in
both species.
The past decade has provided a good
basis for undertaking new tasks in
embryo technologies, and it has further
strengthened the collaboration with
Danish institutions and industry as well
as internationally. In addition it will be
a continuous challenge to find the
proper balance between the basic and
practical side of the activities, and not
the least to find financial support for the
wide range of contemporary and
relevant projects.
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7

Optimisation of Breeding Schemes and Control of
Inbreeding
Peer Berg1, Morten Kargo Sørensen1, Lars Gjøl Christensen2, Anders Christian
✳
Sørensen12 & Hanne-Marie Nielsen1

7.1

Introduction

Traditionally the main focus of
animal breeding has been on maximising short-term response to selection,
that is the genetic merit of the next
generation. There is, however, an
increased awareness that current
selection and mating decisions also has
an impact on future response to
selection and rate of inbreeding.
Rate of inbreeding is of concern, both
due to inbreeding depression and due
to a reduction of genetic variation,
thereby reducing selection differentials
in future generations. Response to
selection and rate of inbreeding are to
some extent proportional. However, a
large variation around this general
trend exists.
In dairy cattle, the dominating breed
is Holstein Friesian. Even in this breed,
the effective population size has
declined drastically in resent decades,

from a value of approximately 200 in
the period from 1960 to 1980 to a value
of 40 in the period from 1980 to 2000
(USDA 2002). In the Danish Holstein
dairy cattle bulls, 25% of the genes are
derived from only two ancestors
(Sørensen et al., 2001).
In a finite population, inbreeding
increases with time. In a population
under selection, the rate of inbreeding is
further increased by increased variation
in the contribution of individual
families to future generations. In an
effort to predict breeding values as
accurately as possible, methods that
utilise family information have found
widespread use. Selecting on selection
index or animal model predictors of
breeding values results in increased
coselection of sibs, and thus increased
rates of inbreeding (Meuwissen, 1997b).
In order to increase long term
response to selection and to obtain
sustainable breeding schemes a number

Danish Institute of Agricultural Sciences, Dept. of Animal Breeding and Genetics, P.O. Box 50,
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of strategies to reduce the rate of
inbreeding, and thus the loss of genetic
variation, have been proposed (e.g.
Brisbane & Gibson 1995, Toro & PerezEnciso 1990, Wray & Goddard 1994).
This chapter will review recent work
on optimisation of breeding schemes,
with the main focus on breeding
objectives, the criterion on which
breeding schemes is optimised, and on
methods for maximising response to
selection, while controlling the rate of
inbreeding at acceptable levels.
First a short description of methods
for studying breeding schemes is given.
Optimisation of breeding schemes is
always conditional on the breeding
objective. Section 3 defines breeding
objectives and methods for deriving
economic weights and finally the
importance of defining breeding objectives are documented. Section 4 reviews
selection criteria both in terms of traits
included and in terms of criteria that
also considers effects on rate of
inbreeding. Some considerations and
results on nucleus breeding schemes
and issues on co-operation between
breeding units, e.g. breeds and herds
are presented in sections 5 and 6.
Finally,
section
7
gives
some
perspectives on future research on
optimisation of breeding schemes.

7.2 Methods for
breeding schemes

optimisation

of

Before implementation of a breeding
scheme, a number of realistic schemes
should be evaluated with regard to rate
of gain, rate of inbreeding, and costs.
Prior to the development of fast computers, schemes were primarily evaluated
on rate of gain, which is fairly easy to
approximate deterministically. The rate
of inbreeding, on the other hand, was
assessed using simple formula that
ignores the effect of selection. This
resulted in severely under predicted
rates of inbreeding. The rapid increase
in computing facilities has made it
possible to simulate breeding schemes
stochastically. Stochastic models are
straightforward to apply to a wide
variety of breeding schemes, and easily
resemble the biological reality, because
they dynamically account for changes
in population structure and parameters.
Therefore, if the number of replicates is
large, stochastic simulation results in
good estimates of the properties of the
breeding
scheme.
However,
the
demand for computing power limits the
number of schemes to be evaluated.
Both response to selection and rate of
inbreeding is a function of genetic
contributions of ancestors. Recent
research has focused on producing
general tools to predict the rate of
inbreeding under selection. Woolliams
et.al, (1999) and Woolliams and Bijma
(2000) developed a framework for
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prediction of rates of gain and
inbreeding from predicted long-term
genetic contributions. This framework
is general in that it handles overlapping
generations,
different
inheritance
modes, and different selection criteria.
It is currently being tested under
different mating systems (Sørensen
et.al, 2002).
Apart from allowing a large number
of comparisons, deterministic predictions are advantageous because they
highlight the mechanisms in the breeding scheme that generates genetic gain
and inbreeding. Thus, they contribute
significantly to our knowledge of the
dynamics of a population under selection. On the other hand, deterministic
models are complex in the modelling of
means and variances, and should be
validated against results from stochastic
simulations. Therefore, the two techni-

ques should be used together rather
than separately.
7.3
7.3.1

Breeding objectives
Defining breeding objectives

The objective of animal breeding is to
improve the genetic merit of animals, to
produce more efficiently under future
production circumstances (Groen et al.,
1997). The direction of this improvement is expressed in the breeding
objective. The economic value of a trait
in the breeding objective reflects the
contribution of a unit genetic improvement in that trait to an improvement of
economic efficiency (Groen, 1989).
Economic values are used to determine
the relative importance of traits in the
breeding objective. The breeding objective, also called the aggregate genotype
(H), is a weighted sum of traits (Hazel,
1943). This is given in the following
function with 2 traits only:

H = A1V1 + A2V2
Where,
A1, A2 = Additive genetic value for trait 1 and 2 respectively
V1, V2 = (Relative) economic values for trait 1 and 2 respectively

Economic values are optimally
derived by accounting for the
production circumstances having an
impact on the efficiency of production
(Groen, 1989). An example of political
and social circumstances is legislation
on milk quotas, stocking rate, and
economic circumstances like price
differentiation between fat and protein

content in milk. In addition, management aspects including herd size,
feeding system, and technological
aspects like automatic milking systems
must be considered.
The economic, management and
political scenarios used in derivation of
the economic values must be relevant at
the time when genetic improvement is
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realized. As an example this time
horizon is about 10 years in dairy cattle
breeding. Therefore, future production
circumstances must be taken into
account when deriving economic
values. This introduces uncertainty
about the economic values. Thus both
the sensitivity of economic values to
assumptions on future market conditions and the sensitivity of breeding
schemes to errors in economic values
should be assessed.
Both objective and non-objective
methods can be used to derive economic values. Objective methods are
based on modelling, where equations
represent the behaviour of the
production system. Traditionally, economic values have been derived using
profit equations with partial differentiation of the profit equation. A profit
equation is a single-equation model,
whereas a bio-economic model is a
multi-equation simulation model. Using
a bio-economic model, economic values
are derived by studying influences of a
marginal unit of change in genetic merit
on efficiency through simulation (Groen
et al., 1997). By using a bio-economic
model to derive economic values, it is
possible to apply different prices, levels
and sizes of the production system.
Additionally, bio-economic modelling
allows implementation of programming
techniques such as linear programming
to optimise a production system. This is
one of the reasons why this method has

increased in popularity. Desired or
restricted gain is a non-objective
method to derive economic values. This
approach assigns economic values in
order to achieve a desired or restricted
amount of genetic gain for each trait
(Groen, 1989). Compared to the objective methods, desired and restricted gain
indexes do not derive economic values
from a profit model by direct calculation of influences of improvement of a
trait on the increase in efficiency of the
production system. Instead, economic
values are calculated indirectly from
index weighing factors based on
predetermined responses in genotype
traits. Christensen (1998a) argues, that
desired gain indices are advantageous
when economic values are unstable
over time.
Derivation of economic values for
production traits has been broadly
discussed in the literature (see for
example Gibson (1989) and Groen
(1989) for dairy cattle, and de Vries
(1989) for pig production). However,
the trend in dairy cattle production has
shifted from increasing production to
improving the efficiency of production,
i.e., reducing costs of input, which
necessitates the consideration of functional traits (e.g. Christensen 1998a).
Inclusion of functional traits in the
breeding objective has complicated the
derivation of economic values, because
many of these traits are difficult to
define and record in biologically
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meaningful ways. Adding to the
complications is the growing public
concern about welfare and ethical issues
related to farm animals in recent years.
Olesen et.al, (1999, 2000) and Sandøe
et.al, (1999) stated that until now,
weighting of traits has mainly been
dependent on economic values and
frequency
of
expression,
and
questioned whether it properly allows

incorporation of ecological, social, and
ethical priorities. Therefore Olesen et.al,
(2000) suggested including a nonmarket value to the economic value to
define sustainable breeding objectives.
The breeding objective can then be
described as a function of both
economic values and non-market
values:

H = [NV1 ✕ A1 + V1 ✕ A1 ] + [NV2 ✕ A2 + V2 ✕ A2 ]
Where,
NV1, NV2 = Non-market (ethical, ecological or social) value for trait 1 and 2
respectively
V1, V2 = Economic value (Market value) for trait 1 and 2 respectively
A1, A2 = Genetic value for Trait 1 and 2

As an example, the Norwegian
breeding objective for dairy cattle gives
more weight to mastitis than is justified
from a purely economic perspective.
This is due to an expectation that there
will be an extra value of milk produced
by cows with limited need of medicine
in the future (Steine and Sehested,
1999). Olesen et.al, (1999) gives some
examples of methods to derive nonmarket trait values in animal breeding.
von Rohr et.al, (1999) applied one of
these methods to demonstrate how
economic values for meat quality traits
in pigs could be derived based of
peoples willingness to pay for a certain
product.
Even though theory seems to be
developed for some traits, there still is a

need to develop methods to derive
economic values for functional traits.
Derivations of economic values applied
in breeding objectives for dairy cattle in
different countries are not well
documented.
In Denmark, research in breeding
objective definition has focused on fish,
pigs, and dairy cattle. Palmø (1999)
developed a model for the derivation of
economic values for Danish pig
breeders. The model is a so-called
pseudo stochastic simulation model,
where the culling effect is calculated by
stochastic simulation whereas all other
effects are calculated deterministic.
Traits evaluated were; litter traits,
oestrus traits, logevity traits, production
traits, and carcass traits. Different profit
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equations were developed for piglet
producers and slaughter pig producers.
Henryon and Berg (2002) developed a
profit equation to derive economic
values for commercial trout production
under Danish production circumstances. Economic values was obtained
by taking the partial derivatives with
respect to the considered trait, keeping
all other traits at their original value.
Groups of traits for which economic
values were derived were; maintenance
of the broodstock, incubation of the
eggs, rearing of the fry and grow out of
the fish. Results showed that, traits
associated with the grow out of the fish
were the most economically important
For dairy cattle there is currently an
attempt to develop a model for derivation of economic values for production
and functional traits in the breeding
objective. This model will be based on a
semi-stochastic bio-economic model
simulating a dairy cattle production
system. In prior studies concerning
derivation of economic values, economic values have only been derived for a
subset of traits. In the current study
economic values for all traits, which is
believed to be economic important, will
be derived using the same bio-economic
model.
7.3.2 Selection criterion
breeding objective

vs.

true

The optimal breeding scheme is a
function of the breeding objective (e.g.

Christensen, 1995). Including low heritability traits in the breeding objective,
for instance increases the optimal
daughter group size in dairy cattle
breeding schemes, and favours open
versus closed nucleus breeding schemes
(Christensen, 1995; Sørensen, 1999). It is
thus a condition for deriving optimal
breeding schemes that the true breeding
objectives are known. In addition it is
important that selection criteria reflects
the breeding objectives for maximising
the economic return from a breeding
program (Groen et al., 1997; Sørensen,
1999). This was clearly shown in a dairy
cattle breeding scheme, where the
largest economic response to selection
was obtained when all traits in the
breeding objective was included in the
selection criterion (Sørensen, 1999).
7.4

Selection criteria

7.4.1 Sources of information
Sources of information included in
the selection criterion affects both
response to selection and rate of
inbreeding. The effect is typically
achieved by increasing accuracy of
estimated breeding values and/or by
decreasing the generation interval. In
dairy cattle breeding early predictors of
breeding values has attracted much
attention, as most traits of economic
importance are recorded late in life.
Sørensen (1999) studied applications of
physiological indicators measured on
young animals in a dairy cattle breeding
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scheme, and found an increase in
response to selection but with insignificant changes in rate of inbreeding,
both due to decreased generation
intervals and increased accuracy’s of
estimated breeding values of younger
animals. Recently the QTL mapping
project in dairy cattle (see chapter 8) has
generated evidence for positive effects
of marker assisted selection (Guldbrantsen et al., 2001), resulting in the
same advantages as described above for
physiological markers.
Rate of inbreeding increases with
increased weight on low heritability or
threshold traits in the breeding objective (Belonsky and Kennedy, 1988; Berg,
1997). Sørensen (1999) found a reduced
rate of inbreeding when the breeding
objective included all traits of economic
importance, compared to a simple
breeding objective only based on milk
yield, despite the additional traits
typically being low heritability traits.
This could be due to different generation intervals or, more likely, due to
unfavourable
genetic
correlations
between traits. Generally the largest
effect of including additional traits in
the breeding objective is obtained when
the new traits are unfavourably correlated with traits in the breeding
objective (Meuwissen and Woolliams,
1993).

7.4.2 Controlling inbreeding and loss
of genetic variation
A breeding scheme consists of three sets
of decisions:
a) Which animals should be used as
parents?
b) How many offspring should each
parent be allowed to produce? In
most species this is limited by
reproductive capacity, with some
fish species being an exception with
high female and male reproductive
capacity. However, in the presence
of reproductive technologies, such
as artificial insemination, multiple
ovulation and embryo transfer both
male and female contributions can
vary greatly. In most practical
breeding schemes some consideration of rates of inbreeding is
given as rules on minimum number
of parents of each sex. The first two
decisions determine the response to
selection in the current generation,
but it also determines the average
relationship between parents of the
next generation and thus the genetic
variation
available
in
future
generations. This directly determines the potential response to
selection that can be obtained in the
future.
c) How to mate the parents, conditional on their contribution? This
determines the animals that will be
available for selection in the next
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generation as well as the level of
inbreeding.
In many practical breeding schemes
different people are responsible for
these three sets of decisions. From a
decision theoretic point of view it is
optimal to consider these decisions
jointly. This is particularly true, if the
objective is a sustainable breeding
scheme, which not only considers shortterm response to selection, but also long
term response to selection.
Methods of selecting parents of the
next generation and how they are
mated affects response to selection and
rate of inbreeding not only in the
current, but also in future generations.
Response to selection can be
increased and rate of inbreeding
decreased by an increased population
size (e.g. Berg, 1997; Nielsen et al.,
2001), open versus closed nucleus
breeding schemes (Sørensen, 1999), and
collaboration
between
populations
(Nielsen et al., 2001). In many breeding
schemes, inbreeding is controlled by
limiting the number of offspring, especially of males. Lauridsen (1998) simulated sheep breeding schemes with
different number of rams. The scheme
resulting in the highest rate of gain was
not the one with the fewest sires, but a
scheme with more rams that balanced
the selected proportion with reduced
genetic variance due to inbreeding.
However, none of these methods
assures that optimal genetic contribu-

tions of available animals are obtained
for maximizing long-term response to
selection.
At a given time we have to decide
which animals to select as parents of the
next generation. In Figure 1 a schematic
relationship between the average relationship among parents weighted by
their contributions and response to
selection is shown. In principle all
points on and below the curve can be
obtained by selecting a given set of
parents. We will denote the line as the
decision frontier as it contains all optimal solutions, solutions that either
maximize response at a given level of
inbreeding/coancestry or minimize the
level of inbreeding/coancestry at a
given response to selection. Traditionally we have focused on maximization
of selection response over one generation with subjective considerations to
future inbreeding. This results in a
position below the front in Figure 1. A
possible alternative would be the set of
parents denoted by B in Figure 1. This
would result in a marginally reduced
response to selection but at a significantly lower level of inbreeding compared to the set of parents denoted by
A, which gives the highest response to
selection in the next generation. The
shape of the frontier with marginal
decreasing response to selection with
increased levels of inbreeding or coancestry is generally observed in closed
populations (e.g. Berg, 2000).
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A

Response to selection

B

Inbreeding / coancestry

Figure 1. Schematic relationship between average weighted
relationship between parents and response to selection.
Figure 2 shows the long-term effect
of applying strategy A or B in Figure 1.
In the short term strategy A results in a
larger response to selection. However, it
also results in a higher rate of inbreeding and thus increased genetic drift and
a faster reduction of genetic variation.

Response in future generations is thus
more reduced with strategy A than with
strategy B and in the long term strategy
B will be superior in terms of both
larger accumulated response to selection and lower levels of inbreeding.
B

Cumulated response to selection

A

Generations

Figure 2. Cumulated response to selection with the two
alternative strategies of selection shown in Figure 1.
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Wray and Goddard (1994) and
Brisbane and Gibson (1995) suggested a
flexible criterion, which takes the pedigree structure of the present animals
into account. They suggest maximising
C = x ′ ⋅ â + λ ⋅ x ′ ⋅ A ⋅ x (1)
where â is a vector of prodicted
breeding values, A is the numerator
relationship matrix and x is a vector of
genetic contributions to the next generation with elements between 0 and ½.
Elements of x corresponding to males
sum to ½ and likewise for females. λ is a
penalty on average relationship of
parents, where average relationship
represents the long-term effect on
inbreeding of current selection decisions. Kinghorn et.al, (1999) found a
40% (11%) increase in response to selection at a 20% (37%) lower level of
inbreeding in generation 30 (15) relative
to truncation selection in a breeding
scheme of the same size. This indicates
that Optimum Contribution Selection,
as in (1), potentially increases returns
from the breeding scheme.
Two alternative strategies have
evolved in this area. One strategy
maximises response to selection (first
term in (1)) with a constraint on the rate
of inbreeding (second term in (1)) (e.g.
Meuwissen, 1997a; Grundy et al., 1998).
Another strategy maximises a function
such as (1) (Wray and Goddard, 1994)
given a value of λ. Kinghorn et.al,
(1999) showed that with increasing
penalties on average relationship and

inbreeding of offspring, the time
horizon for a breeding scheme to be
superior to a breeding scheme not
penalising inbreeding would increase.
Several simulation studies have
shown that using (1) both increased
response to selection in the long-term
and reduced rates of inbreeding (e.g.
Meuwissen, 1997a; Grundy et al., 1998;
Kinghorn et al., 1999; Sonesson and
Meuwissen, 2000; Sonesson et al., 2000).
Sanchez et.al, (1999) compared the
application of (1) as suggested by Toro
and Perez-Enciso (1990) in fruit flies.
They found a 30% increased response to
selection in generation 6 at a 20% reduced level of inbreeding compared to the
traditionally selected line.
An algorithm based on (1) has been
developed taking overlapping generations into account. With overlapping
generations (1) becomes:
C = x ′ ⋅ â + λ ⋅ (x + f)′ ⋅ A ⋅ (x + f) (2)
where f is a function of previous
contributions (Grundy et al., 2000). This
function, C, can be maximized by the
use of an evolutionary algorithm. The
implementation with an evolutionary
algorithm has the advantage that the
solution represents an integer number
of matings for candidates, and not as in
the algorithms of Grundy et.al, (2000)
and Meuwissen and Sonesson (1998)
where heuristic rules are used to translate the solution into a useable mating
plan. This has been implemented in the
program EVA, which is currently under
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implementation in the Danish dairy
cattle AI societies and in the Danish
trout breeding program.
The selection tools can be combined
with tools for mating the selected
parents given their desired contribution. Sonesson and Meuwissen (2000)
compared the effects of Optimum
Contribution Selection, as in (1), and
different mating schemes. They found
that these supplement each other, such
that in combination they reduced rate of
inbreeding with 5% to 22% compared to
having restrictions on selection only,
and with no reduction in response to
selection. They conclude that parents
should be mated to minimise the
average level of inbreeding in the next
generation.
7.5

Nucleus breeding

The idea with nucleus breeding
schemes is to utilise the best animals
within a population more intensively,
either in a dispersed or a centralised
nucleus. In a dispersed nucleus the best
animals are located in the production
herds. In a centralised nucleus, which
can be composed of one or more herds,
animals are kept in a controlled environment and more detailed registrations can be done. Furthermore, centralised breeding herds may prevent preferential treatments of single animals,
and new tools e.g. reproduction technologies can easily be implemented within
these herds.

Within pig breeding and poultry
breeding, nucleus breeding schemes
were introduced many years ago, and
today all breeding in these species are
based on nucleus breeding schemes,
with a breeding nucleus, multiplier, and
production herds. Nucleus breeding
schemes was easy to implement for
these species due to their large reproductive potential. In species as sheep,
horses and mink nucleus breeding has
not yet found a systematic use even
though this has a considerable potential
for these species as well. In dairy cattle
breeding many breeding schemes are
partly based on nucleus breeding programs, and a lot of efforts have been put
into the study and implementation of
nucleus breeding schemes. Dairy cattle
breeding is greatly restrained by long
generation intervals and low natural
reproduction rate of females. Therefore,
it was a big step forward when embryo
transfer techniques were introduced in
dairy cattle. This introduced the possibility of more offspring from the breeding females. The breakthrough for
nucleus breeding programs came with
the paper. “Increased rates of genetic
change in dairy cattle by embryo
transfer and splitting” by Nicholas and
Smith (1983). In Denmark this led to the
start of the large MOET nucleus project
called FY-BI (Liboriussen et al., 1997).
The ideas from the FY-BI project is
continued in the present FUTURE genetics project run by the Danish A.I.
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organisations. The genetic progress
calculated in the paper by Nicholas and
Smith (1983) showed higher genetic
progress in closed nucleus breeding
schemes compared to conventional
schemes. Their results were, however,
overestimated as they did not take
variance reduction due to selection
(Bulmer, 1971) and inbreeding into
account. This resulted in many simulation studies of nucleus breeding
schemes, as reviewed by Sørensen
(1999). In this section the focus will be
on open MOET-nucleus schemes with
progeny testing, since closed schemes
results in high rates of inbreeding.
Dekkers and Shook (1990) found a 10%
increase in genetic progress for production in an open nucleus breeding
scheme compared to conventional
schemes. This is supported by results
found by Schrooten et.al, (1993) for
production as well. Most of these
simulations only considered production. In contrast, the Danish deterministic simulations (Christensen, 1995,
Christensen and Pedersen, 1997;
Christensen, 1998b), considered breeding schemes with a total merit breeding
objective. In most of these schemes,
genetic progress from a nucleus scheme
was around 20% higher than from a
conventional scheme. These simulations
did not take inbreeding into account.
The review by Sørensen (1999)
revealed a lack of simulations concerning MOET breeding schemes with

all traits in the total merit breeding
objective included, which at the same
time accounted for variance reduction
due to selection and inbreeding. A
program to handle these problems,
therefore, was developed (Berg, 1997;
Lauridsen, 1998; Sørensen, 1999). Sørensen (1999) considered different MOET
nucleus breeding schemes, both closed
and open, and found that open
breeding schemes were favourable
compared to closed. Furthermore, he
found that daughter group sizes of 160
were slightly better than 80. If the
breeding objective was production only,
use of Ovum pick up increased genetic
gain without increased inbreeding.
Nielsen et.al, (2001) confirmed these
results.
7.6 Cooperation between breeds and
herds
Some species, such as mink and
sheep, still have the tradition to breed
within herd using natural reproduction.
Within sheep the effect of cooperation
among breeders were studied by Lauridsen (1998). She found that genetic
progress could be more than doubled
using ram cooperatives instead of own
ram, only. Within dairy cattle, AI have
been used in most of the herds in the
last 50 years. Cooperation between
populations, however, is very relevant
for minor populations. Therefore both
deterministic and stochastic simulation
tools, which can handle these problems,
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have been constructed (Jørgensen and
Sørensen, 2002a; Nielsen et al., 2001).
The objective of the study by Nielsen
et.al, (2001) was to test alternative
breeding strategies for rate of genetic
gain and inbreeding when applied to
Red Danish Dairy cattle (RDM) with
55.000 recorded cows, including cooperation with a population with
190.000 cows. The breeding objective in
this study included only two traits due
to computational constraints. Total
integrated
breeding
schemes
or
exchange of semen from the best
proven bulls improved the genetic gain
by 14 % relative to RDM. Furthermore
the annual rate of inbreeding in RDM
was reduced from 0,75 % per year to
0,65 % per year with joined populations
or a totally integrated breeding scheme.
Jørgensen and Sørensen (2002b) found a
20% higher progress for a total joined
Red Nordic population consisting of
710.000 cows, compared to the progress
within the Danish Red population
consisting of 50.000 cows.
7.7

Perspectives

7.7.1 Breeding objectives
Optimization of breeding schemes is
conditional on the breeding objectives.
It is thus very important that the
breeding objective reflects the expected
economic, political and social conditions for production when the response
to selection is realized. Despite the
importance of defining breeding

objectives for optimal utilization of
selective breeding, breeding objectives
are seldom based on a thorough genetic
and economic analysis of current and
future production conditions and the
marginal value of traits. Most breeding
schemes would benefit from increased
efforts in defining breeding objectives,
and this is one reason for the work on
economic and non-market values in
dairy cattle production systems at the
department.
7.7.2 Genetic markers
Genetic markers give information on
which half of the paternal and maternal
genome an animal has inherited. It can
thus be used both to predict relationships among animals (e.g. Wang et.al,
1995) and breeding values more accurately (e.g. Meuwissen and Goddard
1996, Meuwissen et.al, 2001, Verrier
2001). The use of genetic markers thus
promises more effective breeding
schemes in terms of response to selection relative to rate of inbreeding.
It is generally observed, though, that
marker assisted selection results in a
short term increase in response to
selection, but a long-term reduction of
response to selection compared to selection ignoring information on major
genes (e.g. Verrier, 2001). The decreased
long-term response to selection can be
avoided by putting differential weights
on major gene and polygenic information over time (e.g. Dekkers and van
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Arendonk, 1998). Using the tools described in the previous sections, constraining the rate of inbreeding, it has
been shown that the short term advantage of identified major genes can be
obtained without a long-term loss of
response to selection (Villanueva et al.,
1999). However, the consequences of
dramatically increasing selection intensity on particular segments of the
chromosomes should be investigated,
especially segments contributing to
unfavourable correlations, whether due
to linkage, i.e. hitchhiking, or pleiotropi.
Thus, more work is needed for an
optimal utilisation of genetic markers to
increase response to selection and
maintain genetic variability.
7.7.3 Reproductive technologies and
mating designs
Reproductive techniques can contribute to both increased response to
selection and to a reduced rate of
inbreeding by its impact on the potential contributions of individual animals
and to some extent also which animals
that can be mated. This is the case for
techniques like artificial insemination,
multiple ovulation and embryo transfer.
In addition to these techniques,
newer techniques can reduce genetic
drift by using more than one cell from
the same meiosis. Santiago and Caballero (2000) studied the application of
these techniques in conservation breeding schemes, and concluded that the

effective population size could be
drastically increased, and thus reduce
the loss of allelic diversity, the effect
depending on genome size. Berg and
Henryon (1998, 1999) showed that
gynogenetic offspring (obtained by
doubling maternel haploid gametes, e.g.
Purdom, 1983) was a superior reproductive technique for estimation of
genetic parameters and in some breeding schemes. Reproductive techniques
break the biological constraints of reproductive capacity, and thus allow for
a larger flexibility in deciding which
animals to use as parents, their contributions and mating schemes.
Generally, factorial mating designs
reduce rate of inbreeding, but at the
same response to selection compared to
nested mating designs (e.g. Berg and
Henryon, 1999, Sørensen, 1999, Sørensen et.al, 2002). Minimum coancestry
mating also reduces rates of inbreeding
(e.g. Sonesson et al., 2000). However,
the effects of these mating designs
under selection are generally not well
understood. Effects of alternative
mating schemes and application of reproductive techniques needs further
studies.
7.7.4 Dynamic decision tools
Earlier we described tools for a
dynamic determination of optimal genetic contributions of parents. These
methods need further work in relaxing
the underlying assumptions and in
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developing algorithms for their largescale implementation. However, the
underlying algorithms can be extended
to other elements of breeding schemes,
to develop dynamic decision tools.
Examples of areas where such decision
tools could improve the current static
rules in breeding schemes is in allocation of pigs to batches on test stations,
optimizing daughter group sizes individually for young bulls and/or selective
recording of animals for traits that are
costly or time consuming to measure.
One of the questions asked by the
dynamic selection tools is: what is the
desired maximum rate of inbreeding to
use as a restriction, or what is the cost of
inbreeding in monetary units? No
7.8

general rules for choosing the rate of
inbreeding to constrain has been given,
though suggestions have been made by
Meuwissen and Woolliams (1994).
Wray and Goddard (1994) suggest
choosing λ in (1), the penalty on inbreeding, depending on time horizon,
current genetic progress and inbreeding
depression. In small populations, it
should be considered to add a risk cost,
to further reduce genetic drift. The
problem of this approach is that the
actual cost of inbreeding depression is
unknown for many traits of economic
importance, because of lack of registrations. Future work on this is expected and needed.
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Detection of QTL for Disease Resistance, Fertility and
Production in Cattle and Pig
✳

Bernt Guldbrandtsen, Mogens S. Lund, Vivi H.Nielsen & Just Jensen

8.1

Introduction

Animal breeders have long analyzed
genetic variation using models assuming infinite numbers of loci each with
infinitely small effects. The total
genotypic value of an individual is
obtained by summing over all these
many loci. This has in large part been
done for mathematical and statistical
convenience. Genetic values formed this
way are expected to follow multivariate
distributions and other properties that
facilitate tasks like breeding value
prediction and the estimation of parameters that generally are readily interpretable within the framework of the
model. Hence, a very substantial body
of work has developed in animal
breeding based on this model as it has
turned out to be a very appropriate
description for traits under the influence of many genes.
However, from very early on in the
development of modern genetics it has
been clear, that there exist individual

genes with substantial effects on traits
exhibiting continuous variation. But in
general unless these genes also had
other pleiotropic effects it was not
possible to follow their inheritance and
thereby discover their effects on the
continuous phenotype.
8.1.1 Genetic Markers
A way to identify single genes
affecting continuous traits is to use
genetic markers. Genetic markers that
are linked to any genes affecting continuous traits will tend to be inherited
together. This allows us to follow the
segregation at the gene affecting a
continuous trait probabilistically by
observing the segregation at linked
genetic markers. The information about
segregation at the continuous trait
genes can be correlated with patterns of
similarities and dissimilarities among
individuals receiving copies of identical
and non-identical alleles. This approach
identifies chromosome segments that
appear to affect observable phenotypes
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of individuals as though they contained
a Mendelian gene affecting the trait(s)
in question. Such a chromosome segment is referred to as a quantitative trait
locus or QTL. One type of markers that
can be used are blood groups. In cattle
this was first done by NeimannSørensen & Robertson (1961). But
applications of both blood groups and
isoenzymatic variation are limited by
the number segregating loci and by the
amount of work involved in actually
typing the individuals for blood types
or isoenzymes.
This problem has been solved over
the last couple of decades. Ever more
sophisticated DNA markers have become available: First RFLP's were used,
later came microsatellites, and now
SNP's have become the method of
choice. Each technological advance has
brought potentially denser marker
maps with less work required per
marker and with lower cost. We are
now able to study segregation events
with an almost arbitrary degree of
resolution.
8.1.2 Other Constraints
Apart from the availability of genetic
markers, availability of animals and
phenotypic records can be limiting
factors when conducting QTL mapping
studies.
For most crop plants and for small
animals inbred lines and genetic crosses
can be created on purpose to study the

genetics of particular traits. In larger
animals, and especially in cattle,
production of animals specifically for
QTL studies would be too expensive
and take too much time. In such species
studies have to rely on animals available through the ordinary production
systems. The second limiting factor is
the availability of phenotypic recordings. Since we want to correlate genetic
segregation with observed phenotypes
we have to have extensive, careful,
standardized and systemic recording of
phenotypes that are to be studied. In
any animal this can be quite a labordemanding
and
expensive
step.
Especially in situations where QTL
mapping is to be done on animals from
the ordinary production system this can
be a severe constraint. Having to work
with animals produced in the course of
the ordinary production system also by
and large limits the studies to investigating genetic variation segregating
within cattle breeds.
8.2

QTL Studies

The last 10 years has seen a great
interest in the mapping of QTL in
domesticated species. Large farm
animals have received a great deal of
interest.
8.2.1 QTL Mapping in Cattle
QTL mapping studies have to rely on
animals and phenotypic records already
present through the ordinary recording
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systems. The basic principle employed
is that a number of bulls that have been
used widely as bull sires are included in
the study along with as many as
possible of their progeny tested sons.
This is referred to as the granddaughter
design (Weller et al., 1990). Marker
types are determined for all the bull
sires and all their progeny tested sons.
Phenotypic records are collected on the
daughters of the progeny tested sons.
These are often expressed as daughter
yield deviations, breeding values or
daughter group phenotypic averages.
The basic principle in all methods of
data analysis is to investigate (by means
of the DNA markers) the probable

identity of the pieces of the chromosomes inherited by each son from his
sire. If offspring having inherited copies
of the same chromosome at any
particular chromosome position are
sufficiently more similar than sons that
have inherited copies of different
chromosomes then we conclude that
there is a QTL at this position.
8.2.2 Opportunities due to the Nordic
Recording Systems
The Department of Animal Breeding
and Genetics possesses a fortuitous
combination of resources that allow us
to conduct QTL studies in HolsteinFriesian cattle

Figure 1: The Department of Animal Breeding and
Genetics expertise in biometry, animal breeding
and molecular genetics allowing it to take advantage of the research opportunities created by the
Nordic recording systems.
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In the department we have expertise
on both the breeding and biometrical
aspects of QTL mapping. Through our
molecular lab we have the expertise,
and technical resources necessary to
conduct the molecular part of the QTL
study. Due to close cooperation with
cattle
breeding
organizations
in
Denmark and Sweden we have access
to the data in the extensive recording
systems of these countries.
8.2.3 The Danish-Swedish
QTL-Project

Holstein

The Department of Animal Breeding
and Genetics is conducting a large scale
QTL mapping project with external
funding from Danish Ministry of Food,
Agriculture and Fisheries supplemented with funds from Danish and
Swedish cattle breeding organizations.

Due to cooperation with Danish and
Swedish Holstein breeding organizations we have access to their very large
databases. Like QTL studies conducted
in other countries we analyze for
instance milk yield, fat yield, protein
yield and somatic cell count. However,
the Nordic recording systems also
contain records for a large number of
other traits. This allows us to study
health, fertility and calving traits along
with traits such as abortions and
twinning.
The Scope of the Project
Our QTL project is among the largest
of its kind in the world. Currently, more
than 1,500 sons of 14 grand sires have
been analyzed wholly or in part for 19
chromosomes. An overview of the
status and the goal for the project is
given in table 1.

Table 1: Some data describing the scope of the Danish
Swedish Holstein Cattle QTL project
Time
Marker types included
Grand sires
Avg. sons per grand sire
Autosomes
Microsatellites
Number of traits

Current Status
3 Years
66.000
14
76.0
19
89
About 70
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Goal
5 Years
400.000
21
?
29
200
About 70

For each point on the chromosome
we conduct an analysis assuming a QTL
at this particular position. If a model
with a QTL included fits the data for a
particular position in the genome

sufficiently much better than a model
without a QTL then this provides
support for the idea that there is a QTL
in this position. This can be demonstrated graphically as in Figure 2.

Figure 2: A figure that shows the degree of
support given by our data for assuming the
presence of a QTL in positions along a
chromosome. This particular example shows
evidence for a QTL for somatic cell count in one
grand sire family. Chromosome positions are
shown along the x-axis, while the magnitude of
the test statistic is shown along the y-axis.
Higher values of the test statistic indicate
stronger support for the presence of a QTL

Type of Traits
Calving Traits
Fertility
Abortions
Twinning
Milk Traits
Somatic Cell Count
Carcass Traits

Number of hits
at P <= 0.001
20
2
1
3
9
3
1

Table 2: Current QTL hits at our most
stringent significance level. Note that
results will change as a result of data to
be added. The groups calving trait,
fertility traits and milk traits contain a
number of very similar traits. Hence the
numbers of hits for these groups of
traits are inflated by double counting of
QTL.
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Results
It is clear from our preliminary
results, that we will find a significant
number of QTL. We have located QTL
for most of the traits included in the
study. Table 2 gives a summary of our
hits at our most stringent level of
significance. One notable absence from
the table is that we have no hits for the
mastitis traits included. However, we
have several very promising hits
appearing in several families at slightly
lower levels of significance.
The magnitudes of the effects are
mostly in the range from 0.2 to 0.4
genetic standard deviations. However,
there are a few very pronounced
exceptions. The largest effects are found
for abortion and twinning traits. When
the results in Table 2 are considered
some caution is necessary. We are
conducting a very large study doing
very many tests. This implies that some
of our positive results necessarily will
be false positives.
8.2.4 Some Results from Other Studies
A substantial number of studies have
been conducted to map QTL in both
dairy and beef cattle. Table 3 gives an
overview of some of the results.
Studying the list of traits studied in
these experiments it is clear that the
majority of the effort has been put into
mapping QTL for milk and carcass
traits. This is primarily due to data
availability. This again underscores the

significance of the Danish-Swedish
study, as it will be the only one that can
assemble
sufficient
amounts
of
recordings in the Holstein-Friesian
breed.
Most but not all the studies listed in
Table 3 have been conducted using the
granddaughter design. The result that
recurs most frequently in the studies is
the QTL that is located on chromosome
6 and that affects milk yield and milk
composition.
8.2.5 Continuation of QTL Studies
It seems very likely that the use of
QTL information will be introduced to
Danish and Swedish Holstein breeding
programs in the near future. Advantageous QTL alleles identified in the
Danish-Swedish QTL study will therefore increase in frequency in the
population and hence become less
interesting from a breeding perspective.
In order to be able to continue using
QTL information in breeding decisions
we will therefore have to work to keep
identifying and characterizing advantageous alleles of QTL. This will particularly have to be done for younger
prospective bull sires among whose
offspring selection will take place.
We will also continue to improve the
models applied to detect QTL. Several
activities are in progress in this area. We
are developing models that allow QTL’s
to have pleiotropic effects, i.e. a QTL
can affect several quantitative traits
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simultaneously. Among other things
this will allow us to investigate whether
effects on several traits are due to one
pleiotropic gene or to several linked
genes. We are working to develop
models that allow us to analyze more
general pedigrees. Currently, analyzes
are more or less limited to very
simplified designs, that ignore many
relationship between animals included
in the studies. Graphical models may be
a way to attack this problem. Initial
results using this method in Bayesian
analyses seem promising.
As we characterize QTL more closely
we will try to identify the actual gene(s)
responsible for the QTL effect. A first
step will be fine mapping. The goal of
fine mapping is to reduce the length of
the interval to which we can map QTL
from maybe 10 to 20 cM to hopefully
0.25 to 1.0 cM. This would make the
task of identifying the actual gene
dramatically easier.
8.2.6 QTL Detection in Swine
Just as in cattle a number of studies
have been conducted to detect QTL in
swine. However, the designs employed
are different. In contrast to cattle where
the granddaughter design was by far
the most used design in swine the F2
design is used in most of the experiments published.
In an F2 study crosses are set up. The
F1-offspring from each cross are then
crossed to each other to produce the F2-

generation. Genetic markers are used to
follow the segregation from the parental
generation to the F2. QTL are then
detected by investigating whether the
segregation detected explains significant amounts of variation among the
F2-individuals. The analyses are based
on the method of Haley et.al, (1994).
Producing the animals for the study
specifically for the particular study also
makes it possible to record very large
numbers of traits. By offering different
choices of what animals to cross the F2
design gives a range of options of what
variation to study. Some of the choices
are: crosses between production breeds,
crosses between widely different breeds
(Wild boar or Meishan and production
breeds), divergent selection lines or
crosses within breeds. Each type of
study provides answers of a different
character. Most of the studies published
have focused on traits such as back fat
thickness, muscling, body composition
and daily gain. Traits such as litter size
and maternal ability have been studied
rather less as they require the F2
individuals to produce offspring hence
leading to much larger numbers of
litters and longer experiments. This in
turn leads to much higher cost.
An overview of a number of studies
is given in Table 4.
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Table 3: Summary of results from number of QTL studies in cattle. Genome scans
involve typing markers on all autosomes, partial scans involve scanning on one or
more (but not all autosomes), candidate studies involve studying the effect of one or
more functional genes. Confirmation studies involve additional studies of
previously identified QTL.
Study
Nadesalingam et al. (2001)
De Koning et al. (2001)
Lien et al. (2000)
Smith et al. (2000)
Wiener et al. (2000)
Ajmone Marsan et al. (2000)
Shariflou et al. (2000)
Sonstegard et al. (2000)
Kirkpatrick et al. (2000)
Casas et al. (2000)
Reinsch et al. (1999)
Kuhn et al. (1999)
Teale et al. (1999)
Elo et al. (1999)
Riquet et al. (1999)
Velmala et al. (1999)
Keele et al. (1999)
Stone et al. (1999)
Lagziel et al. (1999)
Freyer et al. (1999)
Freyer et al. (1998)
Coppieters et al. (1998)
Grupe & Schwerin (1998)
Taylor et al. (1998)
Arranz et al. (1998)
Lindersson et al. (1998)
Ashwell et al. (1997)
Spelman et al. (1996)
Ashwell et al. (1996)
Kuhn et al. (1996)
Bovenhuis & Weller (1994)
Rocha et al. (1992)

Traits
Chromosomes Type
Milk traits
1+6
Confirmation
Milk traits
5 chr.
Partial scan
Twinning
5+7+12+23
Genome scan
Meat tenderness
29
Candidate
Milk traits
6(+9)
Confirmation
Protein-%
(6)
Confirmation
Milk traits
bGH
Confirmation
Milk yield
27
Confirmation
Ovulation rate
5+7(+10)+19
Meat traits
Several
Partial scan
Coat color
6
Genome scan
Milk fat
6
Confirmation
Trypano tolerance
3 chr.
Scan
Live weight,
23
Genome scan
disease etc.
Milk traits
14
Confirmation
Milk traits
6
Confirmation
Meat quality
15
Genome scan
Carcass and
(1+2)+5(+13+14) Genome scan
growth
Milk traits + SCC
bGH
Confirmation
Milk traits
6
Confirmation
Milk traits
6
Candidate
Milk traits
14
Genome scan
Milk, fertility,
23
Partial scan
dystocia
Growth, carcass
19
Candidate
Milk yield
20
Confirmation
Milk traits
4
Partial scan
Milk traits
21
Partial scan
Milk traits
Genome scan
SCC
23
Partial scan
Milk traits
6
Confirmation
Milk traits
6
Candidate
Birth weight,
Candidate
conformation
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Table 4: Summary of results from number of QTL studies in swine. Genome scans
involve typing markers on all autosomes (+possibly the X-chromosome), partial
scans involve scanning on one or more (but not all autosomes), candidate studies
involve studying the effect of one or more functional genes. Confirmation studies
involve additional studies of previously identified QTL.
Study

Traits

Bidanel et al. (2001)

Growth
Backfat
Body composition
Fat traits

1+4+7
4+5+7
Numerous
4(+7)

Meat quality
Growth
Body composition
Meat quality
Back fat thickness,
fat composition
Early growth
Back fat
Vertebrae, teats,
birth weight, daily
gain
Growth rate, birth
weight, back fat
Fat traits
Back fat
Back fat+meat
Weight, back fat,
meat traits
Ovulation rate

(4)+6(+7)
1+2+4
1+5+7
1+5+12+15+17
4

Partial scan
Genome scan

1(+2+10+12)
(2+6)+7(+8+9)
Multiple

Genome scan

Pierzchala et al. (2001)
Korwin Kossakowska et
al. (2001)
Grindflek et al. (2001)
Malek et al. (2001a)
Malek et al. (2001b)
Perez-Enciso et al. (2000)
Rohrer (2000)
Wada et al. (2000)

Walling et al. (2000)
Rattink et al. (2000)
Bink et al. (2000)
Ovilo et al. (2000)
Yu et al. (1999)
Rohrer et al. (1999)

Chromosomes

Age 1st Oestrus
Uterine Capacity
Wilkie et al. (1999)
Fertility and
farrowing
Nezer et al. (1999)
Muscle, fat
Jeon et al. (1999)
Muscle
Cymerowska Prokopczyk Fat
et al. (1999)
Marklund et al. (1999)
Fat, growth
Paszek et al. (1999)
Weight gain
Wang et al. (1998)
Daily gain
Fat thickness
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Type
Genome scan
Partial scan
Partial scan

Genome scan
Partial scan

Genome scan

Meta analysis
2+4+7
4
PIT1

Confirmation
Confirmation
Confirmation
Candidate

(3)+8(+9+10+12+1 Genome scan
5)
(1+10)
(8)
Multiple
Genome scan
IGF2
IGF2
APOA1 (#9)
4
1
(4)
7

Candidate
Candidate
Candidate
Confirmation
Genome scan
Partial scan

Study
Rohrer & Keele (1998a)
Rohrer & Keele (1998b)

Traits
Body composition
Fat

Knott et al. (1998)

Fat
Growth rate
Rathje et al. (1997)
Ovulation rate
Ollivier et al. (1997)
Litter size
Casas-Carrillo et al. (1997) Gain
Rothschild et al. (1995)
Birth weight
Andersson et al. (1994)
Growth, fat
8.2.7 The Danish Swine QTL Study
A Danish QTL study to is currently
under preparation. Rather than using
crosses between very different breeds,
this study aims at identifying QTL that
are segregating in Duroc, which is the
most important sire line in Denmark.
Therefore, the study will rely on a twogeneration design with marker typings
on parents, and DNA typings and
phenotypic records on a large number
of offspring. Fourteen Duroc males
were used to produce 1126 litters from
709 Landrace/Yorkshire sows. This
resulted in 12481 liveborn piglets. Each
piglet was scored for disease incidence
and medication during growth, cause of
death if they died, weights at birth,
weaning, and at approximately 30 kg,
meat quality traits, osteochondrosis,
and evidence for respiratory diseases in
to post mortem examination of lungs.
So far the family structure has been
established, DNA samples has been
collected, and phenotypic records have
been collected. The suitability of the
collected data for QTL mapping is

Chromosomes
Multiple
1(+5)+7(+8+9+13+
14)+X
4
4+10+13
(4)+8(+13+15)
IGF1
SLA
4

Type
Genome scan
Genome scan
Genome scan
Partial scan
Partial scan
Candidate
Candidate
Genome scan

currently being evaluated. Based on this
evaluation it will be decided whether to
proceed with the marker typings.
8.3

Applications of QTL Information

The uses of QTL information fall into
two broad categories. One is applications in breeding plans in order to
improve selection decisions particularly
for traits with low heritabilities such as
disease and fertility traits. The other
main category of use is in research. QTL
mapping can constitute the first step
towards the identification of the genes
underlying the genetic variation among
animals. By understanding the function
of these genes we may in turn provide a
back door to understanding the physiological mechanisms behind the traits
and in particular their variation. As this
route to discovery does not rely on
prior physiological knowledge it could
lead research in new and unexpected
directions.
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8.3.1 Applications of QTL in Breeding
Programs
In collaboration with industry the
Department of Animal Breeding and
Genetics is working on plans to
introduce marker information in the
Danish and Swedish Holstein breeding
plans. Our proposal is to use marker
information about carefully chosen QTL
segregating in the Nordic populations
of Holstein cattle. Initially, we have
selected three QTL regions with effects
on calving ease, fertility, mastitis
resistance and milk yield. The first three
of these are traits of the type where
marker assisted selection (MAS) holds
the greatest promise. Characteristics of
traits where MAS is promising are traits
of low heritability, are expressed late in
life, or are only expressed in some or a
few animals. The important challenge to
meet before we can put QTL
information to full use in breeding
plans is to work out the proper way to
combine QTL information correctly
with traditional breeding values. This
requires precise estimates of QTL
location in the genome and precise
estimates of the effects of the individual
alleles.
8.4

Beyond QTL Mapping

QTL mapping is only a first step in
the dissection of the genetic causes of
genetic variation in quantitative traits.
New types of DNA technology are
currently being brought into use. With

respect to DNA markers single
nucleotide polymorphisms (SNP) are
becoming popular. In combination with
chip technologies we can soon expect to
have a virtually inexhaustible supply of
genetic markers at quite low cost per
marker type. SNP's can be chosen such
that they are located in the coding
regions of genes known or suspected to
be involved in biochemical pathways
relating to the traits being studied. This
may
significantly
increase
their
informativeness and can potentially
shorten the route from detecting a QTL
to the identification of the actual genetic
variation involved.
Increasingly sophisticated knowledge of the precise DNA variation
involved in genetic variation in
quantitative traits will pose great
demands for new techniques for
modelling genetic variation. Gradually,
the degree of biochemical or molecular
detail in the models will have to be
increased to attempt to model the
complex interactions, which are bound
to exist at the molecular level. Expression analysis studying an intermediate
step in the pathway transferring
information from genes to phenotypes
will give us an important extra tool in
the dissection of the mechanisms
underlying genetic variation.
Closer cooperation between those
scientists doing modelling and those
involved in molecular studies will be of
essence in order to successfully achieve
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this unified understanding of molecular
and quantitative variation.
8.5

Conclusion

The advent of plentiful and relatively
cheaply available genetic markers has
transformed our understanding of
genetic variations. We now have an
increased understanding of the genetic
causes of phenotypic variation in
quantitative traits.
The Department of Animal Breeding
and Genetics is well placed to take
advantage of this due to our combination of skills in molecular and
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quantitative genetics. Also, the availability of extensive phenotypic recordings from the Danish and Swedish dairy
industries provides unique opportunities for research and its application in
practical breeding programs.
All in all the next years promise to
see a very interesting rapprochement
between the branches of genetics that
have come to be widely separated.
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Resistance of pigs and dairy cattle to clinical and subclinical disease
Mark Henryon, Morten Kargo Sørensen, Mogens Sundø Lund, Peer Berg & Peter
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Løvendahl

9.1

Introduction

Pig and dairy cattle production is
often hindered by clinical and subclinical disease, which causes mortality,
reduced production performance, increased costs, and poor animal welfare.
In Denmark, clinical and sub-clinical
diseases of most economic importance
to pig production are diarrhoea, respiratory problems, lameness, and mastitis-metritis-agalactia (MMA). For dairy
cattle production, udder diseases (predominately mastitis) are by far the most
important. Other diseases of importance
include reproductive disorders, digestive diseases, feet and leg disorders,
diarrhoea, and respiratory problems.
Traditional methods used to control
disease include eradication, sanitation,
quarantine, culling, vaccination, and
medication. A complementary, albeit
longer term, approach is to selectively
breed pigs and dairy cattle for resistance to disease. At present, pig

production in Denmark relies solely
upon the traditional methods to control
disease. By comparison, dairy cattle
producers have recently begun to
complement traditional methods of
disease control by selectively breeding
for resistance.
A successful breeding program for
resistance has three major advantages:

• Genetic improvement for resistance
is cumulative and permanent.
• Selective breeding reduces the
reliance upon traditional methods of
disease control. Of particular interest,
is a potential reduction in the use of
vaccines and medicines, which helps
to fulfil public demands for animal
products free from vaccines and
medicines.
• Genetic improvements for resistance
not only reduces the number of diagnosed pigs and dairy cattle at any
time, but simultaneously reduces the
transmission of disease (i.e., infection
pressure) and the risk of susceptible
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animals becoming infected. In this
way, breeding for resistance may
have a dramatic impact on the incidence of clinical and sub-clinical
diseases at the population level,
whereby the population could carry
a sizeable proportion of susceptible
animals without the risk of disease
outbreak.
The objective of this chapter is to
demonstrate that selective breeding for
resistance provides a viable method to
control clinical and sub-clinical disease
in pig and dairy cattle productions. In
doing so, it is assumed that the
breeding objective is to increase resistance of the pigs and dairy cattle to
clinical and sub-clinical disease, where
resistance is assessed as the incidence of
disease during production.
9.2 Genetic
resistance

variation

for

disease

In most, if not all, animal
populations, there exist individuals that
are genetically resistant to specific
pathogens (Nicholas, 1987; Müller and
Brem, 1991; Straw and Rothschild,
1992). This is also the case for pigs and
dairy cattle in relation to the pathogens
that have been investigated (Straw and
Rothschild, 1992; Rohrer and Beattie,
1999), suggesting that there are genes
within pig and dairy cattle populations
that confer resistance to disease.

Resistance to specific pathogens is
not surprising. To be resistant, pigs and
dairy cattle only need genes that code
the immune system to defend against a
specific form(s) of pathogen. However,
under commercial production conditions, pigs and dairy cattle are reared
under many different production
systems, both indoors and outdoors,
and are exposed to a wide range of
pathogens (i.e., clinical and sub-clinical
diseases). Therefore, pig and dairy
cattle productions would benefit from
using animals that have general
resistance. To have general resistance,
pigs and dairy cattle require genes that
code the immune system to defend
against a wide range of clinical and subclinical diseases. Despite this, there still
tends to be genetic variation for
resistance to clinical and sub-clinical
disease in pigs and dairy cattle.
In the following sections, genetic
variation for resistance of pigs and
dairy cattle is presented. Strictly
speaking, such estimates are not
necessary to implement a breeding
program. However, they do play
important roles. First, genetic variation
estimates are used to establish whether
it is feasible to implement a breeding
program. Second, the estimates are
necessary to plan and develop efficient
breeding programs.
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9.2.1 Pigs
Two studies carried out within the
Department of Animal Breeding and
Genetics (ABG) indicate that genetic
variation for resistance to clinical and
sub-clinical disease exists in the Danish
pig population. The first study (Henryon et al., 2001) detected low levels of
genetic variation for resistance of
growing pigs to five categories of
clinical and sub-clinical disease: (i) any
clinical or sub-clinical disease (ii)
lameness (iii) respiratory diseases, (iv)
diarrhoea, and (v) other diseases [i.e.,
any clinical or sub-clinical disease with
the exception of (ii), (iii), and (iv)]. The
second study (Berg et al., 2002) detected
low levels of genetic variation for birth
assistance in sows. However, there was
very little genetic variation for mastitismetritis-agalactia (MMA) in sows and
very little maternal genetic variation for
resistance of piglets to neonatal diarrhoea.
The existence of genetic variation in
the Danish pig population tends to be
supported by the few other studies
carried on piglets, growing pigs, and
sows. Specifically, Lingaas and Rønningen (1991) detected direct and
maternal genetic variation for resistance
to neonatal diarrhoea in the Norwegian
pig population. Genetic variation was
also detected for resistance of sows to
MMA, mastitis, and metritis. Smith et
al. (1962) and Lundeheim (1988) reported genetic variation for resistance

of growing pigs to diarrhoea and
respiratory diseases in the British and
Swedish pig populations.
9.2.2 Dairy cattle
Genetic variation for resistance to
clinical and sub-clinical diseases exists
in the Danish dairy cattle population.
Specifically, low levels of genetic
variation have been detected for
resistance to mastitis (Nielsen et al.,
1999, 2000; Lund et al., 1999; Jakobsen,
2000; Sørensen et al., 2000; Hansen et
al., 2002), reproductive disorders,
digestive diseases, and feet and leg
disorders (Nielsen et al., 1999, 2000;
Hansen et al., 2002). Wassmuth et al.
(2000a,b) also detected low levels of
genetic variation for diarrhoea and
respiratory problems. The existence of
genetic variation in the Danish cattle
population is generally supported by
genetic variation estimates for dairy
cattle populations in other countries
(review by Sørensen, 1999).
9.2.3 Conclusion
With the exception of mastitis,
reproductive
disorders,
digestive
diseases, and feet and leg disorders in
dairy cattle, there are few genetic
variation estimates for resistance to
clinical and sub-clinical disease in pigs
and dairy cattle. This is particularly the
case for pigs. However, the available
evidence is encouraging. It indicates
that low levels of genetic variation for
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resistance to clinical and sub-clinical
disease exists in pig and dairy cattle,
suggesting that selective breeding for
resistance can be successful.
9.3

Selection criteria

The level of success of selective
breeding programs for resistance is
largely dependent upon the reliability
with which breeding values of potential
breeding stock can be estimated for
resistance (i.e., degree of certainty by
which the most resistant pigs and dairy
cattle can be identified). Breeding value
estimates can be obtained using the
incidence of clinical and sub-clinical
disease (i.e., health records) during the
life of the pigs and dairy cattle.
However, using the incidence of disease
as the sole selection criterion (i.e.,
source of information used to estimate
the breeding value of the pigs and dairy
cattle for resistance) generally results in
unreliable breeding value estimates
unless records are available from large
numbers of relatives (i.e., ancestors,
collateral relatives, descendants). There
are two reasons. First, it is often difficult
to correctly diagnose live pigs and dairy
cattle for many clinical and sub-clinical
diseases. Second, much of the variation
for the incidence of disease is due to
environmental
factors,
such
as
unpredictable exposure to pathogens.
Consequently, selective breeding would
be more successful if other measures,
which reflect the resistance of the pigs

and dairy cattle, could be identified and
used as additional selection criteria.
In the following sections, the
suitability of four measures as additional selection criteria is investigated. The
four measures are post-mortem lesions,
immunological parameters, genetic
markers linked to quantitative trait loci
(QTL), and conformation traits. This is
not an exhaustive list. In theory, there
can be any number potential candidates. However, these measures have
attracted most attention, and those that
can be used in a breeding program
given the current level of technology. In
future, other measures will of course
become available as our knowledge of
diseases and genetics improves.
There are two prerequisites required
for a measure to be suitable selection
criterion. First, the measure needs to
express genetic variation. Second, the
measure needs to be genetically correlated with resistance to clinical and subclinical disease. Most of the studies to
date have only addressed the first of
these prerequisites, namely the expression of genetic variation. The exceptions
are somatic cell count, conformation
traits, and genetic markers linked to
QTLs in dairy cattle. These traits are
genetically correlated with resistance to
mastitis.
9.3.1 Post-mortem lesions
Post-mortem lesions involve the
diagnosis of disease lesions on a range
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of body organs at slaughter, and are the
result of infection by clinical or subclinical disease during the life of the
pigs and dairy cattle. Because each
lesion is associated with a specific
disease, post-mortem lesions may
improve the diagnosis of clinical and
sub-clinical diseases. Of course, postmortem lesions are diagnosed on pigs
and dairy cattle, which themselves are
not candidates for selection (i.e., the
animals have been slaughtered).
Nevertheless, the incidence of postmortem lesions could still be used as an
additional selection criterion to estimate
the breeding values of related (and
living) selection candidates.
Pigs
Pigs from the nucleus breeding
population of the Danish pig breeding
program (DanAvl) are routinely assessed for post-mortem lesions during
carcass inspection. Within ABG, genetic
variation for the incidence of these
lesions was estimated as a first step to
assessing their suitability as an
additional selection criterion for
resistance to clinical and sub-clinical
disease (Henryon et al., 2002). Three
categories of disease lesions were
assessed: any post-mortem lesion,
respiratory lesions, and abscesses.
However, no genetic variation was
detected. The lack of genetic variation
was somewhat surprising given that
genetic variation has previously been

detected for resistance to clinical and
sub-clinical diseases during the life of
the pigs (Smith et al., 1962; Lundeheim,
1988; Lingaas and Rønningen, 1991;
Henryon et al., 2001). There are two
possible explanations. First, lesions
resolve (i.e., heal) over time (Pointon et
al., 1992), such that only lesions that
resulted from disease incurred during
later stages of the life of the pig were
detected at slaughter (i.e., lesions that
resulted from disease during early life
stages were not detectable). Second, the
method used to diagnose the lesions
during carcass inspection was ineffective. Therefore, the number of pigs
diagnosed with post-mortem lesions
was probably an underestimate of the
total number of diseased pigs.
Resolution of the lesions is beyond
the control of the pig breeder. However,
pig breeders can implement more
effective methods to diagnose postmortem lesions. Implementation of a
more effective method of diagnosis is
likely to increase the number of diagnosed pigs, and may enable genetic
variation to be detected. Therefore,
post-mortem lesions may still provide a
suitable measure by which to select pigs
for resistance.
Dairy cattle
There are no studies that have
estimated genetic variation for the
incidence of post-mortem lesions in
cattle. However, post-mortem lesions
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are routinely assessed for cattle in
Denmark. This information may
provide a suitable criterion by which to
select cattle for resistance.
Conclusion
Studies that have estimated genetic
variation for post-mortem lesions in
pigs and dairy cattle are scarce. The
available evidence for the Danish pig
population suggests that very little
genetic variation exists for post-mortem
lesions, thereby not fulfilling the first
prerequisite required for post-mortem
lesions to be a suitable selection
criterion. However, this may have been
due to an ineffective method used to
diagnose the pigs during carcass
inspection. The effectiveness of other
methods of diagnosis should be
assessed for pigs and dairy cattle.
Implementation of a more effective
method may still demonstrate that postmortem lesions provide a suitable
measure by which to select pigs and
dairy cattle for resistance.
9.3.2 Immunological parameters
The immune system is the natural
capacity of pigs and cattle to resist
infection (Janeway et al., 1999). In its
simplest form, the immune system can
be divided into two components, the
innate and adaptive immune systems.
These systems provide a remarkably
effective defence mechanism that
ensures that, although pigs and dairy

cattle spend their lives surrounded by
potentially pathogenic microorganisms,
they become ill only relatively rarely.
Measures or parameters of the innate
and adaptive immune systems may
provide suitable criteria by which to
select pigs and dairy cattle for resistance
to clinical and sub-clinical disease. The
principle of using immunological
parameters as selection criteria is
simple. Given that the immune system
is the natural capacity of pigs and dairy
cattle to resist infection, parameters of
the innate and adaptive immune
systems may reflect the functional
capacity of the immune system (i.e.,
immunocompetence) and, in turn, the
ability of pigs and dairy cattle to resist
infection.
Parameters of the innate and adaptive immune systems that have
attracted most attention within ABG
are:

• Total and differential numbers of
white blood cells (i.e., leukocytes) as
both the innate and adaptive immune systems depend upon the
activities of leukocytes. Specifically,
the innate immune system largely
involves granulocytes (i.e., neutrophils, eosinophils, and basophils)
and monocytes, while the adaptive
immune system depends upon
lymphocytes.
• Somatic cell count in milk over the
lactation period is the traditional
indicator for mastitis infection in
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dairy cows. Following infection,
large increases in the number of
somatic cells are detected in the milk.

• Concentration
of
acute
phase
proteins. Acute phase proteins are
involved in the innate immune
system. They are a series of proteins
secreted by the liver into the blood
after the onset of infection, and include mannan-binding lectin (MBL),
conglutinin, haptoglobin, C-reactive
protein, and α-1-acid glycoprotein.
These proteins mimic the action of
antibodies but, unlike antibodies,
these proteins have broad specificity
for pathogens.

• Amounts of the major histocompatibility complex class I and II
(MHC I and II) molecules on the
surface of the leukocytes. MHC I and
II molecules are important in the
control of the adaptive immune
system.
Pigs
Within ABG, a project is currently
underway to assess the suitability of (a)
total and differential numbers of
leukocytes, (b) amounts of MHC I and
II molecules on the surface of the
leukocytes, and (c) concentration of
acute phase proteins (i.e., haptoglobin,
C-reactive protein, α-1-acid glycoprotein, MBL) as selection criteria for
resistance in Danish growing pigs. To
date, genetic variation has been detected for total number of leukocytes, and

the numbers of neutrophils, eosinophils, monocytes, and lymphocytes
(Henryon et al., 2002). Preliminary
results indicate that genetic variation
also exists for the amounts of MHC I
and II molecules on the surface of the
leukocytes and for concentrations of
acute phase proteins. The additive
genetic variation detected in this study
fulfils the first prerequisite required for
these parameters to be suitable selection
criteria for resistance to clinical and subclinical disease. However, before they
can be considered suitable selection
criteria, it needs to be shown that these
parameters fulfil the second prerequisite, namely that they are genetically correlated with resistance. This
premise is now being tested within
ABG.
The genetic variation detected for
immunological parameters in the
Danish pig population is generally
supported
by
previous
studies.
Specifically, Edfors-Lilja et al. (1994)
reported genetic variation for the total
number of leukocytes and number of
granulocytes, while measures of
functional capacity of the innate and
adaptive immune systems tend to
exhibit genetic variation (Jensen and
Christensen, 1981; Rothschild et al.,
1984a,b; Mallard et al., 1992; EdforsLilja et al., 1994). These findings
indicate that many immunological
parameters measured in pigs will
respond to selection. Certainly, a
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selection experiment carried out in
Canada demonstrated that parameters
of the immune system respond to
selection (Mallard et al., 1998; Wilkie
and Mallard, 1999, 2000). They were
successful in producing high and low
genetic lines of pigs for immunological
parameters from the innate and
adaptive immune systems.
Dairy cattle
Somatic cell count is the immunological parameter currently used
as a selection criterion for resistance to
mastitis in dairy cattle. Somatic cell
count expresses genetic variation, and is
genetically correlated with resistance to
mastitis (i.e., selection for low somatic
cell count infers selection for resistance)
(Sørensen, 1999; Heringstad, 2000). An
alternative selection criterion for mastitis may be changes in electrical
conductivity of milk from infected
udder quarters assessed during milking. This method measures increases in
ionic concentration of the milk following infection, and is commercially
available as accessories to milking
machines. It has the advantage of being
simple, inexpensive, and frequently
recorded. A study within ABG has
established that changes in electrical
conductivity express genetic variation
and are genetically correlated with
somatic cell counts (Norberg et al,
2002). Current research will establish
whether changes in electrical con-

ductivity express genetic variation and
are genetically correlated with randomly occurring mastitis. Other sensorbased measurements of aberrations in
milk are currently being studied within
ABG as potential indicators of mastitis.
A study is currently underway
within ABG to assess whether conglutinin concentration is a suitable
selection criterion for resistance to
clinical and sub-clinical disease in dairy
cattle. To date, conglutinin concentration has been shown to express
genetic variation, and there is evidence
that conglutinin concentration is
genetically correlated to resistance to
respiratory disease (Holmskov et al.,
1998). Further studies are being carried
out to confirm this correlation, and to
assess the suitability of other acute
phase proteins as selection criteria for
resistance to clinical and sub-clinical
diseases.
Conclusion
Immunological parameters may
provide a suitable criterion to select
pigs and dairy cattle for resistance. The
available evidence suggests that most, if
not all, immunological parameters in
pigs and dairy cattle express genetic
variation, thereby fulfilling the first
prerequisite required for the parameters
to be a suitable selection criterion.
However, for these parameters can be
considered suitable selection criteria, it
needs to be demonstrated that they
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fulfil the second prerequisite, namely
that they are genetically correlated with
resistance. Genetic correlations between
immunological parameters and resistance have only been established for
somatic cell counts and resistance to
mastitis, and conglutinin concentration
and resistance to respiratory diseases, in
dairy cattle. Although the evidence is
not overwhelming, these correlations
are encouraging, as they suggest that at
least some immunological parameters
are
genetically
correlated
with
resistance. In future, the challenge for
pig and dairy cattle breeders is to
identify additional immunological parameters to select pigs and dairy cattle for
resistance to disease. As knowledge and
understanding of the immune system
grows, other potential parameters are
sure to become available.
9.3.3 Quantitative trait loci

• So far in this chapter, it has been
assumed that large numbers of genes
influences resistance to disease, each
gene having a small effect on
resistance. Advances in molecular
genetics (Chapter 8) has made it
possible to:
• Decompose parts of the genetic
variation into genes or small groups
of genes (i.e., QTLs), which have a
detectable effect on resistance.
• Estimate the position of QTLs on the
chromosomes.

Having identified a QTL, genetic
markers flanking the QTL can be used
to trace the inheritance of favourable
QTL alleles. Selection based on QTLs is
known as marker assisted selection
(MAS). MAS is particularly effective for
the genetic improvement of traits that
express low levels of genetic variation
and are sex-limited (e.g., mastitis is only
expressed on cows) (Chapter 8).
Therefore, MAS is relevant for the
selective breeding of resistance to
disease.
Pigs
Within ABG, a project is underway to
identify QTLs for resistance to clinical
and sub-clinical disease in the Danish
Duroc population. To date, the family
structure has been established, DNA
samples have been collected, and the
incidence of clinical and sub-clinical
disease has been recorded.
Previous QTL studies suggest that
the project will be successful in
detecting QTLs. The classic example
involves neonatal and post-weaning
diarrhoea caused by specific strains of
Escherichia coli bacteria. These strains
have a distinct cell-surface antigen (i.e.,
pili), which attaches with a receptor on
the cell wall of the small intestine of the
pig. Once attached to the intestine, the
bacteria proliferate and produce
diarrhoea. However, not all pigs are
susceptible. Pigs that lack the
appropriate receptor for the pili avoid
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attachment by the bacteria and
subsequent diarrhoea. The presence of
the receptor has a simple genetic basis:
mendelian inheritance with a dominant
receptor allele. Pigs that have one or
two copies of the receptor allele are
susceptible to the specific E. coli strains,
while pigs that are homozygous for the
recessive allele are resistant. The loci at
which genes coding for the receptor
structure of specific strains of E. coli
have been mapped to particular
chromosomes of the pig (Edfors-Lilja
and Wallgren, 2000; Meijerink et al.,
2000). The availability of genetic
markers for these QTLs enables pig
breeders to select for the recessive
receptor genes, thereby reducing the
incidence of particular forms of neonatal and post-weaning diarrhoea.
Edfors-Lilja et al. (1998) used a
genome scan of F2 pigs from a wild pig
x Swedish Yorkshire intercross to
identify QTLs for immunological
parameters. QTLs were detected for
four immunological parameters. Specifically, there was a QTLs identified for
number of leukocytes in the body, a
QTL for lymphocyte proliferation, and
two QTLs associated with the antibody
response to K88ab, K88ac, and O149
fimbriated E. coli. These results are
encouraging. They suggest that QTLs
exist for immunological parameters.
However, two problems remain. First,
the study measured segregation of
alleles between the wild pig and

Swedish Yorkshire breeds, and not
segregation within the breeds. In
practice, selection takes place within
breeds. Second, immunological parameters are potential selection criteria to
select pigs for resistance. However, as
was highlighted in Section 9.3.2, it is not
yet known whether there is a genetic
correlation between these parameters
and resistance to disease.
Dairy Cattle
The QTL scans in the Scandinavian
countries are the only studies that
include analyses for QTL that affect
clinical diseases, while other studies
might include traits like somatic cell
count (SCC) that is correlated to disease
incidence. In the literature, Zhang et al.
(1998) reported three suggestive QTL
affecting SCC. Klungland et al (2001)
included analyses on SCC as well as
clinical cases of mastitis. However, none
of the QTL that affected clinical mastitis
(one significant and four suggestive)
had a similar effect on SCC. These
results raise a number of concerns. First,
if the results of Klungland et al (2001)
are correct it is absolutely necessary to
identify QTL that affects clinical
mastitis directly. Since there was no
overlap between QTL affecting clinical
mastitis and SCC, selection for the latter
might have no affect. Second, it is very
important to have high power in the
genome scan. Given the high genetic
correlation between the two traits, it is
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unlikely that Klungland et al (2001)
have truly identified one to five QTL
affecting mastitis that does not affect
SCC. It might be that some of the results
are false positives and that analyses
failed to identify the affect on the
correlated trait. This indicates the
importance of having high statistical
power and including both the indirect
measure (SCC) and the disease trait
(clinical mastitis) in the analyses in
order to utilise the information
optimally.
The Danish/Swedish QTL scan on
Holstein cattle is by far the largest
experiment that aims at identifying QTL
for disease traits. Until now the scan has
covered approximately half the genome
(Chapter 8). Currently, results are only
available from preliminary analyses. On
the most stringent significance threshold no QTL affecting clinical mastitis
has been identified while three have
been found to affect SCC. However, we
have several very promising hits for
QTL affecting CM in several families at
slightly lower levels of significance. In
the near future we will perform
multitrait analyses including CM and
SCC in all genomic regions with
indication of QTL affecting either trait.
Thereby, we will increase the probability to identify QTL and to determine
which QTL affect CM, SCC or both
traits.

The QTL scan in cattle was designed
to identify genomic regions with genes
affecting traits of interest (QTL). However, the QTL positions are estimated
with rather poor accuracy. In order to
utilise the QTL in practical breeding
plans, it is important to have more
accurate position estimates. Therefore,
within ABG a large ‘fine scale mapping’
experiment is currently being carried
out. The objectives are to (i) confirm
that identified QTL was real, (ii) fine
map the QTL to very small genomic
regions, (iii) identify the genes, or
haplotypes of very closely linked
markers, underlying variation in
mastitis resistance, (iv) to assess
pleiotropic effects on other traits of
interest, and (v) to provide statistical
methods necessary to perform the
analyses and to introgress QTL into a
new population. Having completed
these steps, selection for the QTL can be
reliably carried out.
Conclusion
QTLs have been identified for
mastitis in dairy cattle, and are currently being implemented in breeding
programs for dairy cattle. This is
extremely encouraging, as it highlights
the potential to identify QTLs as a
suitable criterion to select pigs and
cattle for resistance. The challenge for
pig and cattle breeders is to identify
these QTLs.
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9.3.4 Conformation traits

Conclusion

Conformation traits are some of the
oldest selection criteria used in animal
breeding. Knowing nothing about
genetic variation and genetic correlations, the earliest breeders believed
that selection for conformation would
increase production and result in robust
animals. Some of these beliefs still hold
today, and conformation traits remain a
criterion by which animals are selected.

Conformation
traits
remain
important criteria by which to select
dairy cattle for resistance to disease.
This is justified by the fact that many
conformation traits express genetic
variation and are genetically correlated
with resistance to disease. These results
are encouraging for pig production, as
they suggest that conformation traits
could be suitable selection criteria for
resistance in pigs.

Pigs
There are no studies that have
considered conformation traits as a
selection criterion for disease resistance
in pigs.
Dairy cattle
Conformation traits in dairy cattle
express genetic variation, and many
conformation traits are genetically
correlated with disease resistance. Of
particular interest are dairy form,
foreudder attachment, and udder
depth, which have favourable genetic
correlations with resistance to mastitis
and diseases “other than mastitis” both
in Denmark and other countries (Rogers
et al., 1998, 1999; Sørensen et al., 2000;
Hansen et al., 2002). As a result,
conformation traits are used as a
selection criterion for resistance to
disease in breeding programs for dairy
cattle in Denmark.

9.4

Registration system

The success of a breeding program
for resistance to clinical and sub-clinical
disease is dependent upon a wellestablished registration system to
record the incidence of disease in pigs
and dairy cattle. There are three
reasons. First, resistance to disease is
the trait included in the breeding
objective (i.e., the trait to be genetically
improved). Incidence of disease needs
to be measured to assess the progress of
the breeding program. Second, a wellestablished registration system that
records the incidence of disease on large
numbers of pigs and dairy cattle can
lead to reliable breeding value
predictions for resistance. Third, to test
the suitability of potential selection
criteria, the incidence of disease needs
to be recorded to estimate the genetic
correlation between the selection
criteria and resistance. These three
reasons demonstrate that there is no
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substitute
for
a
registration system.

well-established

9.4.1 Pigs
Pig production in Denmark does not
have a well-established system for the
registration of disease. At best, pigs
from DanAvl’s nucleus breeding population are recorded each time they are
treated for a clinical or sub-clinical
disease. A pig is assumed to be diagnosed with a clinical or sub-clinical
disease when it is treated for the
disease. This registration system has
two major drawbacks. First, many nondiagnosed pigs are treated for
preventive measures (i.e., majority of
pigs within a pen group are treated for
a disease to reduce the risk of disease
although only few individuals in the
pen are diagnosed with the disease).
Preventive treatments are not recorded
in a way that was distinguishable from
the treatments of diagnosed pigs.
Second, many of the clinical and subclinical diseases are poorly defined.
Therefore, a well-established registration system is needs to be developed
before selective breeding can be implemented as a method of disease control
in pig production.
9.4.2 Dairy cattle
Denmark, together with the other
Nordic countries, has a well-established
national registration system for disease
incidence in diary cattle (Heringstad et

al., 2000). The Danish registration
system was established in 1990 following a pilot study carried out in Denmark (Madsen et al., 1987) and studies
carried out in the other Nordic
countries (Emanuelsen et al., 1988).
These studies demonstrated that genetic
variation for resistance to mastitis exists
in dairy cattle, and that there are
unfavourable
genetic
correlations
between resistance and production
traits (i.e., milk yield). The Danish
registration system currently records
the incidence of udder diseases
(predominately mastitis), reproductive
disorders, digestive diseases, and feet
and leg disorders in most dairy cattle
herds. A cow is assumed to be diagnosed with a clinical or sub-clinical
disease when it is treated for the
disease. Although the registration
system is well-established in Denmark,
it can always be improved. Of particular interest is the development of more
effective methods to diagnose dairy
cattle for clinical and sub-clinical
diseases.
9.5

Breeding programs for resistance

The final stage in the development of
a breeding program is implementation
of the program in breeding programs
for pigs and dairy cattle.
9.5.1 Pigs
Pig production does not use selective
breeding as a method of disease control.
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Instead, selective breeding programs for
pigs concentrate solely on the improvement of production traits. However,
evidence from other species (including
dairy cattle) indicates that there are
unfavourable
genetic
correlations
between production traits and resistance to some diseases. Should pigs
resemble these species in any way, the
implications are clear. Breeding pigs
solely for the improvement of production traits is likely to have adverse
effects on the resistance to at least some
clinical and sub-clinical diseases.
9.5.2 Dairy cattle
Resistance to clinical diseases has
recently been included in breeding
programs for Danish dairy cattle (Nielsen et al., 1999, 2000; Pedersen and Aamand, 1999). Specifically, cattle are
selected based on a total merit index,
which includes resistance to udder
diseases, reproductive disorders, digestive diseases, and feet and leg
disorders. Breeding values for resistance to these diseases are predicted
using disease incidence recorded by the
Danish national registration system.
Selection for resistance to clinical and
sub-clinical disease is expected to be
successful. Certainly, this has been the
case for the dairy cattle populations in
Finland and Norway, where the incidence of mastitis has been reduced
(Juga et al., 1999; Svendsen, 1999;
Heringstad et al., 2000). Such progress

has promoted other countries outside
Scandinavia to consider breeding for
resistance to disease.
9.6

Other considerations

There are several areas that require
consideration when resistance to clinical
and sub-clinical disease is included in
breeding programs for pigs and dairy
cattle. First, it may be unrealistic to
hope to achieve resistance to all forms
of disease. Diseases differ in their
aetiologies, each requiring a different
mechanism of immunity on the part of
the pigs and dairy cattle to prevent
infection.
Furthermore,
there
is
evidence to suggest that some of these
mechanisms of immunity may be
negatively intercorrelated (c.f. Biozzi et
al., 1982). Second, during selection of
pigs and dairy cattle resistant to a
pathogen, the pathogen is likely to
evolve to survive in animals (Nicholas,
1987). Increased resistance in the
pathogen may offset at least some of the
progress made in the resistance of the
pigs and dairy cattle. These two
considerations are certain to make
selective
breeding
for
resistance
challenging. However, it may only be
necessary to make small increases in the
resistance of the pigs and dairy cattle. A
successful breeding program for
resistance would not only reduce the
number of infected pigs and dairy cattle
at any time, but simultaneously reduce
the risk of susceptible animals being
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infected (c.f. Knap and Bishop, 2000). In
this way, breeding for resistance may
have a dramatic impact on the incidence
of clinical and sub-clinical diseases at
the population level, whereby the
population could carry a sizeable
proportion of susceptible pigs and dairy
cattle without the risk of disease
outbreak.
A further consideration is genotype x
environment interactions. Genotype x
environment interactions exist when the
relative genetic differences of genetic
groups (i.e., strains, or full- and half-sib
families) varies between environments.
The existence of genotype x environment interactions are important in
breeding programs for resistance
because pigs or dairy cattle selected for
resistance within a particular environment may not be resistance under a
range of environments. In such situations, selection programs may need to
be developed for different environments.
Finally, as our knowledge of the
immune system grows, it is becoming
clear that the immune system needs to
be stimulated to keep it functionally
sharp. By increasing the emphasis on
clean environments, pig and dairy cattle
producers could actually be increasing
the susceptibility of the pigs and dairy
cattle to clinical and sub-clinical disease
(i.e., removing the stimulus required to
keep the immune system fine-tuned).

9.7

Genetic-epidemiological models

Current analyses used to model the
incidence of disease are based on classical genetic-statistical models. Unfortunately, such models do not
consider interactions among animals,
which are particularly pertinent for
infectious diseases (i.e., individuals can
be both host of an infection and/or a
reservoir for pathogens, and thereby
infectious to uninfected individuals).
Therefore,
genetic-epidemiological
models are required to improve the
analysis of disease incidence by
accounting for the dynamic infection
pressure within pig and dairy cattle
populations.
9.8

Capacity of ABG

Most of the research on disease
resistance within ABG has been carried
out in collaboration with the Department of Animal Health and Welfare at
the Danish Institute of Agricultural
Sciences, and other research institutes
and private organisations in Denamrk.
ABG has close collaborative links with
the
Danish
Veterinary
Institute,
National Committee for Pig Production
(Danish Bacon and Meat Council), and
Danish Milk and Livestock Federation.
ABG contribution to these projects is
expertise in quantitative genetics (i.e.,
definition of breeding objectives, estimation of genetic (co)variation, identification of selection criteria, breeding
value prediction, development of breed-
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ing schemes) and molecular genetics
(i.e., laboratory and statistical methods
to detect QTLs).
9.9

Conclusion

This chapter demonstrated that
selective
breeding
for
resistance
provides a viable method to control
clinical and sub-clinical disease in pig
and dairy cattle production. Genetic
variation exists for resistance to many
clinical and sub-clinical diseases, and
there are a number of potential criteria
becoming available by which to select
pigs and dairy cattle for resistance.
These findings give pig and dairy cattle
breeders in Denmark reason to be
optimistic, as they indicate that selective
breeding programs for resistance will be
successful. This has prompted dairy

cattle breeders to develop a wellestablished registration system to
record the incidence of disease, and
include resistance in breeding programs
for dairy cattle. Pig breeders are yet to
respond. With research attention directed towards areas that will further
develop breeding programs for resistance (i.e., estimation of genetic variation, identification of suitable selection
criteria, establishment and development
of registration systems, development of
genetic-epidemiological models), breeding programs for resistance are likely to
provide a complementary approach to
disease control, together with good
management (i.e., eradication, sanitation, quarantine, culling) and therapeutic (i.e., vaccination, medication)
measures.
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10 Genetics of Behaviour and Physiology in Cattle and Pigs
Peter Løvendahl, Mogens Lund, Dorothee Bölling & Lisbeth Brehmer

10.1 Introduction
10.1.1 General
Domestication of farm animals has
undoubtedly involved selection for
docility in the species over many
generations. Docility and approachability are parts of animal behaviour
important to those handling or working
with the animals (Grandin, 1998).
Animals that are aggressive to their
handlers pose an obvious risk, as has
been documented in statistics on animal
husbandry as a high hazard workplace.
(Arbejdstilsynet, 1999, ) Group housing
of animals necessitates the establishment of hierarchies, which involves
showing of aggressive behaviour
between individuals. Frequent regrouping of animals may therefore lead to
high incidence of aggression, especially
if animals are naturally aggressive.
Similarly, situations where competition
between animals is unavoidable, will
trigger expression of aggressive behaviour and more so if the animals are
from stocks that easily get into

✳

aggressive fights. However, some
aggressive behaviour may be useful, for
example when it comes to reproduction
and to the care and defence of offspring.
Deviation in normal behaviour often
reflects some early disease state or lack
of well being. Chickens that cannot
walk straight, or cows that walk uneven
or rise in awkward ways, indicate problems with feet and legs. This can be
utilised in management decisions, but
may also be used in selection for
animals with stronger and healthier
legs, if the trait has genetic variation
and if it is correlated to realised leg
health.
Physiological regulation is part of the
behavioural responses to acute stressors
through the hormones of the hypothalamic-pituitary-adrenal axis. Many of the
metabolic processes of production also
involve regulation by hormones, of
which growth hormone, thyroxin,
insulin, and maybe leptin are important
players. Reproduction is also regulated
through a number of hormones. The
possible benefits of using hormone
based indicator traits in genetic
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selection for production and reproduction traits, have stimulated research into
genetic variation in physiological traits.
There is increasing evidence that hormone systems show large genetic
variation, and that some are also
affected by single gene polymorphisms.
10.1.2 The purpose of this chapter
Recent advances in the genetics of
behaviour of farm animals have broadened from an interest in “temperament”
into the development of functional
traits of which some are related to
susceptibility to leg disorders. This may
pave a way for further use of behaviour
traits in animal breeding. Furthermore,
endocrine traits are often part of
behaviour trait expression, or act as
modifiers of such. Endocrine regulation
is by itself heavily involved in the
expression of production traits, and
further insight into the genetic variation
of these traits may be of importance for
genetic progress in production traits
balanced with improvement of welfare
in future generations of farm animals.
This chapter aims at discussing such
possibilities from research results in
cattle and pigs.
10.2 The Resource Allocation Theory
The fitness of domestic animals is not
maintained by natural selection as our
cattle and pig populations are subjected
to intense artificial selection aiming at
production traits beneficial to people

rather than to animals. The “survival of
the fittest” has become the artificial
reproduction and multiplication of the
high scorer of the goal breeding! This is
made possible by modifying the
environment, by eliminating predators
and providing ample supply of feed
and protection from harsh climate by
housing the animals. Natural selection
addresses the competition between
individuals of different genotype for
limited resources. This has a counterpart in the resource allocation theory
(Beilharz et al, 1993). This theory states
that different genotypes will allocate the
available resources to the tissues with
different priority. As a consequence,
energy that is used for heat production
is no more available for milk production, or for movement (Rauw et al,
1999).
Those animals best able at coping
with a set of constraints are the ones
surviving, and hence reproducing. This
has a number of trade-offs. The ability
to withstand thermal stress, starvation
and disease require flexibility, but
flexibility is also costly, and may in the
short term reduce fitness. The domestic
animals are therefore kept in stable
environments allowing animals to survive and reproduce with little need for
flexibility or safety factors.
When the resource allocation theory
is applied to data from lines of mice
selected for litter size over several generations, as a model for pig breeding, it
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gives a meaningful explanation of the
observed correlated response in other
traits, such as mobilisation of body
reserves during lactation and expression of physical activity (Rauw et al,
2000).
10.3 Genetic variation in behaviour
traits of cattle
10.2.1 Temperament,
and docility

approachability

Temperament in cattle has been
reviewed by Burrow (1997), with a
focus on beef but also covering dairy.
Temperament is a composite trait, as it
consist of an animal part and a part
coming from the person doing the
subjective scoring. This person may
consider different aspects of the
underlying behaviour of the animal, but
at the same time will include his own
interactions with the animal at handling
and milking. Even so, temperament
scoring based on interviews with
farmers by asking relevant questions, or
assessment by inspector is sufficiently
precise that heritabilities in the range
0.05 to 0.20 are obtained (Burrow, 1997),
with the higher estimates coming from
inspector based studies. Furthermore,
temperament is positively correlated
with longevity of cows (Nielsen &
Pedersen, 1995).
An important part of temperament
comes from interactions between cows
and humans. Cows that can be
approached easily will score high, and

cows that are docile during handling
will also get high scores. Systematic
scoring of docility in Limousin beef
heifers by using a testing arena was
efficient in detecting genetic variation
(Le Neindre et al, 1995). The docility
score was a trait composed of the types
of responses to a person handling it for
a short time. Aggression towards the
person gave low scores. Animals that
were easy to approach and were easy to
lead and maintain in a corner of the
arena obtained high scores. The
estimated heritability of the score was
0.22. However, there was a clear effect
of the person handling the animal. For
testing purposes this needs to be dealt
with in the design, for example by
having the effect of handler in the
statistical model.
These results suggest that selection
for the group of traits describing the
interaction between human and cattle is
possible. They also suggest that higher
accuracy can be obtained by more
advanced testing methods. This is
important if testing is on own performance rather than on a progeny group
basis. However, as these traits involve
some learning effect, or effects of earlier
experience, this may create a permanent
environment
effect.
The
relative
importance of this should be studied
using repeated scoring of animals and
including a permanent environment
effect in the models.
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10.3.2 Locomotion
cattle

scoring

in

dairy

Locomotion describes the gait of an
animal, the ability to walk and the
“quality” of the walk. It is scored on a
scale from perfect walk to lameness.
Criteria to assess the gait involve the
evenness of the gait, the length of the
strides and the ab- and adduction of the
rear legs when watching the animal
from behind. This trait was developed
fifteen to twenty years ago in order to
assess feet and leg problems, which
constitute the third major disease
complex in dairy cattle. Instead of
looking at individual diseases, it
summarises the different causes into
one trait. At the same time, this trait
reflects whether the cow is capable of
moving around freely and of satisfying
her needs like eating, lying down and
being milked. A pilot study on a large
scale was carried out in the HolsteinFriesian population in the United
Kingdom (Boelling, 1996). Locomotion
proved to be heritable with h2 = 0.10
and showed favourable genetic correlation to Foot Angle (-0.58) and Rear Leg
Side View (0.33). On the basis of these
initial results, locomotion scoring was
included in the official cattle assessment
scheme in the UK, and other countries
like the Netherlands. It is suggested to
examine locomotion also under Danish
conditions with the possibility to assess
the trait on a national scale and use it as
a future selection tool.

10.3.4 Forced rising behaviour in cows
The ability of a cow to rise from a
lying down position involves lifting a
several hundred-kilo body to upright
position. This is normally one smooth
uninterrupted movement. Cows having
injured legs are expected to have
deviating or irregular rising patterns
and to spend longer time. A scoring
system, “rising score”, based on deviations from normal rising behaviour was
developed and found to be reliable for
cows in tie-stalls (Chaplin & Munksgaard, 2001). It was also reliable when
used by different observers, or when
scores were given by indirect observation using video recording.
Application of the test to loose
housed cows and to heifers in tie-stalls
has shown that the test score is
repeatable both within and between
observers (Brehmer, 2001). Genetic
variation in rising score has also been
demonstrated, with a heritability of 0.18
in cows. The main disadvantage of the
test is that it requires that cows lie
down at the start of the test. There is a
need to study genetic correlation
between rising score, locomotion score,
and leg disorders to assess its possible
value as a selection tool.
10.3.5 Physical activity and its use for
oestrus detection
Equipment for automatic detection of
oestrus in cattle takes advantage of the
increase in physical activity before and
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at onset of heat. Activity sensors are
either strapped around the foot (pedometers) or around the neck of the
animal. The equipment is manufactured
and sold through vendors of milking
equipment, often together with computer based herd management systems
(Firk et al, 2002). Over and above its use
for oestrus detection, activity sensors
can be useful in assessing variation in
general physical activity of dairy cows
or heifers, both at pasture and when
housed (Nielsen & Løvendahl, 2002),
and is found to be a highly repeatable
trait (Løvendahl, unpublished). Monitoring of activity between oestrus may
also be used in detection of aberrations
related to leg problems and early states
of other diseases. However, validation
for this purpose is needed first. Moreover, genetic variation in physical activity is interesting in itself because
activity has an energy cost attached to
it, which is part of the heat production
and maintenance requirements. This is
supported by findings in laying hens
where variation in residual feed intake
can partly be described by variation in
physical activity (Luiting et al., 1997).
Further understanding of the genetic
variation in activity and its relationship
with feed efficiency would be beneficial
in deciding future breeding goals for
dairy cows.

10.3.6 Genetic variation in adaptation
and stress response in heifers and cows
Genetic selection for milk yield has
been an effective way of improving
production of dairy cows. However, it
remains an open question if this
selection also has affected a number of
behaviour traits, especially traits important to the well being of the cows.
This could happen if the ability of cows
to cope with naturally occurring stressors is reduced. Coping with stressors
involves the central nervous system, the
hypothalamus, the pituitary, the adrenals, and the expressed behaviour that
can be observed. Genetic variation is
expected at all levels, but little is
published.
At ABG4 an experiment designed to
study genetic variation in dairy cows’
response to a panel of behavioural and
endocrine tests, and to look for covariation with production, was initiated
in 1998. The experiment currently runs
at the Future-Genetics nucleus herd at
Skølvad testing station using their
Holstein heifers and cows, and will be
completed at the end of 2002. The
animals are tested as maiden heifers
and as cows twice in their first lactation.
At each testing session they are
submitted to a panel of tests and
observations. These include time budgets, physical activity (pedometers),
behavioural response to a novel feed
4
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(carrots), and HPA-axis response to
emotional and intravenous stimulation.
Preliminary results (Løvendahl et.al,
2002) show that HPA axis responses are
moderately heritable traits. They also
indicate that response to intravenous
stimulation with CRF is not closely
related to the more emotional response
to social isolation. Further results will
await completion of the experiment.
10.4 Genetic variation in behaviour
traits of pigs
10.4.1 Aggression in pigs and sows
Group housing of sows and pigs of
all ages is becoming the common
housing system, as legislation will
prohibit crates for sows. Likewise,
keeping large groups of slaughter pigs
is becoming a usual farm practice in
Denmark. At the formation of new
groups, a number of aggressive
interactions take place of which only
some are necessary for establishing a
stable hierarchy. It appears that some
sows are highly aggressive and initiate
many fights in the groups, not only at
the formation of the group but also later
on. These aggressions lead to skininjuries and other injuries on the penmates. In a current project at HAG, the
genetic variation in aggressiveness of
sows is studied by observing realised
aggressions between sows for 30
minutes after forming the group. Prior
to this experiment, a pilot study was
undertaken. The study indicated that

realised aggressions are the most repeatable aggression trait in comparison
with other more artificial testing
methods (Jensen et al, 2002). Depending
on its heritability, and the genetic
correlation with other traits, aggressiveness may be included in the selection
index for pigs.
10.4.2 Maternal behaviour in sows
A large number of piglets die at or
soon after birth, some because the sow
crushes them or lies down on them and
others because of insufficient supply of
milk. The ability of the sow to keep
piglets alive up to weaning and wean
them at a high weight is called her
mothering ability. Various behavioural
elements are important for the mothering ability. First, she should not lie
down on piglets, so attention to the
piglets and especially their screams are
important (Thodberg & Jensen, 1998).
Next, a useful measure of her nursing
ability, is the variation in size of piglets
within litter.
At ABG two projects have addressed
genetic variation in mothering ability in
sows, one in collaboration with Dept. of
Animal Health and Welfare and Danish
Slaughterhouses, the other a Nordic
project (NKJ).
Genetic variation in the sow’s attention to piglets was investigated using
three “piglet scream tests”. Additive
genetic variation was detected, but
heritabilities were low (Grandinson et
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al., 2001; results, Damgaard & Løvendahl, unpublished). The low heritability
was surprising, as more intensive
studies have shown high repeatability
of these traits (Thodberg & Jensen, 1998;
Damgaard et al., 2001a). The heritability
estimates had large standard errors,
hence results are not strongly conclusive. A new larger experiment is
currently running in DK, also including
an improved recording method. The
experiment has a counterpart regarding
genetic variation in aggressiveness in
the same animals.
The results from the new experiment
can be used jointly with the other
results to assess the value of including
testing of sow’s attention to piglets in
the genetic improvement programme.
However, it is still important to assess if
a sow’s attention to piglets is correlated
with her ability to wean large litters
with low loss of piglets, a question to be
addressed in future experiments.
10.4.3 The consequences of suckling
behaviour in sows and piglets
The ability of sows to adequately
nurture all their piglets is important for
each piglet to grow fast until weaning.
The weight of individual piglets at birth
varies within litter. It is hypothesised
that if sows give improper nurture this
variation will increase during the
suckling period. To test this hypothesis,
Damgaard et.al, (2001b) studied genetic
variation in within-litter standard

deviation of piglets weight at birth and
at weaning. Within litter standard deviation of piglet weight was found to be
a heritable trait, both at birth and at
weaning (birth h2=0.08, weaning
h2=0.06). Because the traits are genetically correlated (ra=0.71), and are correlated to the proportion of dead piglets
during the suckling period (ra = 0.25), it
would be advantageous to all the traits
to decrease within litter standard
deviation by genetic selection. Based on
these results, weighing of piglets should
become part of the genetic evaluation
program. Detailed investigations based
on data from the Danish piglet weight
records are planned as parts of a
running PhD study (LH Damgaard).
10.5 Use of physiological indicator
traits in dairy cattle
10.5.1 Qualities needed for valuable indicator traits
Genetic selection for milk production
may influence the expression of a
number of regulatory hormones such as
growth hormone, insulin, and thyroxin.
These are expressed both in adult
females during lactation and in young
growing animals. If the expressed levels
in the young animals are related to their
production potential later in life, or to
that of their offspring, genetic selection
could be based on these indicator traits.
The benefit of indicator based selection
depends on the breeding scheme they
are applied within, and on genetic
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parameters for the indicator, namely the
heritability of the indicator and its
genetic correlation to the production
trait (Woolliams and Smith, 1988).
Together, these genetic parameters
determine the accuracy with which
breeding values for production can be
estimated from recordings of the
indicator. The largest advantage of indicator based selection is found in nucleus
breeding schemes with short generation
intervals, as the indicator in such
schemes supply new information when
other sources are exhausted.
Over the last decades a series of
experiments has been conducted at
ABG indentifying possible indicator
traits and giving estimates of genetic
parameters for these. A selection index
based on physiological indicators is
routinely updated for heifers in the
Future-Genetics
nucleus
breeding
project.
10.5.2 Indicator traits derived from
endocrine regulation
Candidates for physiological indicators are the hormones involved in
metabolic regulation. A search for
hormones involved in metabolic regulation and being affected by selection
for milk production was conducted in
the 80’es and 90’es at Danish Slaughterhouse/ABG and abroad. The experiments compared physiology of animals
from lines divergently selected for milk
yield or milk fat yield, and early results

are reviewed by Woolliams and
Løvendahl (1991). Experiments used
both juvenile and lactating animals.
However, results from lactating animals
have proven to be difficult to use
because of a circular effect chain. This
includes that energy balance is usually
affected by lactation, regulatory hormones are affected by energy balance,
and regulatory hormones can also affect
energy balance and production. These
unavoidable and circular relations make
it impossible to tell if a change in a
hormone concentration is cause or
effect. Hence, only results from nonlactating heifers and bull calves are
valuable in pointing out possible
indicators.
Measurements of hormones and
metabolites are subject to noise coming
from hormones being secreted into the
blood stream in pulses. An approach
called challenge testing has proven
efficient in improving the “signal to
noise ratio”. A challenge test consists of
an intravenous stimulation of the
secretion of the hormone in question
and a series of blood samples taken
before and following the stimulation.
The result is measured as the plasma
concentration of the hormone at the
time when it has reached peak value, or
as a degradation rate following the
peak. The more frequently blood is
sampled, the more efficient the test is in
detecting individual and genetic
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variation (Løvendahl and Sørensen,
2001).
10.5.3 Growth hormone
Growth hormone (GH) has been
thoroughly studied as a potential
indicator trait because of a well
documented lactogenic effect (Asimov
& Krouze, 1937) when injected into
lactating cows, increasing the yield by
approximately 20%. Calves from lines
selected for high milk or milk fat yield
respond stronger to growth hormone
releasing factor (GRF) and to thyrotropin releasing hormone (TRH) stimulation than their low line counterparts
(Løvendahl et al, 1991; Løvendahl &
Sejrsen, 1993; Woolliams et al, 1993).
Also, GH response to GRF is a heritable
trait in calves with heritability of 0.4 to
0.6 (Løvendahl et al, 1994). However,
the genetic correlation between GH
release traits and milk yield is small or
negligible in male calves, and low to
moderate in females (Sørensen et al,
2000). Published evidence is still scarce,
but will be strengthened by data collected in an ongoing Danish indicator
project. In this project 800 bulls and 500
heifers are challenge tested and a major
part of those will get production proofs,
either as own yield, or as breeding
values obtained with high accuracy
from progeny testing schemes. Data
will be ready for final analysis in 2005.

10.5.4 Glucose - insulin metabolism
Insulin plays a key role in
homeostatic regulation of glucose and
energy metabolism. At ABG it was
shown that Danish Red calves selected
for high milk fat yield gave a larger
insulin response to an intravenous
glucose tolerance test than their low
yielding
counterparts
(Løvendahl,
1997). This confirmed results from New
Zealand Holstein calves (e.g. Xing et al,
1993). Insulin response to glucose is a
highly heritable trait, and in heifers the
insulin response and the degradation
rate of glucose are genetically correlated
to fat and protein yield (Sørensen et al,
2001). Glucose tolerance testing and
insulin response is part of the challenge
testing program in the indicator project
mentioned above. Relationships with
yield will be reassessed in connection
with the analysis of GH release data
from the experiment.
10.5.5 Energy mobilisation and metabolites
The well known fact that high
yielding cows use body reserves to
support lactation to a higher degree
than their low yielding counterparts,
has been a target in search for
physiological indicator traits. The
negative energy balance in lactating
cows has been simulated in growing
calves of both sexes by depriving these
from feed over several hours. Blood
urea nitrogen (BUN) levels in calves
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during fasting have been associated
with breeding value for milk yield.
Unfortunately, the results of different
experiments are not in close agreement
and no straightforward explanation has
come up (Sinnett-Smith et al, 1987;
Woolliams et al, 1992). Circulating
levels of free fatty acids (FFA) measured
during fasting has also given inconsistent results (Woolliams & Løvendahl,
1991). An approach using adrenaline in
challenge testing for FFA level changes,
has proven effective in getting
intermediate heritability of the trait, but
the association to milk protein or fat
yield has not been convincing (Løvendahl & Jensen 1997). The current status
is that metabolites measured during
feed deprivation or following adrenaline challenge in calves are of little or no
value as indicators of production
potential.
10.5.6 Thyroid axis hormones, leptin
and other hormones
A large number of hormones, over
and above GH and insulin, are involved
in regulation of metabolism. Among
these, the thyroid axis hormones have
been studied using dilution techniques
(Sørensen et al, 1981) and challenge
testing (Tveit et al, 1990). Although
results were promising, it was feared
that selection based on thyroid function
would induce an unwanted correlated
increase in heat production. But, so far

there is no published experimental
evidence supporting this theory.
Leptin, a hormone involved in fatty
tissue and appetite regulation is another
candidate indicator. A study of genetic
variation in plasma leptin concentrations at ABG is scheduled to run after
establishing the biochemical assay at
DIAS.
As many hormones are involved in
controlling closely interacting metabolic
pathways, it is obvious that indicator
selection should mirror this by combining the information from several
tests into a physiological index. The
currently used index is considered a
useful first version, which can be
improved when information on genetic
variation in other hormones is available.
10.6 Variation in endocrine regulation
of reproduction
Female fertility of cattle is another
area where indicator selection is
potentially beneficial as it is expressed
late in life, limited to one gender, and
has low heritability. As fertility in
Holstein cows is currently decreasing
(e.g. Royal et al, 2000a), research is
focusing on strategies to improve this
trait. It is a common assumption that
selection for high production has a
negative impact on female fertility of
lactating cows, but does not have an
effect in maiden heifers (Ranberg, et al.,
2001). The more detailed problem is
then to find indicators of the influence
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of energy balance on the female reproduction system. Reproduction is controlled by several interacting hormones,
forming a cascade leading from initiation of oocyte formation to fetus
implantation ending with the live born
calf. Within this, genetic variation has
been demonstrated in the release of
luteinising hormone in response to
GnRH in a challenge test situation
(Royal, 2000b). However, further experimental evidence is needed to
document a genetic correlation with
realised fertility in cows. Furthermore,
the possibility of using this type of test
in bulls, and relate it to fertility in their
daughters, is still a far fetched idea.
10.7 Spin-off results
10.7.1 Growth hormone variants in
Jersey and Holstein cattle.
The bovine GH gene contains several
polymorphisms, one of them leading to
a change of the amino acid leucine to
valine. A possible association between
this polymorphism and the release of
GH in challenge test has been studied at
ABG using GH release data, and a
candidate gene approach. Jersey calves
homozygous for valine secreted less GH
in response to GRF than the leucine
homozygotes and the heterozygotes
giving an intermediate response (Sørensen et al, 2002). In contrast, Grochowska
et.al, (2001) found that in Polish
Holstein heifers valine/valine genotype
animals released more GH in response

to thyrotropin releasing hormone (TRH)
than calves of other genotypes. There
appears to be a breed-genotype
interaction. The importance of these
findings is highlighted by a need to
adjust GH release data for genotype
when breeding values are calculated
based on GH release as indicator trait.
In this case, the effect of the polymorphism on the production trait
should also be taken into account.
10.7.2 Assay development
Genetic experiments require many
samples to be assayed. Although at the
fringe of ABG activities, we have been
involved in development and validation
of new biochemical assays. We aim at
methods that can run automated, and
have so far used the AutoDELFIA®
system (PerkinElmer Wallac, Turku,
Finland). This system uses time-resolved fluorescence as detection method
(TR-IFMA), but otherwise resembles
ELISA methods. An assay for insulin in
bovine and porcine plasma and serum
is now routine with very good
sensitivity and precision (Løvendahl &
Purup, 2002). Bovine growth hormone
has been running on the TR-IFMA
method, and has successfully replaced
an assay using radioactive detection
with improvements in the working
environment, technical sensitivity and
shelf life (Løvendahl et al, 2000). A
number of modifications to assays for
ACTH and cortisol have been accom-
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plished, allowing these to be automated
and used on animal samples. The
“hormone lab” is effective in developing new assays and assaying large
numbers of samples. As the research
focus shifts to new or other hormones
and plasma proteins the need for a
flexible laboratory for genetic studies is
as great as ever.
10.7.3 BIOBANK - plasma samples for
genetic studies
Blood plasma is sampled from large
numbers of animals in the challenge test
experiments. Once the plasma is
assayed for the planned experiment,
there is usually sufficient left over to
store for use in other genetic studies.
Currently, more than 3000 animals are
represented in the ABG BIOBANK. The
special value of these samples arises
from the adjoining data collected on the
animals, that is weight, yield, and
disease records, facilitating correlation
studies. Such use of the BIOBANK was
efficient in establishing a genetic correlation between bovine conglutinin and
number of respiratory diseases in calves
(Holmskov et al, 1998). Further studies
using the BIOBANK are currently
running and more are planned as
mentioned in Chapter 3.

10.8 Themes for future research, a
summary
10.8.1 Behaviour
This chapter has given examples of
studies into genetic variation in
behaviour and physiological traits in
dairy cattle and pigs. An interesting and
appealing frame called the resource
allocation theory aims at linking
together the effect of selection for one
trait with its consequence in a
correlated response in another trait
competing for a common resource
(energy). Application of the theory to
selection experiments in mice has been
successful. Application to selection
experiments in pigs is straightforward,
especially if the breeding goal has been
litter-size. Application of the theory to
dairy cattle is initiated. Results will
come in the form of genetic correlations
between production traits and a
number of behaviour traits.
The study of genetic variation in
behaviour traits does not only relate to
the ressource allocation theory, but also
to welfare and interactions between
animals and humans in modern
husbandry systems. The overall aim is
to study possibilities of improvements
through genetic selection, or at least to
ensure that selection for production has
no unwanted effects on the welfare of
farm animals.
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10.8.2 Physiology
Genetic variation exists in most
physiological traits. The possibility of
using physiologically based indicator
traits as selection criteria is discussed in
detail. In order to obtain high accurracy
information is needed from many
hormones, measured under standardised conditions. Only few hormone
systems have been studied for this
purpose in sufficient detail. Potential
candidates for further research are
named.
Hormones are deeply involved in
expression of female fertility, and are as

such potential indicators of reproduction traits. These hormones are
obvious targets for monitoring interactions between reproduction and yield
traits, both in cattle and in pigs. As
fertility of dairy cattle has decreased
over recent years, research in this field
should be encouraged.
The research into genetic variation
and covariation in several behaviour,
physiology, and production traits will
help us obtain a more wholesome view,
and hopefully lead to balanced genetic
progress.
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11 Genetic Methods to Improve Production Efficience and
Reduce Production Stress in Dairy Cattle
Ivan.L. Mao

✳

11.1 Introduction
To expedite genetic progress in economic merit of dairy cattle, breeders
and geneticists have not been content
with the existing traits deemed important for merit. New traits continue to
be identified. Those determined to be
significant economically were then recorded on large scale. The genetic evaluation results on animals on the new
traits are then included in merit index
for selective mating.
The value of selecting dairy cows for
efficiency has been intensively discussed among dairy cattle breeders.
With feed being the major farm expense
and milk production the major farm
income, there’s no doubt about the
economical importance of efficiency.
However, the efficiency of cows’ ability
to convert feed into milk (e.g. Mao
1998), has never been developed into a
meaningful trait worthy of inclusion in
total merit selection indices such as the
Danish S-index. The complex nature of

the biology of efficiency has to be a
primary reason for this.
Basically, efficiency refers to a lactating cow’s ability to utilize intake
energy for production purpose. The
dairy purpose breeds of cows today in
general are efficient but they typically
will fall into negative energy balance in
the early 1/3 of their lactation period.
The higher producing the cows, the
more severe in both nadir and length of
the negative energy balance. Added to
the complexity of efficiency, is the price
that a cow has to pay by being high
producing or efficient.
The price is the declining fertility and
health seemingly observed in many
populations of Holstein cattle after
experiencing successful genetic selection for milk yield. Such declines may
have been caused by the metabolic
stress that lactating cows, especially
those high producing ones, might have
endured during lactation (e.g. Pryce
et.al, 2000).

✳
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The double-edged sword of production efficiency and metabolic stress
symptoms has prompted the modern
pursuit for balanced or robust dairy cows
exemplified and lead by the Scandinavian total merit indices and
breeding goals. In these merit indices, a
large collection of production, fertility,
calving, mastitis, and disease resistance
traits are included. Soon perhaps, body
condition score may become a merit
trait also. The continuing lengthening of
a merit index begs the question “are we
selecting for the right traits?” Right in
the sense of being fundamentally biologically meaningful, and of being effective for selection contributing directly to
the merit of a cow.
In the hunt for new merit traits, traits
such as herdlife could be derived from
existing database and can be measured
readily on commercial farms. However,
to explore traits in the context of
efficiency-stress complex, only on
experimental farms can a large variety
of traits be recorded and tissue samples
be collected.
In very few countries, cattle industries have the foresight and willingness
to invest in experiment farms for such
scientific exploration. The Danish livestock industries are to be congratulated
on having the foresight in investing in
large facilities such as KFC and Future
Genetics, and in ventures such as
BIOSENS, Inc. Bernt Bech-Andersen has
been instrumental to instill such

foresight, and brought such investment
to reality.
With research facilities and database,
we at DIAS intend to describe the
balance, or the lack of it, of energy
expenditure and energy sources during
lactation, and its effects on a cow’s
ability to produce effectively. To
produce effectively means the ability to
yield large amounts of quality milk
with the least feed, but it also means
ability to reproduce in order to move on
to further lactations and to give the next
generation of cows. Furthermore it
means avoidance of diseases in order
not to impede production and reproduction.
The greater a cow’s capacity for feed
intake or appetite, the more milk she
will produce. Still, dairy cows, especially the high producing ones, have the
unique ability to deplete their body
reserves, particularly in early lactation,
to produce milk. Severity of negative
energy balance poses stress on the
metabolic system of a lactating cow. The
success in genetic selection for milk
yield may have further altered the
dynamics of the efficiency complex of a
cow, which involves the interactions
between milk yield, changes in body
reserves and energy intake. The stress
due to such interruption may have
impacted upon reproduction and
immune systems, which are also energy
dependent and may lead to fertility and
health problems. These were the themes

160

of the MEMO experiment concluded in
October of 2001 at Ammitsbøl Skovgaard, Denmark, which provided a
unique data base to allow studies on
these topics.
The launching of a data collection
scheme at KFC at Foulum in 2001 will
provide an even more comprehensive
set of data to answer many further
questions and to refine many of the
research results from MEMO data.
11.2 Body energy state
In studying the interplay of energy
expenditure and energy sources in the
course of lactation, both milk yield and
dietary intake, their amounts and compositions, can be recorded readily, but
body reserves of a living lactating cow
cannot be measured. Body reserve is
also a function of amount and composition, or correspondingly weight and
condition. Weight can be measured, but
condition can be only approximated.
Body condition score (BCS) may be
used to approximate the body condition
of a dairy cow, with its crudeness
unknown. It reflects largely adipose
tissue stores and not protein reserves,
but this is only speculation. Ultrasound
measures of muscle and fat cover may
be more objective measures of body
condition, but indicators of exact what
aspects of body reserves remain
unclear.
Our first aim is therefore to profile
body energy state of a lactating cow

using repeated measures of those body
condition related variables such as BCS
in conjunction with laboratory results of
biochemical parameters from liver
biopsy and blood samples in MEMO
data set.
11.3 Energy balance
Our next attempt is to profile how
body energy state interacts with energy
intake and energy output during lactation. We shall also explore practical
implementation of study results such as
alternative ways of measuring useful
variables in an on-farm situation. For
example, should BCS or an ultrasound
measure surface as a variable worthy of
being recorded routinely on commercial
farms, repeated scoring during lactation
may not be practical, or necessary.
Perhaps one score at calving plus
another score at a strategic point
postpartum to indicate the severity of
negative energy balance would be more
practice as well as sufficient.
11.4 Cow fertility
metabolic complex.

and

energetic

The cause-consequence relationships
between body energy state and fertility
and disease problems of lactating cows
are of obvious interest. Cow fertility has
been described by many different
variables that are measurable on farm
with non-return rate and conception
rate being common examples. Although
fertility may need to be defined by all of
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these variables collectively, fundamental biological parameters should
describe fertility in more meaningfully
ways and can be related to the energy
metabolism phenomenon in clearer
paths.
Fertility in dairy cows reflects the
cumulative influence of metabolic,
endocrine, postpartum health components. More specifically, fertility
variables such as conception rate are
clearly determined by follicular growth,
ovulation, time postpartum to 1st ovulation, blood levels of glucose, insulin and
IGF-I, plasma NEFA concentrations and
triglycerides in liver. Fertility is also
determined by uterine environment as
affect by progesterone concentration,
and oocyte quantity and quality. Many
studies (e.g. Butler 2001, Dechow et.al,
2001, Gillund et.al, 2001, Loeffler et.al,
1999, Snijders et.al, 2000, Stevenson
et.al, 1999) have shown that most of
these variables are affected by negative
energy balance (NEB). Since dietary

intake, its nutrient content and mobilization of body reserves determine the
severity of NEB; the entire energetic
metabolic complex in lactating cows
definitely should include fertility and
health variables.
Over-conditioning of cows at calving
has proven to induce severe postpartum
NEB (Kruip et.al, 2001). By establishing
a severe NEB group and an average
NEB group at an experimental farm
(KFC) contrasts may be made between
the two groups with respect to all of
those fertility parameters listed in the
previous paragraph.
The knowledge derived from these
contrasts may lead to manipulation
strategies via feeding and management
practices to improve fertility and health
without compromising production. In
the process, meaningful new merit traits
may be identified for effective selection
for cows balanced for high production
and robustness.

11.5 Selected References
Butler, W.R., 2001. Nutritional effects on resumption of ovarian cyclicity and
conception rate in postpartum dairy cows. BSAS Occasional publication no. 26
(Vol.1), 133-145.
Dechow, C.D., Rogers, G.W., & Clay, J.S,. 2001. Heritabilities and correlations among
body condition scores, production traits, and reproductive performance. J. Dairy
Sci. 84, 266-275.
Gillund, P., Reksen, O., Gröhn, Y.T., & Karlberg, K., 2001. Body condition related to
ketosis and reproductive performance in Norwegian dairy cows. J. Dairy Sci. 84,
1390-1396.

162

Kruip, Th.A.M., Jorritma, R., Wensing, Th. & Noordhuizen, J.P.T.M., 2001. The high
yielding cow and her endangered fertility. Proc. 52nd Annual Meeting of EAAP.,
86.
Mao, I.L., 1998. Efficiency of lactation. Proc. 6th World Congress of Genetic Advancement for Livestock Production (WCGALP).
Loeffler, S.H., de Vries, M.J., Schukken, Y.H., de Zeeuw, A.C., Dijkhuizen, A.A., de
Graaf, F.M., & Brand, A.. 1999. Use of AI technician scores for body condition,
uterine tone and uterine discharge in a model with disease and milk production
parameters to predict pregnancy risk at first AI in Holstein dairy cows.
Theriogenology 51, 1267-1284.
Pryce, J.E., Royal, M.D., Garnsworthy, P.C., & Mao, I.L.,. 2000. Fertility in the high
producing dairy cow. Proc. 51st Ann. Meeting of EAAP., 21-24.
Stevenson, J.S., Kobayashi, Y. & Thompson, F.N.,. 1999. Reproductive performance
of dairy cows in various programmed breeding systems including OVSYNCH
and combinations of gonadotropin-releasing hormone and prostaglandin F2α. J.
Dairy Sci. 82, 506-515.
Snijders, S.E.M., Dillon, P., O’Callaghan, D., & Boland, M.P., 2000. Effect of genetic
merit, milk yield, body condition and lactation number on in vitro oocyte
development in dairy cows. Theriogenology 53, 981-989.

163

164

12 Aquaculture
✳

Mark Henryon, Peer Berg & Lars-Erik Holm

12.1 Introduction
Aquaculture in Denmark began
during the latter stages of the 19th
century following the introduction of
rainbow trout. Today, Denmark is one
of Europe’s largest producers and
exporters of rainbow trout. Approximately 40 000 ton are produced each
year by 500 (approx.) commercial
producers. The majority of the trout
(i.e., approx. 35 000 ton) results from
freshwater production of portion-sized
fish (i.e., fish with a live body weight of
200-400 g) for meat production, the
remainder from saltwater production of
2-4 kg fish for meat and caviar
production. By comparison to rainbow
trout, the production of other aquatic
species (i.e., eel and turbot) is of minor
importance
in
Denmark.
Not
surprisingly, most of the aquacultural
research carried out within the
Department of Animal Breeding and
Genetics (ABG) has involved rainbow
trout. However, ABG has been, and is
currently involved in, international
research projects involving Atlantic

salmon. Consequently, this chapter will
concentrate on rainbow trout, with
some reference to Atlantic salmon and
other salmonoid species.
Rainbow trout currently used for
commercial production in Denmark
probably have a genotype that is far
from ideal. Since their introduction, the
only attempt to improve the genetics of
the trout has been informal mass
selection at the discretion of the
respective producers. Therefore, a
breeding program to develop an
improved strain of rainbow trout is
likely to benefit commercial production.
Rainbow trout appear to be a suitable
candidate for genetic improvement.
There are five reasons:

•

The reproductive cycle of rainbow
trout is well understood and closed
(i.e., the complete life-cycle is carried
out in captivity) enabling pedigreed
populations to be established.

•

Facilities are available to rear rainbow trout in controlled environments.

✳
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•

Rainbow trout have a high fecundity
(i.e., 3000-5000 eggs produced per
female at each spawning). This has
two potential benefits. First, it
enables high intensities of selection.
Second, it enables genetic parameters and breeding values of the
trout to be reliably estimated
because environmental deviations
that influence individuals become
insignificant in the mean value of
genetic
groups
(i.e.,
farmed
populations, half- and full-sib
families).

•

Eggs of rainbow trout are fertilised
in vitro enabling elaborate mating
designs to be developed (e.g., eggs
from a single female can be fertilised
by many different males, and a
single male can be used to fertilise
the eggs of many different females).

•

Eggs, sperm, and/or embryos of the
trout are receptive to an array of
genetic technologies (e.g., gynogenesis, transgenesis, sex manipulation)
enabling the genotypes of individual
fish to be artificially manipulated.

These characteristics give trout
breeders reason to be optimistic. However, from a genetics perspective, working with rainbow trout presents two
drawbacks:

•

•

With the exception of expresive
genetic markers, rainbow trout
cannot be individually identified
before they have grown to a certain
size. To maintain identity of the
trout, genetic groups need to be
maintained in separate rearing
facilities (e.g., tanks), at least until
they can be individually identified.
This poses two problems. First, the
number of available tanks, and
therefore the number of genetic
groups that can be reared, is limited
by space, labour, and costs. Second,
the genetic groups need to be reared
in a way that avoids environmental
effects that are common to
individuals within each group.

Therefore, there are many characteristics of rainbow trout to be exploited by
trout breeders, while they work within
the constraints of a long generation
interval and the lack of a suitable
method of identification.
The objective of this chapter is to
demonstrate the vast potential to
genetically improve rainbow trout used
for commercial production in Denmark.
In doing so, the chapter has been
divided into six sections, loosely
resembling the development of a
selective breeding program.

Rainbow trout first attain maturity
after 2-3 years of age, implying a
long generation interval.
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12.2 Breeding objective
The first step in the development of
selective
breeding
programs
for
commercial trout production (or production of any commercial species) is to
define the breeding objective. The
breeding objective is of fundamental
importance to the breeding program. It
determines which biological traits of the
trout are to be improved, and places
appropriate selection pressure on those
traits responsible for the most profitable
genetic improvement.
The breeding objective for commercial trout production is to improve the
genetics of the trout so that they
maximise improvement of economic
merit (e.g., profit per fish, growout
pond, or commercial farm) under future
conditions of production. In practice,
this involves improvement of the
aggregate breeding value. The aggregate breeding value (H) is a linear
function of the breeding values for each
biological trait of the trout, weighted by
their relative economic values (Hazel,
1943; Cunningham 1969, 1972), such
that:
H = v1a1 + v2a2 + ... + vmam
where vm is the relative economic
value and am is the breeding value of
the mth trait. To maximise improvement
in the aggregate breeding value (i.e.,
selection response), most selection
pressure is placed on those traits that
have the highest product of genetic
variation and economic value. Defi-

nition of the breeding objective involves
the identification of the traits of economic importance and the estimation of
their economic values.
Despite the importance of the
breeding objective, which is well
recognised by fish breeders (e.g.,
Gjedrem, 1983, 1992, 1997b; Davis and
Hetzel, 2000; Lymbery, 2000), breeding
objectives are rarely, if ever, formally
defined for fish. Instead, fish breeders
tend to select for one or few traits (e.g.,
growth rate and age at maturity), and
often these traits are subjectively
weighted (i.e., economic values are
subjectively
estimated).
Defining
breeding objectives in this way brings
about two problems. First, many traits
that are of economic importance are
ignored. It is reasonable to suggest that
the traits that ought to be included in
the aggregate breeding value for
rainbow trout are growth rate, feed
conversion efficiency, survival, general
disease resistance or resistance to
specific diseases, age at maturity,
fecundity, and meat quality traits (e.g.,
fat content, and meat yield, colour, and
tenderness).
Second,
subjectively
weighting the traits can lead to
erroneous economic value estimates. A
typical example is age at maturity.
Producers of portion-sized rainbow
trout insist on their broodstock
maturing at 3-4 years of age. However,
there is no evidence that this age is
economically optimal. These two

167

problems indicate that current breeding
programs for fish operate inefficiently.
Few of the traits that ought to be
improved are included in the aggregate
breeding value, and the incorrect
amount of selection pressure is placed
on each trait. Therefore, there is an
acute need to formally define breeding
objectives for the commercial production of fish.
Within ABG, Henryon and Berg (in
prep.) defined a breeding objective for
commercial production of portion-sized
rainbow trout under Danish conditions.
A profit equation was developed and
expressed as a function of traits
associated with maintenance of the
broodstock (i.e., survival, age at
maturity, and fecundity), incubation of
the eggs (survival and development
rate), rearing of the fry (survival,
growth rate, and feed conversion
efficiency), and growout of the fish
(survival, growth rate, feed conversion
efficiency, and meat yield). The traits
associated with the growout of the fish
were the most economically important.
Of these, survival of the fish was most
important, having an economic value
between 1.5 and 4.6 times larger than
meat yield, growth rate, and feed
conversion efficiency. By comparison,
traits associated with the broodstock,
eggs, and fry were of minor importance.
These results demonstrate that breeding
programs for the commercial production of portion-sized trout should

place most emphasis on the genetic
improvement of the traits associated
with the growout of the fish.
12.3 Genetic variation
To achieve selection response (i.e.,
improvement in the aggregate breeding
value), the traits included in the
aggregate breeding value need to
express genetic variation. Two potential
sources of genetic variation exist in
Danish trout: variation between farmed
populations and variation within the
populations. In practice, fish breeders
exploit these sources of variation to
develop an improved commercial strain
by selective breeding using the
population, or a composite of the
populations, with the highest aggregate
breeding value as a genetic base.
Selective breeding exploits genetic
variation within the populations
through the accumulation of favourable
gene effects (Falconer, 1996), whereas
initial improvements obtained by
choosing a superior base exploits
genetic variation between populations
and heterosis in population crosses
(Dickerson, 1969, 1973; Cunningham,
1987).
In the following sections, genetic
(co)variation estimates between and
within farmed populations of rainbow
trout are presented. Strictly speaking,
such estimates are not necessary to
implement a breeding program. However, they do play important roles. First,
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genetic (co)variation estimates are used
to establish whether it is feasible to
implement a breeding program. Second,
the estimates are necessary to plan and
develop efficient breeding programs.
12.3.1 Variation between populations
Farmed populations of rainbow trout
in Denmark have remained closed (i.e.,
without the introduction of trout from
other farms) for the past 30 years to
reduce the spread of disease. Genetic
variation may well exist between the
populations because each population
has been subject to informal mass
selection at the discretion of the
respective producers and prone to
random drift. Certainly, closed commercial populations of rainbow trout in
other countries have diverged genetically (Hershberger, 1992).
The premise that genetic variation
exists between farmed populations in
Denmark was tested in two studies
carried out within ABG. In the first
study (Henryon et al., unpublished),
trout from different farmed populations
were assessed for growth rate, feed
conversion efficiency, survival, and
resistance to disease [i.e., viral
haemorrhagic septicaemia (VHS) and
enteric redmouth disease (ERM)]. Little
genetic variation for these traits was
detected between the populations. The
lack of variation was somewhat surprising given that the second study
(Holm, 1998) detected high levels of

genetic variation for microsatellites and
mitochondrial DNA markers between
the populations. These results indicate
that the farmed populations have
diverged genetically. However, the
genetic variation was only detectable
for DNA markers, and there appears to
be no detectable association between
variation in the DNA markers and
variation in growth rate, feed conversion efficiency, survival, and resistance
to disease.
12.3.2 Variation within populations
The lack of variation for growth rate,
feed conversion efficiency, survival, and
resistance to disease between the
farmed populations indicates that
success of a breeding program for rainbow trout in Denmark would be largely
dependent upon the amount of genetic
(co)variation within the populations.
The premise that genetic variation
exists within the farmed populations
was tested in two studies carried out
within ABG (Henryon et al., 2002). In
the first study, genetic (co)variation was
detected for growth rate, feed conversion efficiency, and resistance to VHS.
There was a favourable genetic correlation between growth rate and feed
conversion efficiency, though there
were unfavourable genetic correlations
between VHS resistance and growth
rate, and VHS resistance and feed
conversion efficiency. The genetic
variation detected within the farmed
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populations was supported by the
second study (Holm, 1998), which
detected high levels of genetic variation
for microsatellites and mitochondrial
DNA markers within the populations.
The farmed populations of rainbow
trout in Denmark are paralleled by
other salmonid populations where
genetic (co)variation tends to exist
within commercial populations. Specifically, genetic variation is generally
found for growth rate, feed conversion
efficiency, survival, resistance to
specific pathogens, age at maturity,
fecundity, and meat quality traits
(reviews by Kinghorn, 1983; Gjerde,
1986; Gjedrem, 1983, 1992, 1997ab, 1998,
2000; Chevassus and Dorson, 1990;
Fjalestad et al., 1993). There also tends
to be favourable genetic correlations
among each of these traits, the most
notable exception being an unfavourable genetic correlation between growth
rate and fat content.
These findings are encouraging. They
indicate
that
selective
breeding
programs for rainbow trout in Denmark
can be successful. Furthermore, they
suggest that, with few exceptions,
selection for each trait included in the
aggregate breeding value will result in a
favourable response in many of the
other traits. However, reliable estimates
of genetic (co)variation currently only
exist for growth rate. Certainly, genetic
(co)variation appears to also exist for
the other traits (i.e., feed conversion

efficiency, survival, resistance to
specific pathogens, age at maturity,
fecundity, and meat quality traits),
though these estimates are, at best,
unreliable (i.e., there are few available
estimates, while those that do exist,
were obtained from small data sets).
Therefore, reliable estimates of genetic
(co)variation needs to be obtained for
many of the traits included in the
aggregate breeding value.
12.4 Selection criteria
In Section 12.2, it was highlighted
that the breeding objective for trout
breeding programs is to maximise
improvement in the aggregate breeding
value. In practice, the aggregate breeding value for the potential breeding
stock (i.e., selection candidates) cannot
be measured directly (i.e., breeding
values for traits included in the aggregate breeding value are not known for
each selection candidate). However, the
performance of the selection candidates
and/or their relative(s) for a number of
traits can be measured and used to
predict the aggregate breeding value for
each candidate. These measures are
referred to as selection criteria. Traits
used as selection criteria need not be the
same traits included in the aggregate
breeding value (e.g., many traits
included in the aggregate breeding
value cannot be directly measured on
the selection candidates). However, fish
breeders often fail to make this

170

distinction [e.g., “The cost of measuring
or recording the trait must be taken into
consideration (when defining the
breeding objective). For example, feed
efficiency is not usually included in the
breeding goal, because it is so difficult
and expensive to record” Gjedrem,
2000.
To maximise selection response, the
challenge for trout breeders is to
increase the reliability with which the
aggregate breeding values of the selection candidates are predicted. Reliability of the aggregate breeding value
predictions are obtained by using
selection criteria that have a strong
genetic correlation with one or more of
the traits included in the aggregate
breeding value (Cunningham, 1969,
1972; Rönningen and Van Vleck, 1985).
It was suggested in Section 12.2 that
traits which ought to be included in the
aggregate breeding value for trout
breeding programs are growth rate,
feed conversion efficiency, survival,
general disease resistance or resistance
to specific diseases, age at maturity,
fecundity, and meat quality traits (e.g.,
fat content, and meat yield, colour, and
tenderness). Growth rate, age at
maturity, fecundity, and perhaps some
meat quality traits (e.g., fat content) can
be directly measured on the selection
candidates. These traits are also likely to
be suitable selection criteria. However,
the other traits cannot be directly
measured given the current level of

technology. For these traits,
selection criteria are used:

other

•

Feed conversion efficiency is
assessed as the growth rate of the
selection candidates and/or as the
mean performance of a group of
full- and half-sibs (including the
selection candidate) for feed conversion efficiency. Growth rate is
used as a selection criterion because
a favourable genetic correlation
exists between growth rate and feed
conversion efficiency (i.e., selecting
for growth rate infers selection for
feed conversion efficiency) (Section
12.3.2).

•

Survival is assessed as the mean
performance of a group of full- and
half-sibs for survival (not including
the selection candidate).

•

General disease resistance or
resistance to specific diseases is
assessed as the mean performance of
a group of full- and half-sibs for resistance (not including the selection
candidate) when challenged with
specific pathogens.

•

Meat quality traits are assessed as
the performance of a number of fulland half-sibs for meat quality traits.

Therefore, the selection criteria currently used to predict the aggregate
breeding values of the selection candidates are a combination of measures
assessed on the selection candidates,
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related individuals, and groups of fulland half-sibs.
The challenge for rainbow trout
breeders is to identify additional
selection criteria to increase the reliability with which the aggregate breeding
values are predicted. Two types of
selection criteria are of particular
interest:

•

Measures that are genetically
correlated with traits included in the
aggregate breeding value that are
difficult to measure (i.e., feed conversion efficiency, survival, resistance to disease, age at maturity, and
meat quality traits).

•

Measures that are assessed early in
the life of the trout, and are
genetically correlated with traits
included in the aggregate breeding
value. Because trout have a high
fecundity, and there is a limited
number of rearing facilities available, large numbers of trout are
randomly discarded before they can
be assessed for the traits included in
the aggregate breeding value. Randomly discarding trout drastically
reduces the intensity of selection.
Identifying measures that enable
trout to be assessed early in life
would enable the trout to be selected
for the aggregate breeding value,
rather than randomly discarded.
This form of selection is known as
multistage selection.

Such selection criteria may include
genetic markers (chapters 7 and 8),
which have arisen following recent
advances in genome mapping and gene
expression techniques.
12.4.1 Genome mapping
Genome maps could provide valuable tools in the search for genes [i.e.,
quantitative trait loci (QTL)] involved in
physiological processes of trout that
affect traits included in the aggregate
breeding value. Such maps become particularly valuable as comparative and
dense genome maps from other species
become available. The first steps
towards
constructing
comparative
genome maps for salmonoid species
were carried out by compring chromosomal regions containing the sex-determining factor across several species
(Woram et al., in prep). This comparison demonstrated a surprisingly
low degree of conservation across species for anonymous markers linked to
the sex-determining factor. However,
other studies comparing zebra fish and
humans have revealed conserved chromosomal regions even between phylogenetically different species (Postlethwait et al., 1998). These results indicate that it is possible to extend the
knowledge of genetic localisation of
genes in fish species by comparing
distantly related species, although chromosomal events throughout evolution
are sure to complicate comparisons.
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Genome maps were constructed for a
number of traditional livestock during
the 1990s. Genome maps for salmonoid
species are now beginning to emerge.
These maps primarily consist of anonymous markers, such as microsatellites
(Sakamoto et al., 2000) and RAPD
markers (Young et al., 1998). ABG
contributed to the construction of the
map for rainbow trout by providing
anonymous microsatellite markers and
markers for specific genes
12.4.2 Gene expression
Increased knowledge of genes
involved in specific physiological processes can increase our understanding
of these processes. To increase this
knowledge, it is necessary to obtain the
DNA sequences for genes. These
sequences are then used in gene
expression studies. Gene expression
identifies genes involved in physiological processes by studying the
manner in which genes are expressed
when individuals are exposed to
different treatments or environmental
conditions.
ABG has been involved in a project
that at sequenced a large number of
genes in Atlantic salmon. More than 15
000 expressed sequence tags (EST) were
obtained. cDNA clones corresponding
to these ESTs have been stored in a
repository at ABG, enabling the constructing cDNA microarrays for extensive analysis of gene expression in

Atlantic salmon and closely related
species, such as rainbow trout.
12.5 Selection schemes
The role of selection schemes is to
select the most appropriate trout to be
used as parents, and determine the
contribution of each parent (i.e., number
of matings) to the next generation. In
practical breeding programs, the most
appropriate trout are those that
maximise selection response, while
maintaining the increase in average
relationship of the population at, or
below, a pre-defined level. The reason is
as follows. Trout with the highest
aggregate breeding value estimates are
selected as parents so as to maximise
selection response. However, trout with
the highest aggregate breeding value
estimates tend to be related, such that
selection response cannot occur without
an increase in the average genetic
relationship of the population. An
increase in the average relationship can
be detrimental to breeding programs for
two reasons. First, it increases the risk
of inbreeding depression. Second, it
results in a loss of genetic variation,
which reduces the potential to obtain
long-term selection response (i.e., the
breeding program is not sustainable).
There is a conflict of interest, and a
balance needs to be found between
selection response and increases in the
average relationship of the population.
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Selection schemes currently used in
fish breeding programs are inefficient
for two reasons. First, they focus on
maximising
short-term
selection
response without considering increases
in the average relationship of the
population. At best, a minimum
number of fish are selected each
generation (possibly from each sex) or
mating close relatives is avoided (e.g.,
Gjerde et al., 1996; Olesen et al., 2001;
Bentsen and Olesen, 2002). Such
measures reduce inbreeding within the
following generation, but not the
average relationship of the population.
The second reason is that current
selection schemes do not have effective
multistage selection systems in place
(i.e., due to lack of available facilities,
fish are randomly discarded). Such
schemes are, of course, reliant on the
estimation of suitable selection criteria
(Section 12.4). These two inefficiencies
highlight the enormous potential to
develop and implement multistage
selection schemes in fish that maximise
selection response while constraining
the increase in average relationship of
the population at acceptable levels.
At present, there is no research
carried out on the development of
multistage selection schemes for fish.
However, Wray and Goddard (1994)
and Brisbane and Gibson (1994)
developed a framework for controlling
inbreeding in animal populations under
selection. This framework has been

further developed within ABG (Chapter
7), and is readily applicable to multistage selection schemes for fish.
12.6 Mating designs
Mating designs are often developed
in tandem with selection schemes. That
is, selection schemes select the most
appropriate trout to be used as parents,
and determine the genetic contribution
of each parent to the next generation,
while mating designs define the method
used to pair (i.e., mate) the parents. The
role of mating designs is to effectively
utilise available facilities (i.e., tanks),
minimise inbreeding each generation,
and account for environmental sources
of variation (e.g., tank and maternal
effects). Mating designs are crucial to
selection schemes, as they determine
the number of trout to be selected as
parents each generation. However,
mating designs do have an additional
role in fish breeding. They are also used
in the estimation of genetic (co)variation. Both roles are considered in this
section.
Simple nested mating designs
developed for traditional livestock are
generally used in breeding programs
and to estimate genetic (co)variation in
fish. Sires are mated to several dams to
establish a series of half- and full-sib
families, and each full-sib family is
reared in a separate rearing facility (i.e.,
tank) to maintain family identification,
at least until individuals can be
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identified. However, response to selection, and the accuracy and precision of
the genetic (co)variation estimates, are
generally low because the number of
available tanks, and therefore, the
number of families which can be reared,
is limited by space and costs. Furthermore, nested designs do not exploit the
reproductive characteristics of fish, namely their high fecundity, in vitro fertilization, and the availability of new
genetic technologies (e.g., gynogenesis,
Purdom, 1983). These characteristics
enable the establishment of other
mating designs which could utilise the
available tanks more efficiently than
nested designs, resulting in greater
selection response and more accurate
and precise genetic (co)variation estimates.
Two studies carried out within ABG
demonstrated that nested mating
designs are not always optimal for
maximisation of selection response, and
estimation of genetic parameters, when
a limited number of tanks are available
to rear full-sib families (Berg and Henryon, 1998; 1999). Partly factorial, factorial, and gynogenic mating designs
were developed and compared with
nested designs using traits of different
heritabilities in the absence and presence of tank and maternal effects. The
partly factorial design was the most
suitable design. It performed at least as
well, and often better, than the nested
design in all scenarios. The performance

of the factorial and gynogenic designs
was dependent upon the heritability of
the trait and the presence of tank and
maternal effects. Two other studies
have also developed mating designs for
fish (Bijma et al., 1997; Dupont-Nivet et
al., 2002). They found other mating
designs to be more suitable for the
estimation of genetic parameters when
a limited number of fish could be
identified (e.g., through genetic markers) and communally reared (i.e., fish
were all reared in the same tank). These
results highlight the potential to
establish mating designs for fish that
are more efficient than traditional
nested designs. However, the available
evidence suggests that there is unlikely
to be a uniformly best design, the
suitability of each design being dependent upon available rearing facilities,
rearing procedures, and the true variance components of the trait(s) being
assessed.
12.7 Breeding station
The final stage in the development of
a breeding program is implementation
of the program. To implement a breeding program for rainbow trout in
Denmark, a national breeding station
has recently been established in Hirtshals using fish from a farmed population as the genetic base.
The station is currently in its initial
stages of development. The aggregate
breeding value includes growth rate,
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feed conversion efficiency, and resistance to VHS and ERM, and the station
itself is not large. There are currently
facilities to rear 40 full-sib families each
year. In short, the breeding station
operates as follows:

•

•

•

Each generation, 35 sires (i.e., males)
and 35 dams (i.e., females) are
selected as parents. The selected
sires and dams are those trout that
maximise improvement in the
aggregate breeding value while
maintaining the increase in the
average relationship of the selected
sires and dams at, or below, a predefined level.
The selected sires and dams are
mated using the partly factorial
design. Each sire is mated to two
dams, and each dam is mated to two
sires, resulting in 70 full-sib families
(i.e., 35 paternal and 35 maternal
half-sib families). Specifically, sire 1
is mated with dams 1 and 2, sire 2 is
mated with dams 2 and 3, and so on.
The final sire, sire 35, is mated with
dams 1 and 35. The sires and dams
are paired to minimise inbreeding
each generation.
The 70 full-sib families of fertilised
eggs are each allocated to one of 70
compartments of an incubator. The
eggs are maintained in the incubator
for approximately 60 days, at the
end of which time they hatch and
develop into fish with a body weight
of 0.12-0.15 g. A total of 40 full-sib

families are then transferred to
growout tanks. The remaining fish
are discarded.

•

The 40 full-sib families of fish are
each allocated to one of 40 8 m3 (2.0
x 2.0 x 2.0 m) growout tanks, where
they are grown for approximately
200 days. Approximately 5000 fish
are initially allocated to each tank
(i.e., in each full-sib family). However, on specific days of the growout
period, the total biomass in each
tank is reduced by discarding a
random sample of the fish.

•

During the growout period, the fish
are assessed for growth rate (i.e.,
performance of the individual fish),
feed conversion efficiency (i.e., mean
performance of each full-sib family),
and resistance to VHS and ERM (i.e.,
mean performance of a group of fish
from each full-sib family). These
traits are used as selection criteria to
predict the aggregate breeding values of the fish.

•

Following the growout period, the
best fish (based on aggregate breeding value predictions) are individually identified and transferred to
broodstock tanks. They are maintained in the broodstock tanks until
they attain maturity and are ready
for mating.

Because trout at the breeding station
attain maturity at two years of age (this
need not be the case under “normal”

176

production systems where the fish are
reared in outdoor ponds), there are two
populations, each with 40 full-sib families per generation. Specifically, 35 sires
and 35 dams from Population 1 are
mated in year 1. The resultant 40 full-sib
families are reared in the growout tanks
for 200 days, after which time they are
identified and transferred to the
broodstock tanks. In year 2, the
broodstock from Population 1 remain in
the broodstock tanks, while 35 sires and
35 dams from Population 2 are mated,
and their 40 full-sib families are reared
in the growout tanks for 200 days. By
the time the fish from Population 2 are
ready to be identified and transferred to
the broodstock tanks, the broodstock
from Population 1 are ready for mating.
The most successful and well-known
breeding program is the Norwegian
national program for Atlantic salmon
and rainbow trout. The program began
in 1975 using Atlantic salmon from wild
river populations and rainbow trout
from commercially farmed populations.
The aggregate breeding values for each
species includes growth rate (i.e., body
weight at slaughter), age at maturity,
resistance to disease (measured by challenge tests for furunculosis and virus
infectious salmon anaemia), and meat
quality traits (i.e., fat content, fat distribution, and flesh colour). The selection
response reported for Atlantic salmon is
striking. Growth rate has increased by
11% per generation (i.e., 2.75% per

year), while the frequency of early
maturing fish has decreased by 22% per
generation (5.5% per year) (Gjedrem,
2000). Furthermore, the genetically improved Atlantic salmon grew 77%
faster, and used feed 26% more efficiently, than wild salmon after four
generations of selection. There are currently few other formal breeding
programs implemented for aquatic
species. However, the selection response reported by the Norwegians is
supported from large-scale selection experiments for coho salmon, channel
catfish, and tilapia, which have resulted
in selection responses between 10 and
20% per generation (Gjedrem, 2000).
Such progress suggests that the Danish
breeding program for rainbow trout
will be successful.
12.8 Capacity of ABG
No rainbow trout are owned or
reared by ABG. Furthermore, there
would be no aquacultural research
carried out within ABG if it were not for
collaborative projects with other Danish
research institutes, universities, and
private organisations. ABG has close
collaborative links with the Danish
Institute for Fisheries Research, Danish
Veterinary Institute, and Danish Trout
Breeding. ABG’s contribution to these
projects is expertise in quantitative
genetics (i.e., definition of breeding objectives, estimation of genetic (co)variation, identification of selection
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criteria, breeding value prediction,
development of breeding schemes and
mating designs) and molecular genetics
(i.e., population genetics, genome
mapping, and gene expression techniques).
ABG continues to be an active member of aquacultural research projects. It
is currently involved in four projects:

•

•

ABG will continue to play a key role
in the development and implementation of the national breeding
station in Denmark. The breeding
station involves the Danish Institute
for Fisheries Research, the Danish
Veterinary Institute, and the Danish
Trout Breeding.
Development and implementation
of a breeding program for Atlantic
Salmon on The Faeroe Islands. This
project is carried out in collaboration
with Fiskaaling P/F, Hvalvík, The
Faroe Islands.

•

Estimation of genetic (co)variation
for resistance of rainbow trout to
economically important diseases.
This project involves the Danish
Veterinary Institute, Danish Trout
Breeding, and Biomar A/S.

•

ABG has joined forces with MTT
Agrifood Research Finland to work
collaboratively on aquacultural research projects that are of common
interest to both departments. The
initial projects include the definition
of breeding objectives and the

development of multistage breeding
schemes for rainbow trout.
12.9 Future research
This section presents areas for future
research. Research in each of these areas
will further develop breeding programs
for rainbow trout in Denmark, and can
be readily carried out given the current
level of technology.
12.9.1 Breeding objective
Although a breeding objective was
defined by Henryon and Berg (in prep.)
(Section 12.2), much work remains to
formally define breeding objectives for
commercial trout production in Denmark. Three areas of particular interest
are:

•

Breeding objectives for different
forms of trout production. Henryon
and Berg (in prep.) defined a
breeding objective for the commercial production of portion-sized fish,
where the only source of revenue
was from the sale of fish for human
consumption. However, the production of portion-sized fish is not
the only form of commercial trout
production. Other forms include
salt-water production of 2-4 kg fish
for meat and caviar production.

•

Economic values for many biological
traits. The list of traits identified by
Henryon and Berg (in prep.) was not
exhaustive. Other traits worthy of
consideration include meat quality
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•

traits (i.e., fat content, and meat
colour and tenderness), resistance to
disease (i.e., general resistance
and/or resistance to specific diseases), health traits (e.g., physical
deformities), reproductive traits
(e.g., fertility and fecundity), and
feed conversion efficiency under
restrictive and ad libitum feeding
regimes.

DNA markers. Therefore, testing other
populations for traits included in the
aggregate breeding value could be of
benefit to commercial trout production.
The value of testing the populations
and selecting the most suitable population as a genetic base can be
equivalent to several years of withinpopulation selection.

Breeding objectives need to be
defined to reflect or anticipate future
changes in production conditions.
For example, quotas are currently in
place in Denmark restricting the
total amount of feed fed to the trout.
Further quotas are soon to be put in
place restricting the amount of water
taken from natural river systems.
Both quotas have significant consequences for trout production.
However, future technology may
enable 100% recycling of water and,
in turn, elimination of such quotas.

Variation within populations

12.9.2 Genetic variation
Variation between populations
In Section 12.3.1, it was concluded
that little genetic variation for growth
rate, feed conversion efficiency, survival, and resistance to disease was
detected between farmed populations
in Denmark. However, the study of
Henryon et.al, (unpublished) only
tested six populations. Furthermore,
Holm (1998) showed that the populations have diverged genetically using

In Section 12.3.2, it was highlighted
that, with the exception of growth rate,
genetic (co)variation estimates for traits
included in the aggregate breeding
value are unreliable. Reliable genetic
(co)variation estimates are required for
these traits in order to develop efficient
breeding programs for trout.
12.9.3 Selection criteria
The challenge for rainbow trout
breeders is to identify selection criteria
that are (a) genetically correlated with
traits included in the aggregate
breeding value that are difficult to
measure, and (b) assessed early in the
life of the trout, and are genetically
correlated with traits included in the
aggregate breeding value. These
measures would increase the reliability
with which the aggregate breeding
values of the trout are predicted.
Suitable selection criteria may arise
through further advances in genome
mapping and gene expression techniques.
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Genome mapping
The construction of a genome map
for rainbow trout is crucial for detection
of potential QTLs. To construct the
maps it is necessary to develop a link
between salmonid genome maps and
dense genome maps that have been
constructed for other fish species (e.g.
zebrafish or fugu)
Gene expression
Identifying genes differentially expressed using microarray techniques
will enable more detailed analyses of
genes and their effects on traits included in the aggregate breeding value
and/or ohysiological processes associated with development (e.g., smoltification, development of sex characteristics). Identification of these genes
could be further enhanced by mapping
the genes identified by microarrays
using comparative mapping techniques.
Increased knowledge of genes and their
physiological mechanisms my provide
suitable selection ctriteria to be incorporated into selection schemes for trouts.
12.9.4 Selection schemes
Breeding programs for rainbow trout
would be greatly advanced by the
development and implementation of
multistage selection schemes that maximise selection response while maintaining the increase in average relation-

ship of the population at acceptable
levels.
12.9.5 Mating designs
The potential to establish mating
designs for fish that are more efficient
than traditional nested designs in terms
of selection response and genetic (co)variation estimation was highlighted in
Section 12.6. However, the suitability of
each design was dependent upon
available rearing facilities, rearing procedures, and the true variance components of the trait(s) being assessed.
There remains much work to be carried
out to develop mating designs that
effectively utilise available facilities,
minimise inbreeding each generation,
and account for environmental sources
of variation.
12.9.6 Sex differentiation
Rainbow trout cannot be sexed until
shortly before sexual maturity. However, males grow faster than females. In
multistage selection schemes, where
growth rate is included in the aggregate
breeding value, selected trout will tend
to be males. This brings about two
problems. First, there is a potential lack
of females from which to breed. Second,
there is a reduction in the intensity of
selection. Development of a technique
to sex trout during early life stages
would solve these problems. Until such
techniques become available, multistage
selection methods that take the differen-
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tial grow rate of males and females into
consideration need to be developed.
12.9.7 Method of identification
With the exception of expensive
markers, there is currently no method
available to identify large numbers of
small trout. Development of a practical
identification method would enable fish
to be reared in communal groups rather
than requiring genetic groups to be
maintained in separate rearing facilities.
This would increase the number of
genetic groups that can be reared, and
all but eliminate environmental effects
common to each genetic group.
12.9.8 Competition
Rainbow trout reared in communal
groups have a variable growth rate. In
aquatic species, this is largely brought
about by competition (i.e. aggressive
behaviour) between individuals for
limiting resources (i.e. food, shelter and
space) (Brett, 1979). There are two
potential problems with a competitive
environment in genetic studies with
rainbow trout. First, variation in growth
rate between genetic groups could have
a component due to competing ability,
in which case, genetic parameter estimates for growth rate would be biased
(Gall, 1983; Kinghorn, 1983). Second,
competition within genetic groups
decreases the resemblance of individuals, and genetic variation between
groups would be underestimated (Fal-

coner, 1996). These problems suggest
that it is important to provide an
environment that is not competitive in
genetic studies with rainbow trout.
However, Doyle and Talbot (1986)
argue from a theoretic evolutionary perspective that selection for growth is
likely to be an indirect selection against
aggression and competition. There is
still much to be learnt before the impact
of competition is understood.
12.9.9 Genotype x environment interactions
Genotype x environment interactions
exist when the relative genetic differences of genetic groups varies between
environments (Hohenboken, 1985; Falconer, 1996). Genotype x environment
interactions are well documented in
animal species (Pani and Lasley, 1972).
The existence of genotype x environment interactions are important in
breeding programs for trout because a
suitable strain developed for a
particular environment may not be
suitable for a range of environments. In
such situations, specialised strains may
need to be developed for each environment.
The magnitude of genotype x
environment interactions in animals is
dependent upon the specific trait under
consideration, the genetic difference
between the genetic groups, and the
type of environments (and the difference between them) in which the gene-
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tic groups are reared (Pani and Lasley,
1972; Barlow, 1981; Hohenboken, 1985).
In the case of aquatic species tested so
far, genotype x environment interactions appear to be small. Specifically, a
genotype x environment interaction
was detected for growth rate when
populations of wild Atlantic salmon
(Gunnes and Gjedrem, 1978, 1981) and
oysters (Mallet and Halley, 1983) were
reared on farms with large environmental differences. However, the interaction accounted for only a small
amount of the total variation in both
species (less than four per cent) and an
interaction was not detected for oyster
survival. The results of these studies
suggest that the relative performance of
an improved strain of rainbow trout in
Denmark will not change drastically
when they are reared at different commercial farms. However, this premise
needs to be validated to justify the
development of a single trout strain.
12.9.10 Disease resistance
Current analyses used to model the
incidence of disease are based on
classical genetic-statistical models. Unfortunately, such models do not
consider interactions among fish, which
are particularly pertinent for infectious
diseases (i.e., fish can be both host a
pathogen and/or be a reservoir for the
pathogen, and thereby be infectious to

healthy fish). Therefore, genetic-epidemiological models are required to improve the analysis of disease incidence
by accounting for the dynamic infection
pressure within a fish populations.
12.10 Conclusion
This chapter highlighted the vast
potential to genetically improve rainbow trout in Denmark for commercial
production. Genetic variation appears
to exist for many of the traits that ought
to be included in the aggregate breeding value, and the reproductive characteristics of the trout enables this
variation to be exploited using elaborate
selection schemes and mating designs.
This gives trout breeders in Denmark
reason to be optimistic. This optimism
is justified by the few formal fish
breeding programs implemented to
date which demonstrate that selective
breeding can be successful. The success
of these programs becomes more
encouraging when one consider that it
was obtained based on relativly little
research, and with the use of genetic
methods
largely
developed
for
traditional livestock. With reaserch
attention directed towards areas that
will further develop breeding programs
for rainbow trout , a breeding program
for trout in Denmark is likely to be
highly succesful.
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13 Poultry Breeding and Genetics
✳

Poul Sørensen & Guosheng Su

13.1 Introduction
The poultry production in Denmark
has over the past 25-30 years changed
from numerous small flocks reared in
multi-species farms to few large scale
specialised poultry farms. The result of
this development is poultry farms with
an average of 15.000 layers per farm
and other farms with 60.000 broiler
chickens per batch.
This development which has run
parallel in most developed countries
has had a major influence on the
structure of breeding programs with
poultry. Only 3-5 companies provide
the major part of the chickens used for
farming for each broiler and layer type
bird. They operate as purely markedoriented businesses and survive on low
price and high quality. In Denmark the
breeding company ASA Chick had
success in running a breeding program
with broilers during 1970 to 1990 where
they had a major part of the Danish
market and also had export of some
breeding stock. With regard to layers,
the few Danish breeding companies

ended their business in 1980 when the
ban on keeping hens in cages was
abolished.
During the last 5-10 years new or
other poultry breeds has been
demanded, which to a greater extent
take the consumer considerations on
how the birds are handled into
consideration. These consumer considerations on how birds should be kept
are special issues of Northern Europe.
The large international breeding companies has, in general, ranked these
signals at a low level in their breeding
programs (Hardimann, 1996).
In such a world a Danish effort on
research and science in poultry breeding and genetics has had three avenues.
1 To investigate the genetic adaptation
to particular regional poultry production systems such as organic eggproduction, label marked meat
production etc.
2 Develop molecular genetic and
immunogenetic approaches to create
a healthy and better-adapted breeding stock.
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3 Monitor and investigate the genetic
improvements done by the industry
and intervene if an undesired effect is
observed.
The effort in the department during
the last 6 years has been concentrated
on the first and the last of these issues.
13.2 Genetic adaptation
13.2.1 Rules and regulations
Conventional cages for laying hens
will be banned in Europe by 2012
(Council directive 1999/74/EC) and the
German Government has recently
decided to accelerate that process such
that cages will be banned in Germany
from 2007. Denmark seems to follow
the EU regulation. Discussions in the
European public are increasingly dealing with animal welfare and with
consumer protection. The consequences
are that more hens will then be kept in
alternative systems like free-range.
The hybrid-hens currently used in
free-range and organic table egg production systems in northern Europe are
brown-shelled layers. They have been
bred in cages for more than 30 years for
a high laying capacity. The drawback in
using these hybrids in free-range and
organic systems is the increasing
evidence of feather pecking and other
behavioural disturbances in larger
flocks.

13.2.2 Indication of a G × E interactions in laying hens
Until 1980 it was not allowed to keep
hens in cages in Denmark and up to
that time Danish breeding farms used
floor systems with trap-nests to record
the individual production of hens as a
criterion for selection; one of these was
the Skalborg Hen. Already at that time
large international breeding companies
had parent stocks in Denmark and these
hybrids went into the Random Sample
Test for laying stock at Favrholm in
1978 when all comparisons still were in
floor systems. In 1980 the ban against
hens in cages was abolished and at the
Random Sample Test at Favrholm,
Denmark, in 1982 the same breeds/hybrids were compared in a newly
established cage system.
By comparing the international
hybrids with the Danish Skalborg it was
obvious that in the floor system the
Skalborg performed equal to the
international breeds. When tested in
cages the international breeds have
expressed their full capacity for laying
which were 8% higher than on floor
whereas the Skalborg produced at the
same rate in both environments. The
full story on how the Skalborg hen then
disappeared is given in Sørensen (1997).
13.2.3 Selection for behaviour traits
In a series of selection experiments
the inheritance pattern of behaviour
traits has been studied in order to show
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ways to include these traits in breeding
programmes.
Feather pecking
A study on genetic variation in
feather pecking as part of a Ph.D study
on environmental and genetic factor in
feather pecking in laying hens was
carried out at DIAS. The genetic part
was based on observation of individual
feather pecking behaviour in groups of
20 to 35 birds at 6, 38 and 69 weeks of
age. Hens performing feather pecks as
well as the receivers were recorded for
numbers of pecks and numbers of series
of pecks (Bouts) during 90 to 180
minutes. Twenty sires mated to 88 dams
produced the 310 female chickens
participating in the investigations.
Estimates of heritabilities and genetic
correlations were based on a multitrait
animal model and a REML analysis
using the DMU program. The results

showed that the heritability was low to
medium, and was higher for performing pecks than for receiving pecks. The
recording on bouts seemed to give a
higher heritability. Disappointedly
feather pecking at 6 weeks had very low
genetic correlation with the adult
feather pecking and in particular with
plumage condition. Feather pecking at
38 as well as 69 weeks had a reasonable
high genetic correlation with plumage
condition. (Kjær & Sørensen, 1997).
The above mentioned study on
genetic parameters encouraged us to
study the effect of divergent selection
on feather pecking, to obtain accurate
estimates of possible genetic correlated
effects on other performance and
behaviour traits. During three generations of divergent selection, the two
lines shoved a large difference in
feather pecking behaviour (Figure 1).

Figure 1. Effect of three generations of divergent selection for
tendency to feather peck (HP line for high tendency, LP line for
low tendency). A bout is a series of gentle pecks performed
without interruption. (Kjær, Sørensen & Su. , 2001)
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Nesting behaviour

as those laid on the trap nest. (Sørensen,
1992). Figure 2 illustrates the change in
frequency of eggs laid on floor for the
various selected lines in relation to the
control line. The decrease in the curves
for lines N, I1 and I2 are substantial and
could be interpreted that these lines
have got a better ability or willingness
to go to the nest when laying their egg.
This effect is considered to be genetic in
origin as these lines have been selected
for high number of eggs laid on the
nest, while the selection in the E-line
was based on egg weight. It was not
possible to estimate the heritability for
proportion of floor eggs, because the
mislaid eggs could not be accounted to
any particular hen. As the selected lines
have reduced the frequency of floor
eggs by 9% per generation compared to
the control line it was concluded that
the inheritance of nesting behaviour is
not negligible.

From an old selection experiment
with laying hens there are some
interesting results. A cross of 7 international commercial bred laying stocks
created a base population. This base
population was then divided into 5
experimental lines which for the following 6 generations were selected as
C-line: Control with complete random
mating
N-line: Selected for high egg number to
42 weeks of age
E-line: Selected for high egg weight at
the age of 38-40 weeks
I1-line: Selected for an index of high
egg number and high egg
weight
I2-line: Selected as I1-line
In each of the 4 selected lines 400-500
hens were tested for egg laying traits.
The hens were kept in floor pens with
30 to 200 hens per pen and the eggs
from the individual hens were recorded

F lo o r e g g s a s % o f c o n tro l lin e

S-lines/control

140
120

E -lin e

100

C o n tro l
I 1 -lin e

80
60
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G e n e ra tio n

Figure 2. Proportion of mislaid eggs (Floor eggs) of the Selected
lines as percentage of the Control line, for each generation. Line
N, I1 and I2 were selected for high number of eggs laid on the
trap nest while Line E was selected for large eggs.
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13.2.4 Test of breeds and breed combination

NH and WL are pure lines of the
respective breeds selected moderately
for production characteristics under free
range conditions and bred by the small
Danish hatchery Hellevad. The combination of the two breeds, applying
WL as sire has been used in small-scale
extensive egg production in Denmark.
These four genotypes were recorded for
production traits when fed an organic
diet during a laying period of about 7
months.
Pullets were transferred to the laying
houses at 16 weeks of age. A number of
24 small houses to a max capacity of 40
hens each and with surrounding field as
required
for
organic
production
systems were used.

The other way to solve the problem
of getting more suitable breeding stock
for free range production systems are to
look for strains that has not been
through cage-based selection for laying
performance. At Research Centre
Foulum a test of four breeds/breed
combinations were performed using
ISA Brown (ISA), New Hampshire
(NH), White Leghorn (WL) and the
cross between NH and WL (C). ISA is a
hybrid widely used for commercial
brown shelled egg production in
Denmark marketed from the French
breeding company ISA-Hubbard, while

Table 1. Egg production (given as Rate of lay, No. of eggs) Egg Weight and Mortality, for the four genotypes.
Genotypes
Traits
Rate of Lay, % - Henday
Nos. of eggs, Hen housed 18-43
weeks
Age at first egg, weeks
Egg weight, g
Total Mortality, %
Mortality- cannibalism, %
18-43 weeks
Percentage of birds with damage to
plumage
a-cThe

P<

72.4b
103.4b

WL ×
NH
69.2b
105.5 bc

ISA
Brown
84.6a
127.2 a

0.0001
0.0001

22.2a
54.7c
13.8a
1.4a

22.9a
58.3ab
6.7b
0.0a

21.4b
57.0b
3.9b
1.1a

19.8c
59.3a
19.9a
16.0 b

0.0001
0.0001
0.0199
0.0001

31

0

70

98

0.001

NH

WL

63.2c
88.8 c

estimate in each row with no common superscript differ significantly (P<0.05)
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The results of laying and mortality
shown in Table 1 illustrate that the high
yielding ISA-Brown performs better
than anyone of the other breeds for the
first part of the production period. But
they have an unacceptable behaviour
that in this case resulted in a high
mortality due to feather pecking. The
plumage condition at 35 week underline that ISA Brown has the worst
feather pecking behaviour. Interestingly, the cross of the two breeds seems to
perform more feather-pecking than the
pure line, which indicates a negative
heterosis effect. (Sørensen & Kjær,
2001).
13.3 The leg problem in broilers
In broilers, the strong competition
between commercial breeding companies coupled with the high heritability
of growth has resulted in a dramatic
increase in the growth potential of
broilers over the last 40 years. Thus, the
daily gain at maximum growth rate has
increased from 22 g in 1960 (Sørensen,
1986) to 65 g at the entrance to the new
millennium (Havenstein et al., 1994;
Emmerson, 1997). Assuming a coefficient of variation of 10% and a heritability of 0.4, this means that the
modern broiler population has moved
18 genetic standard deviations from its
origin in terms of growth capacity. As
growth rates have risen, skeletal defects
manifesting themselves primarily as leg

disorders have become increasingly
prevalent in broilers.
Two factors are now causing concern
in the commercial emphasis on intensive selection for growth. Firstly, mortality and morbidity in broilers resulting from skeletal defects has risen.
Secondly, there is an increasing concern
in many countries on the welfare implications of these disorders for the birds.
The genetics of leg disorders were reviewed by Sørensen (1992) and
enlarged in an invited talk to 21 Worlds
Poultry Congress on Genetics of
Skeletal problems in Broilers (Sørensen,
2000), the last has been rewritten and is
enclosed in a chapter on The Skeletal
System (Whitehead et.al, 2002) that will
appear in a coming book Poultry
Breeding and Biotechnology from CAB
International.
Participating in two EEC projects
starting in respectively 1990 and 1996
made it possible to study the genetic
aspects of Tibia Dyschondroplasia,
which were a big problem at that time.
The genetic stock used for the two
projects originated from a male line of
the White Cornish breed, which
through the years 1975 - 1990 had been
bred and selected according to commercial procedures for growth, reproduction and broiler quality at the Breeding
station Strynø. Two experimental lines
were derived in 1990 and since then
they have been selected for either low
(Line L) or high (Line H) incidence of
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TD, with a new generation being
hatched each year. The birds were
selected as breeding birds on the basis
of observations on the proximal tibia at
4 weeks of age. A portable, handheld
low intensity X-ray apparatus (Lixiscope) was used to score chickens for
TD. The apparatus produces a real-time
image similar to that of a fluoroscope,
and has been shown to provide reliable
information on TD.
Ducro and Sørensen (1992) reported
on a selection experiment carried out at
Foulum during the first EEC project.
They found a heritability of 0.33 on the
underlying scale for incidence of TD.
It became obvious early in the study
that maternal effects could play a role in
determining the occurrence of TD and a
crossbreeding program was designed to
study this maternal effect and in
particular to investigate whether it was
of genetic origin. It was realised that a
genetic maternal effect could be
transferred to the offspring as an additive genetic effect, which has an
(1)
(2)
(3)
(4)

Y
C
M
d

=
=
=
=

influence on various elements transferred to the hatching egg (maternal
additive genetic effects). Alternatively
the maternal effect could involve a
cytoplasmatic-transferred element such
as mitrochondrial DNA (cytoplasmatic
maternal genetic effect). To study this
in more detail crosses of F1 , F2 and
Back crosses were employed in which
all possible mating combination was
produced. It means two different F1,
four different F2 crosses, and eight
different back crosses had to be
developed.
The birds used in the three years of
the second EEC project comprised the
6th, 7th, and 8th selected generations, and
a total of more than 9,000 chickens were
raised and scored for TD.
By analysing the data using LS
methods based on model (1) and then
performing linear contrasting on the LSmeans of the cross it was possible to
obtain estimates of the particular
genetic effects applying the models (2) (4).

Cross + Generation + Hatch(Generation) + Sex + error
((BC2 + BC4) - (BC1 + BC3))/4 + ((F22 + F24) - (F21 + F23))/4
(F12 - F11) - C
[4(F11+F12) - (BC1 + BC2 + BC3 + BC4 + F21 + F22 + F23 + F24)] / 4

Where M indicate the maternal additive genetic difference between the two
lines (M = MH - ML ), C is the cytoplasmatic inherited difference (C = CH - CL).

The dominance effect is established as d
in F1 and 0.5 d in F2 and backcrosses.
The results of the analysis on TD and
BW are shown in Table 2.
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Table 2. Differences between the selected lines (H – L) in cytoplasmatic and maternal genetic effects and direct dominant effect for TD score and body weight.

Cytoplasmatic
effect
Maternal genetic
Dominance
offspring

TD score
Estimate Std.error
0.0
0.039
34
0.1
0.057
66
0.0
0.069
42

The results of the crossbreeding
programme showed that a considerable
portion (more than half) of the genetic
difference established between the two
selection lines was of maternal origin,
and also that this difference was solely
additive in genetic origin. The identification of maternal effects on the occurrence of TD suggest that the effect may
be based on a heritable effect on the
nutrients including essential micro-elements passed through the egg to the
embryos or newly hatched chickens.
The consequence for practical breeding
programs is that efforts should be
concentrated on eradicating TD by
selection in female lines.
A bird’s walking ability has been
quantified on a subjective basis as a
‘gait score’ (Kestin et al., 1992) to give
an overall evaluation that can be related
to the welfare of broilers. The gait score
thus covers more factors than just
skeletal abnormalities. Kestin et.al,
(1999) showed that commercial crosses
differed in gait score and also found a
significant but low correlation between

P<

Body weight
Estimate Std.error

P<

0.3871

-24.02

8.97

0.0075

0.0034

35.32

12.89

0.0062

0.5405

-66.73

15.72

0.0001

gait score and TD. The heritability of
gait score has been found to be 0.20 in a
commercial female line (P. Sørensen, S
Kestin and G. Su, unpublished).
Estimates of genetic correlations
between a continuous trait such as body
weight and incidence of TD has proved
to be different by using different analysis methods. In the Danish selection
experiment, investigation of data from 7
generations and 7400 birds by AI-REML
procedure on taking TD score as continuous trait gave a genetic correlation
of -0.02 whereas Bayesian analysis with
the Gibbs sampler taken TD score as
categorical trait gave an estimate of
+0.17. The latter estimate is consistent
with the observed higher body weight
of the High TD-line during later generations (G. Su and P. Sørensen, unpublished).
13.4 Selection response for growth
and feed conversion ratio (FCR)
Growth and feed efficiency are
considered as very important traits in
broilers. We have conducted a series of
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studies on genetic parameters and
selection responses for growth and
FCR. The focus have especially been on
chicken populations with long selection
histories and held in different rearing
systems (G. Su, P. Sørensen and D. Sorensen, 1997a, 1997b; G. Su, P. Sørensen,
1999; G. Su, P. Sørensen, 2000, G. Su, P.
Sørensen, 2001). Selection experiments
were conducted in three lines, which
were derived from the same base
population with long history of selection for growth. One line (LBW) was
selected for high BW at 40 days, one line
(LFCR) was selection for low FCR
during 18-39 days with normal diet, and
the another (LFCRP) was selected for
low FCR with low protein diet. Genetic
parameters were estimated using either
Bayesian analysis or REML approach.
The results shows that heritability for
growth and FCR is moderate and
genetic improvement for growth rate
and FCR by selection is still effective in
a population with long history of
selection for growth. Estimates of variance components and h2 for growth
and FCR in LFCRP were quite different
from those in LFCR, suggesting the
genes or their action and the
physiological mechanism for these traits
could be somewhat different under
various nutrition regimes. Genetic
correlation of BW and weight gain with
feed intake is high and positive, which
results in a small variation for FCR.
Thus, the response to selection for FCR

is relative small. Selection for FCR
causes a clear change of growth curve
with slowing growth rate in early
period and increasing growth rate in
latter period.
Further, a new line (LBW2) was
derived from LBW and the other new
line (LFCR2) from LFCR. Both two new
lines were selected for a combined
improvement of BW and FCR. It was
found that the heritabilities for growth
trait in LFCR2 were higher than those in
LBW2, but heritability for FCR was
lower in LFCR2. The result indicates
that selection reduces the additive
genetic variance of the trait selected. In
addition, given an age of 40 days,
chickens reared in cage had higher BW
than those reared on floor in line
LFCR2, but on the other side in line
LBW2. It reflects different genetic
adaptation in different populations and
an interaction between genotype and
rearing system.

13.5 The future
A major challenge for the future
breeding in layer type hens is to make
them genetically adapted to behave
well in large flocks. The scientific input
to solve this problem genetically, is to
identify traits that include behaviour
aspects and then to find ways integrate
them in the breeding programs. The
molecular approach in the world wide
poultry breeding has so far not been of
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major importance, but it could have a
chance, partly because considerable
genetic variability can be foreseen in
such traits, partly because conventional
observations/recordings is extremely
time consuming and thus expensive. An
other way to go was formulated in a
EU-proposal delivered to the evaluation
of the EEC October 2001 entitled “A
breeding programme for: Healthy and
well-adapted laying hens in organic and
free-range systems - For a rural and
animal friendly egg production in
Europe”. In this proposal an attempt
was done to unite: geneticists, ethologists, veterinarians, ecologists and
commercial breeding companies in
order to solve the problem in a
conventional way. The project was
refused as it seemed to complex and
had to many different disciplines
involved.
In broiler populations an extremely
unfavourable genetic correlation of 0.8
was found between overall walking
ability, measured as gait score, and
body weight using various statistical
methods including AI-REML and
Bayesian methods using Gibbs sampling (P. Sørensen and G. Su, unpublished). The nature of this relationship
has been confirmed by a recent
comparison of 12 breeds/breed combinations ranging in growth capacity
from modern broiler type to ancient
breed types such as Light Sussex
(Kestin et al., 2001). These findings

suggest that the more composed the
description of leg health is, the more
unfavourable is the genetic correlation
with growth, whereas low genetic
correlation's between growth and
specific leg disorders is generally found.
An antagonistic genetic correlation
exists between growth rate and
incidence of skeletal disorders. Although there may be variation among
populations and also a variation in
degree of the correlation with specific
disorders, this antagonistic relationship
accounts for the increased susceptibility
of broilers to leg disorders over many
generations of selection for body
weight. Nevertheless, the genetic correlation between body weight and
incidence of specific leg disorders is
generally at a level that appropriate
multitrait selection should permit a
genetic improvement in leg health
along with a continued, though more
modest, improvement in growth rate.
FCR is a ratio of feed intake and
weight gain. The variances and covariances and the means of the two
component traits determine variance
components for FCR. Thus heritability
of FCR and genetic correlation between
FCR and other traits would not be
stable among selection generations,
which we have found in our investigations. It requires a further study
on selection criteria for improving FCR,
with regard to optimal direct and
correlated responses.
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The effect of selection on additive
genetic variance for growth rate in
broilers should be taken into consideration in estimating genetic parameters and predicting response to selection in relation to current generation.
When the analysis is based on the data
tracing many generations back, the
conceptual base population could be
quite different from the current gene-

ration. When the analysis is based on
recent generations, the accuracy of
estimates could decrease due to insufficient information. Therefore, further
studies will be needed to estimate
genetic parameters for growth rate on
data from populations that has been
strongly selected over at least 20
generations.
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14 Genetics Applied in Danish Fur Production
Bente Krogh Hansen1, Peer Berg1 & Knud Christensen2

14.1 Introduction
The first serious attempts of farming
mink and foxes took place in Canada,
Russia and USA. The hunters were
afraid of eradicating wild fur animals,
so the goal was to feed and reproduce
them in captivity. The first farmed foxes
came to Denmark in the 1920-ies and
mink were imported from Canada in
the 1930-ies. Because of access to fresh
waste products from the fish industries,
fur farms were established in the North,
West and South of Jutland. Availability
of feed and suitable climate have
promoted fur farming and today 2650
Danish farmers produce 12 million of
the world production of 28 million
mink pelts. Mink have been farmed for
around 50 generations, which in human
terms is commensurate with going back
to the times of the Vikings.
Colour genetics has played a major
role in early fur production. In mink
✳

✳

production there was a great enthusiasm about new colour types, from the
first mutant, silverblue, in 1931.
Knowledge about the genetics of colour
came
from
both
the
farmers’
experiences and from the scientists. In
the Nordic countries the production of
mink mutations was at its highest in the
1960/70-ies and of fox mutations in the
1980-ies (Lohi, 1993).
However, live animal shows drew
the breeder’s attention also to quantitative traits already in the early times of
fur animal farming. Because of induced
ovulation, the efforts to use artificial
insemination on mink have not been
successful and thus the number of
offspring per male is limited. This has
resulted in breeding within farms with
limited exchange of breeding animals
between farms. The breeding goal has
therefore also been defined at the farm,
based mainly on the information from
the fur auctions. Traditionally the

1)Danish

Institute of Agricultural Sciences, Department of Animal Breeding and Genetics, Research
Centre Foulum, P.O.Box 50 DK-8830 Tjele 2)Royal Veterinary and Agricultural University,
Department of Animal Sciences and Animal Health, Grønnegårdsvej 3 DK-1870 Frederiksberg.
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farmers have considered litter size,
body size and overall fur quality as the
most important traits in the breeding
goal.
Breeding is complicated due to the
lack of objective methods to measure
especially fur traits and the fact that
most important traits are measured on
pelts. Farmers grade the live animals
and based on breeding values for fur
quality, clarity, and colour together
with breeding values for body weight
and reproduction results, breeding
animals are selected.
The Department of Animal Breeding
and Genetics on DIAS has participated
in several projects regarding fur
production both on describing traits
and genetic parameters of traits related
to the ‘income side’ and of traits related
to the production costs. Better methods
for the prediction of breeding values
have been developed and implemented
and guidelines for optimising breeding
schemes have been developed. In the
following sections a review of developments in the genetics of mink is presented. First areas related to qualitative
genetics, where the former Department
for Research in Fur Animals established
a population of different colour mutants
of mink and foxes. The population was
used in testing the inheritance of
colours and fur characteristics, and
futhermore in establishing a preliminary genomic map of the American
mink (Brusgaard, 1998).

14.2 Qualitative genetics
14.2.1 Colour genetics
Use known alleles, mainly affecting
colour, have a long tradition within fur
animal production. The farmers have
systematically mated animals with
desired new mutant alleles and thus
increased their frequency. Occasional
high prices for new colour type pelts
soon increased the farmers´ interest in
and knowledge about qualitative
inheritance. The Nordic countries have
agreed on the names and gene symbols
to be used for fur animal mutants and
the latest complete review about colour
types of farmed fur animals is given by
Nes et.al, (1988). In mink, 21 different
loci affecting coat colour have been
identified, many of them include
several alleles (Nes et al., 1988). In
addition to fur colour mutants, single
gene effects on hair type are known.
Lately four new mutants of mink have
been described (Lohi et al., 2001). The
number of mutants allows for a wide
range of different combinations of
colours, shades and patterns. Within
each colour type the spectrum is further
increased by variation in darkness and
clarity of colour, caused by polygenes.
Large studies on the heredity of
colour are conducted on laboratory
animals, especially mice (Silvers, 1979),
but also sheep (Adalsteinsson et al.,
1983), cattle (Klungland et al., 2000) and
horses (Using, 2000). Earlier research
(Searle, 1968) has also documented that
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there exists a homology between colour
genes and their effects across many
mammalian species. In fur animal production this has been demonstrated in
the inter species crossings between
Vulpes and Alopex colour types (Nes et
al., 1988). Adalsteinsson et.al, (1987)
made an attempt to explain fox colour
types on the background of colour
inheritance in mice and sheep. The
theory of homology is based on the
assumptions, that generally three
groups of pigment influence the colour;
melanin, karotin and haemoglobin. Of
these melanin is the most important
regarding fur and skin. Melanin has
two sub groups; eumelanin, resulting in
brown or black colour and phaeomelanin, resulting in yellow or reddish
colour. The main focus has been on the
loci A, B, C, D and E, and Nes et.al,
(1988) have given the following description of the colour system groups. The A
system is the wild or agouti system,
controlling the regional distribution of
both eumelanin and phaeomelanin. The
brown system (B) controls the form of
the pigment granules. The albino
system (C) controls the number and
intensity of pigment granules. D is the
diluting system, affecting the distribution and clumping of granules, and
finally, the extension system (E)
controls the amount of eumelanin.

The
modern
biotechnological
methods are about to enlighten our
understanding of the actual mechanism
of colour genes. The first step was the
identification of two major genes, A and
E, responsible for pigmentation in red
and silver fox (Våge et al., 1997).
The present knowledge on the
sequences of the mink genome is very
limited. This might be due to the low
importance of mink in the world
economy. The information of the mink
genome achieved from database searches is: there exist around 40 microsatellites, many of which have been
derived by Brusgaard (1998) and Brusgaard et.al, (1998). Around 100 cDNA
codes have been sequenced and a few
genome sequences. The longest single
stretch is around 16000 base pairs. A
Zoo-FISH human mink map has been
produced by Hameister et.al, (1997)
followed by a Zoo-FISH map by Graphodatsky et.al, (2000) comparing mink
and dog chromosomes. The two ZooFISH works divide the 15 mink
chromosomes in 70 segments with
homology to specific human chromosome segments. Mink centromere
repeat probes have been derived and
utilised by Christensen (1998) for nondisjunction. Results showed that about
8 per cent of the sperm cells in 'normal'
mink have an abnormal chromosome
number, which result in prenatal death.
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14.3 Quantitative genetics
The Department of Animal Breeding
and Genetics on DIAS has particularly
contributed to

•

estimate genetic parameters of traits
in the selection criterion or breeding
objective

•

describe the genetic variation and
covariation of new traits of interest

•

improve methods for breeding value
estimation

•

implement methods to control the
rate of inbreeding

•

estimate effects of inbreeding

14.3.1 Breeding objectives
For many other farm animals a
national breeding objective has been
defined by the respective breeding
organisations. In fur animal production
only the Fur Breeders Association in
Norway has defined a national breeding goal and breeding strategy to be
recommended to the fur farmers. In the
other Nordic countries the individual
farmer decides the breeding goal for his
unit. These decisions are mainly based
on the information from the Fur
Breeders Association and Auction
Company. Variation from auction to
auction can result in changes in
breeding goals, being in conflict with
the long term breeding strategy.
The most important economic factors
in mink production are litter size and
the body size (Lagerkvist et al., 1994;

Clausen, 1996a) and quality of pelts
produced. Pelt size is currently the most
decisive factor for the price of the pelts
and a good litter average reduces
production costs as the cost of breeding
animals per pelt decreases. Among
production costs feed is the largest
single expense. In the course of time,
market value traits have been greatly
improved, both by improved management, especially better feeding, and by
selection (Berg, 1999). Generally the
value of increased pelt size has been
overestimated, as the increased feed
cost has not been considered (Berg &
Hillemann, 1995).
14.3.2 Litter size
Breeding regimes, eradication of
diseases and improved feeding and
management have resulted in higher
litter size. In Denmark the litter average
at weaning has increased from 3.58 in
1974 to 5.43 kits per mated female in
2001 (Anonymous 1974, 1980, 1986,
1988; Clausen 1994, 1996b, 1997, 1998,
1999, 2000 and Østergaard, 2001).
Genetic variation in litter size exists
but is low. Selection experiments have
documented a positive genetic response
when litter size was recorded very close
to the birth (Einarsson, 1987), at 3 weeks
(Lagerkvist et al., 1993), or at weaning
(Hansen et al., 1999a, 2000b, 2001). On
commercial farms, however, the genetic
variation in what litter size is large
between farms (Hansen et al., 1999b).
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Besides selecting for large litters reproduction is improved by reducing the
number of barren females and the kit
losses. The proportion of barren females
has been reduced from 16 % in 1975 to 8
% in 2001, while the number of lost kits
still is around 1 kit per litter during the
suckling period.

genetic correlations (e.g. Berg, 1993;
Lagerkvist et al., 1993; Sørensen et al.,
2001) exist between body weight and
pelt length. One of the disadvantages of
selecting only for body weight is the
negative correlation between body
weight and pelt quality (Reiten, 1977;
Hansen et al., 1992; Lagerkvist et al.,
1994; Sørensen et al., 2001).

14.3.3 Body size
The resopnse to selection for body
size or body weight are reflected in the
pelt length at the fur auctions. In 1985,
75 per cent of the male black colour
type pelts were above 71 cm (Danish
Fur Breeders Association, 1987), and in
1999 the proportion had increased to
about 94 per cent. Out of these 15 per
cent were above 83 cm (Sønderup,
2000).
Body size and weight have a high
heritability (0.28 to 0.64), as documented by e.g. Einarsson (1988), Hansen &
Berg (1997), and Sørensen et.al, (2002).
Selection for body weight in September
showed a genetic response of 70 g in
males and 30 g in females per year
(Lagerkvist et al., 1993). On commercial
farms a positive genetic trend has been
demonstrated for body weight, but with
a large variation between farms
(Hansen et al., 1999b).
Because of the positive correlation
between pelt size and body weight,
farmers use body weight as an indirect
measure of pelt length. Both positive
phenotypic (Lohi & Hansen, 1989) and

14.3.4 Maternal traits
The lactation period is one of the
most sensitive periods in the yearly
production cycle. Optimising the conditions related to this period would give
further possibilities to improve productivity. The development of the kits
during suckling is important for their
further growth. In the first four weeks
they depend entirely on the milk from
the dam. During this period it is only
through the dam, her condition and her
lactation capacity that the nutritional
condition of the kits can be improved.
An important task would therefore
be to improve the lactation capacity by
selection. This is, however, difficult
because milk yield of mink dams cannot
be directly measured. For the dams the
lactation period is the most demanding
time of the year. Large weight losses
and occurrence of nursing disease
(Henriksen & Dietz, 1990; Clausen et al.,
1992) are current problems on many
farms each year contributing in high
dam mortality.
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A project was run at DIAS, Research
Centre Foulum in 1989-1995 to fill some
of the gaps in the existing knowledge
about this period and especially to
clarify genetic aspects related to the
lactating female, her own weight performance and the maternal effects on the
development of the kits. The conclusion
was that genetic variation in early kit
growth exists and maternal effect is
largest from 2 to 4 weeks after birth.
The growth is based on the kit´s own
capacity for growth and the dam
capacity for inducing growth in kits
(Hansen & Berg, 1997). Additionally we
found that dam weight change in the
lactation period is inherited (Hansen &
Berg, 1998). Because of the promising
results a larger selection project to
clarify the consequences of selecting for
early kit growth has been carried out.
The selection experiment confirmed the
existence of genetic variation in early
growth. The genetic variance of kit
growth capacity was low (hd2~0.10), but
that for maternal ability for inducing
growth in kits until 4 weeks was intermediate (hm2~ 0.27). Dam weight changes from one to four weeks post partum
also showed an intermediate heritability
(hd2~0.36) (Hansen & Berg, 2000). Genetic response was positive for both kit
capacity for early growth and maternal
ability to induce growth in kits (Hansen
et al., 1999a, 2000b, 2001). Results from
this selection project showed a favourable genetic correlation between mater-

nal induced early growth and yearling
dam weight changes from 1 to 4 weeks
post partum. The genetic correlation
between maternal’s induced early
growth and yearling dam weight
changes from 4 to 6 weeks post partum
was negative but not significantly
different from 0.
Because it is laborious to mark and
weigh mink kits individually in the
suckling period, effort has been made to
find alternative measures for early
growth. For early kit growth, however,
the average kit body weight per litter
does not give enough information and
at least average kit body weight for
each sex per litter ought to be used, but
only when selection is on maternal
traits (Hansen & Berg, 2001).
14.3.5 Feed efficiency
Feed represents the major part of
production costs in mink. The price of
ready mixed fresh feed is 1.70 DKK per
kg and 36 kg feed is needed for
production of one pelt.
As expected selection for larger body
size continue, leading to increased feed
cost. In other species selection for
growth has resulted in a shortened
growth period and thereby reduced
feed cost (e.g. Shalev & Pastinak, 1989;
Schinckel & de Lange, 1996). Mink has
a growth period of about 200 days, as
kits are born in April/May and are
pelted in November/December. The
length of the growth period depends
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recorded in July (h2~0.30) with a positive genetic correlation between feed
efficiency and body weight at pelting
(rg~0.64) (Sørensen et al., 2001).

So far only sensory methods can be
used on grading live animals and therefore grading different traits in more
than 5 categories is difficult. A pilot
plant for objective measuring of some
subtraits of fur quality on pelts was
developed in the 1990s (Thorhauge
1994, 1995). Good results were achieved
especially in measuring fur volume
(density) by pressure and radiation
techniques (Lohi et al., 1996). There is,
however, still a long way to go before
these techniques for qualitative traits
are optimised to be used on pelts and
can be applied on live animals.
Presently some objective methods
have been developed for colour grading
of pelts at the fur auctions and some
objective methods have also been
applied on live animals (Rasmusen,
2001, Rasmussen & Berg, 2000).

14.3.6 Fur characteristics

14.3.7 Behaviour traits

Farmers grade the fur characteristics
on live animals in November. Most
often the grading includes the traits fur
quality, clarity and colour. Traditionally, fur quality is the general impression
graded subjectively of the combination
of several sub traits. The length, shape,
elasticity and amount of guard hairs;
the density of under fur and the length
relation between guard hair and under
fur. Clarity is the shade of the colour
while the colour of the fur defines the
darkness of the colour within each
colour type.

All through the years the animals,
which did not adapt well to farming
conditions have been culled. To enhance adaptation a “Stick-test” method
to measure mink’s reaction towards
humans was developed at DIAS in 1988
and has since then been used to select
mink for curious, timid and aggressive
behaviour (Hansen, 1996). Based on this
material it has been shown that genetic
variation exists in curious (Hansen et
al., 2000b) and fearful behaviour using a
stick test or a hand test (Berg et al.,
2002). A positive genetic response has

not on the body size but on priming of
the pelt, which is determined by the
season. The decreasing day length in
the autumn stimulates the production
of the hormone melatonin, that initiates
the moulting of summer coat and
growth of winter pelage (Allain, 1988;
Rose et al., 1998).
Results from a project in the period
1983/84 with progeny testing in mink
showed that there is genetic variation in
feed consumption and feed efficiency
measured in different periods within
the growth season (Berg & Lohi, 1992).
Results from a selection experiment in
the period from 1989 to 2000 confirmed
genetic variation in feed efficiency
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been found when selecting for the traits:
curious, timid and aggressive ( Hansen
et al., 2000b, Malmkvist & Hansen,
2001).
14.4 Selection methods in mink
Artificial insemination has not
succesfully been used in mink because
the female has mating induced
ovulation. A sire mates on average five
females; so progeny testing cannot be
applied in a large scale, and many
farms use only young males and pelt
them right after the mating season
while they still have the valuable winter
fur. Breeding is based on within-farm
selection.
14.4.1 Traditional selection methods
Because of the anatomy and behaviour of mink, ear tags or other
systems of individual marking have not
been used. Traditionally each animal
has a card that follows the animal when
it is moved from the cage.
The first computer programmes for
fur animal breeding were developed in
the 1970s (Einarsson & Lohi, 1990). In
the beginning they served mainly for
keeping records, writing cage cards
with information for each animal and to
show some simple means per colour
type and sire (Hauch, 1980).
Selection was earlier performed as
mass selection based on the phenotypic
value of the individual, often with a
threshold requirement. Animals with

e.g. unwanted behaviour, or born in
small litters were marked for pelting in
the course of the growing season. Selection among the remaining animals was
done after grading in November based
on body size and fur quality.
14.4.2 Index selection
In the 1980s, however, an index for
female fertility estimated by a modification of the Direct Updating Method
(Christensen, 1980) was introduced to
the Danish breeding programme
(Christensen et al., 1984). The main
frame system was exchanged for the
PC-based
programme,
Danmink,
developed at the Danish Fur Breeders
Association in 1985. Selection indexes
for litter size included information from
the animal iftself, from full sibs, half
sibs, offspring and mother (Børsting,
1992; Danmink, 1995). Selection indexes
for body weight, fur quality, clarity and
colour included own, full- and half-sib
informations.
Parallel with the “Danmink” system
some commercial breeding programmes
were marketed. The most widespread
of these is “Morsø Mink System”. In the
latest version “Morsø Winmink”, information, from all generations is included
when breeding values are predicted
(Morsø Winmink, 2001).
14.4.3 Single trait selection
In 2000 Danmink was replaced with
a new CFC (Copenhagen Fur Centre)
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breeding system. In this system prediction of breeding values is based on
an Animal Model, where all available
information from relatives is included.
The Department of Animal Breeding
and Genetics has been involved in two
ways: by delivering the software programme, DMU, for use on personal
computer (Jensen & Madsen, 1994;
Jensen et al., 1997) and by developing
and implementing an Animal model for
Danish mink breeding. In developing
the model three traits, litter weight,
body size and fur quality at live grading
were analysed (Hansen et al., 1999b).
In analysing litter size the fixed effect
was year*dam parity interaction and
random effects were additive genetic
effect and permanent invironment. In
analysing body size and fur quality
fixed effects were interactions between
year*sex and year*dam parity, and for
body weight a linear regression on litter
size on body weight was included.
Specific environment and additive
genetic effect were included as random
effects.
14.5 Breeding
production

structure

in

mink

14.5.1 “Hitlisten”
There is a limited exchange of
animals between farms and these have
not earlier been recorded. Therefore, the
predicted breeding values cannot be
compared between farms. The only
information comparing animals from

different farms is the skin production.
“Hitlisten”, is a list of the best producers on the basis of the classification
of their skin production graded
subjectively at the fur auctions (Copenhagen Fur Centre). The qualities of
dried pelts are, however, not only a
result of genetic merits but also affected
by management and pelting.
14.5.2 Inbreeding
Inbreeding has two effects. The first
is inbreeding depression, defined as a
decrease in the phenotypic level, and
the second is a reduction of genetic
variation.
Inbreeding depression has been
found in reproduction traits; where a
0.1 increase in level of inbreeding of
dams and kits reduced litter size by 0.3
to 0.4 and 0.2 to 0.3 kits, respectively
(Berg, 1994). Additionally inbreeding
depression has minor effects on other
traits (Berg, 1995).
Reduction of genetic variation
reduces future response to selection.
However, methods for controlling the
rate of inbreeding would allow for
increased long-term selection response
(Berg, 2000).
14.6 Visions
14.6.1 Qualitative traits
One of the most exiting tasks is to
map the colour genes of mink, as the
normal homology between species does
not work directly in mink.
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In other species most of the colour
genes are defined by alleles not giving
uniform colour, as for instance black
and tan, mask and tiger stripes. In mink
the homology with other species is
more difficult to establish by phenotype
alone, especially as the typical phenotypic reactions of the agouti gene seem
to be lacking in mink. Furthermore,
neither the human nor the mouse agouti
probes have so far given any hybridisation pattern on mink genomic DNA
(Brusgaard, 1998). It is therefore of great
importance to develop a crude genetic
map for the mink so that homology of
all loci can be established. In the mouse,
the DNA code as well as the
biochemical function is known for at
least 50 colour genes.
Our present knowledge about the
effect of mutations in single genes can
in the future be greatly improved with
the aid of modern biotechnics. Mapping
the known colour genes to the genome
and identifying their biochemical function will help to clarify the still open
questions about the genetic background
of some phenotypes. Furthermore, the
genes for hair type mutants can lead to
the tracking of QTL loci important for
hair quality.
Using the new RNA expression
techniques in different tissues, the
knowledge about genetic background
could be enlarged. These techniques
might be utilised in describing the
development of fur in general.

Possible linkage between colour
genes and production traits could be
valuable in research with other species
too. E.g. in the question of hereditary
diseases, where the problem seems to
appear in a certain colour type, the
colour genes could be used as markers
for the DNA area responsible for the
undesired effects. An example of this is
the Chediak-Higashi syndrome (Leader
et al., 1963; Padgett et al., 1964), which
is known in several animal species as
well as in humans In mink the problem
seems to be related to the Aleutian
allele. It is unknown whether it is a
pleiotropic effect of the Aleutian gene
or the effect of a linked gene. If it is a
linked gene, it should be possible to
produce blue mutants not affected by
the Chediak-Higashi syndrome.
14.6.2 Quantitative traits
The long-term future target must be
to build up a true multitrait selection
index for fur animals. In order to decide
which traits to include in the model we
need reliable information about the
heritability of the traits, their economic
value, and the genetic relations between
different traits. There are many earlier
investigations on heritability of the
traits presently included in selection
criteria. The earlier results must, however, be reevaluated if more objective
measuring methods can be used in the
future. Additionally, many new traits
are presently discussed and suggested
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to be included in the selection criteria
and for some of these we still lack both
measuring methods, and information of
heritability. For all traits more information about genetic correlations to other
traits is needed. In regard to the economic importance it is necessary to
decide which traits ought to have a long
term breeding goal and for which the
breeding goal must be re-evaluated in
shorter periods. A third group can be
traits, which are breeding objectives for
other than economic reasons. (see
Chapter 7).
In fox breeding, where artificial insemination can be used, it has been possible to change the traditional within
farm breeding structure towards the
nucleus breeding scheme used for other
domestic animals. In the future it is
important to develop and test new
models for breeding structures for mink
in order to increase the genetic gain.
As the use of computerised breeding
programmes increases it is important to
be aware of the possible negative
aspects and to build up control systems
for them. The first of these risks is
increased rates of inbreeding.
Litter size
Previous selection experiments with
mink have shown that selection for
maternal traits is possible without
negative effect on litter size but the
genetic variation in litter size was
limited and correspondingly the genetic

response low (Hansen et.al, 1999a,
2000b, 2001).
However, the genetic factors affecting litter size have not been analysed in
detail. In pig production Lund et.al,
(2000) have documented that both a
direct and a maternal effect exist for
number of offspring born in total, the
number born alive and the survival of
piglets from birth until 3 weeks. A
similar analysis of genetic correlation
between maternal traits and litter size is
desired in mink. Furthermore, postnatal
mortality in mink is high within the first
3 days post partum (Hansen, 1997).
Compared to other domestic animals,
the mink kits are undeveloped at birth,
but on the other hand they have an
enormous capacity for growth (Hansen
et al., 1999a, 2000b, 2001) and genetic
improvement of early growth is possible without reducing litter size.
Some vital questions to study are
therefore: Are there genetic factors affecting the dam´s ability to care for her
litter or to which degree the vitality of
the kits is genetically determined.
Body weight
Selection for body weight may have
negative consequences for the welfare
of the animals. In addition the marginal
value of increased body weight of pelt
length is likely to decrease. Lagerkvist
et.al, (1994) found a negative genetic
correlation between body weight in
September and litter size. There is a
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need for understanding the correlated
effects of selection for increased body
weight, in terms of pelt characteristics
(pelt length and pelt quality), fur
quality of live animals, body condition,
disease resistance and animal welfare.
A measure for body condition
together with body weight would
probably allow genetic improvement of
pelt size without negative consequences
in quality or reproduction. Methods for
measuring body condition are developed for other species. Such methods
could also be valuable in the fur production both as a tool in the management but also as a breeding tool. If
practical tools to measure body condition on live animals can be developed
the consequences of using different
information of size as selection criteria
can be tested.
Maternal traits
Maternal traits can be improved by
selection and favourable genetic correlation between maternal effects on kits
and dam weight changes is found for
yearling dams. Selection for maternally
induced early growth should be combined with physiological description of
dams in order to explain the causes of
variation in weight loss among dams
during lactation.
On the other hand older dams lose
more body weight during lactation than
yearlings and the repeatability of dam
weight changes is 0.52 from 0-4 weeks

and 0.32 for dam weight changes from 4
weeks until weaning (Hansen & Berg,
1998). Thus, it is expected that dams
with a high weight loss in the first
lactation have a corresponding high
weight loss in the following lactation.
Therefore, if the results are to be used in
practice, it is necessary to develop a
more complex model handling also the
covariance between permanent environment related to the dams and environmental effects related to the kits.
When an objective method for
measuring body condition is available a
description of the genetic correlation
between condition in the growth period
and the weight changes during lactation
could help to select dams with less
weight loss in the lactation period and
thus, by genetic means reduce the
incidence of nursing disease.
The relation between maternally
induced growth and dam weight changes is described. Another relation of
great importance is the relation between
maternal induced growth and litter size.
When this correlation to litter size is
estimated, the next step is to develop
guidelines for the inclusion of early kit
growth in the breeding programmes
used on farms.
Feed efficiency
Registration of feed consumption is
very laborious. Therefore, a simple and
indirect measure of feed efficiency is
needed before feed efficiency can be
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implemented in the breeding scheme.
The use of animals’ activity as an
indirect measure for feed efficiency as
suggested by Sørensen (2002) ought to
be validated.
Fur characteristics
The quality of fur is a sum of several
different subtraits e.g. the amount,
shape and elasticity of the guard hair,
the density and formation of the under
fur etc. In sensory evaluation of fur
quality these subtraits are summarised
to one character. The weighing of subtraits can, however, vary between graders, which affects the comparability of
live animal grading between farms.
Objective methods for one or more subtraits would increase the accuracy of
information within farm and the comparability of results between farms.
The pelts from different farms are all
graded together and under similar and
constant conditions at the fur auctions
(Copenhagen Fur Centre) and therefore
give a more solid basis for comparing
fur characteristics between farms. It
should be studied whether the information on pelts could be included in
estimating the breeding values.
Behaviour traits
There is a need for understanding the
genetic components of mink behaviour,
to access the genetic potential for
improving animal welfare.

In selection for confident and fearful
behaviours, response were recorded as
all-or-none responses. However, the
model used has assumed normality
(Berg et.al, 2002). This is clearly not the
case for all-or-none traits, and an
assumption of homogenous variance is
questionable.
Results has shown that the complex
environmental and genetic interactions
in behavioural reactions can be modelled and add to our understanding of the
complexity of direct and indirect genetic effects as well as environmental effects on animal behaviour (Berg et al.,
2002).
To describe the consequences when
selecting on behaviour traits ongoing
work is necessary to estimate genetic
correlation between behaviour responses and production traits.
National database
The new CFC-breeding system allows individual identification of each
animal included in the system. Thus
data from several farms can be analysed
together for traits that needs a large
amount of data e.g. analysing reproduction traits.
At present there are some local
databases consisting of data from many
farms within a region. Establishing a
large national database would increase
the possibilities to compare genetic
differences between farms. Even more
efficiently this can be done by syste-
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matic and registered exchange of breeding animals between groups of farms.
This would give more accurate information on genetic differences between
farms.

evaluating breeding objectives.
Additionally, selection could be
improved by developing the current
univariate models to multivariate genetic evaluations, where informations
from all traits are considered jointly.

Breeding structure
Establishing genetic links between
farms can be the first step towards a
new breeding structure. Using information from groups of farmers will
increase population size and the realisation of genetic gain. This allows for a
faster penetration of genetic gain to all
farms.
Tools in the farm breeding
In the present CFC breeding system
breeding values are estimated for single
traits, but information from the fixed
effects together with curves of the genetic trend for the different traits could be
valuable for the farmers in defining and

Inbreeding
There is a need for methods for
controlling rate of inbreeding while
maintaining a competitive genetic gain.
Such methods are developed (e.g. Berg,
2000) and should be considered for
implementation especially in small populations.
The above mentioned objectives are
just a few of several that should be
investigated. Denmark has the largest
production of mink pelts in the world,
and thus an obligation to develop the
knowledge base for an efficient production that takes account of animal
welfare and environmental effects.
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15 Sustainable Use and Conservation of Farm Animal
Genetic Resources
✳

Frank Vigh-Larsen, Torkild Liboriussen, Peer Berg & Lars-Erik Holm

15.1 The origin of farm animal genetic
resources
Animals have been selected by
farmers for their particular characteristics or cultural value for thousands of
years. The first domestications took
place some 10-12,000 years ago, and
they were probably founded in religion.
Some of the first selection has probably
been for docile animals and abnormal
colour patterns allowing easy identification of the ”early domesticants”. The
early domesticants spread from the socalled ”fertile crescent” in the near east
to central- and northern Europe 4-6,000
years ago along with large migrations
of human populations. The main
contributions and values of domestic
animals are as sources of food, energy,
fuel and fertilizer, and income as well as
social and cultural assets.
Of 50,000 known avian and mammalian species, fewer than 30 species
have been used extensively for
agriculture, with 14 accounting for over

90% of global livestock production.
However, the genetic diversity of these
domesticated species has been used
extremely efficiently while they were
adapting genetically to local conditions,
diseases, available feeds, climate, predators and many other persistent
variables imposed by the local
environment.
Landraces were kept during the
middle ages, and the first breeds were
registered in herd books in the late
nineteenth century. Systematic collection of production data began in the
early 20th century, and some genetic
progress was made. Importation of
animals to improve the local stock was
common already then, and many
landraces disappeared early in the
century. The FAO databank presently
incorporates basic data on more than
6,200 breeds (Scherf, 2000).
Many
breeds have become extinct already,
and it is estimated that some 30% are at
risk of extinction (Scherf, 2000).
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The present chapter describes the
area of animal genetic resources management, from the conservation activities related to the old national breeds, to
the more recent concern and interest in
the problems related to the so-called
modern breeds of domestic animals. It
concludes with a vision for the future
management of farm animal genetic
resources.
15.2 Modern breeding programmes
and international trade
Animal breeding has been revolutionized during the second half of the
20th century. Individual animal identification, pedigree information, recording of production, reproduction and
growth, new mathematical and statistical techniques and the introduction of
fast computers has allowed the
identification of superior animals with a
high degree of accuracy. During the last
30 – 40 years the development and
rapid inclusion of modern reproductive
techniques, first and foremost artificial
insemination, has supported the spread
of genetic material from these superior
animals worldwide.
International trade of breeding
material has led to a dramatic global
distribution of a few so-called ”modern
breeds” with a high production potential. A common feature for all these
breeds is that they are developed in the
Western world for high-input production systems, requiring high quality

feed, highly skilled management
practices, controlled production environments (temperature, humidity, light
regime) and intensive veterinary supervision. The world population of dairy
cattle is now dominated by Holstein
Friesians, and the production of egg
laying hens and broiler chickens is
controlled by a handfull of international
breeding companies marketing a few
crosses of highly specialised lines
worldwide.
The increase in productivity is
dramatic and still increasing. In 1965 a
typical Danish dairy cow yielded 4,500
kg of milk in a 305 day lactation. In
2001 the average yield of a Danish
Holstein cow has increased to more
than 8,000 kg, an increase of 100 kg per
year, half of which is the result of
genetic selection. Over the last decade
the increase has been even more
dramatic at approximately 2% per year,
or 5% per cow generation.
The considerable increase in the
productivity of modern breeds over the
last few decades has eliminated the
post-war lack of animal products in
Western Europe. It has also led to a
more efficient production in inputoutput terms, and an ample supply of
animal based human food at low prices.
15.3 Conservation of old breeds
In the process of breed improvement
and specialisation most of the landraces
and ”old breeds” have disappeared;
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some are already extinct, while others
still exist in small numbers. In the major
parts of the developed world there has
been a large effort to save the old breeds
during the last 20 years. Individual
idealists, breed associations, NGO’s and
governments have invested in conserving the remnant populations of the old
breeds. Thanks to these efforts the loss
of breeds during the last 20 years has
been minimal, and many breeds have
again increased in numbers due to the
conservation
efforts
implemented.
However, the future of these old breeds
depends on the continued and committed effort of the private and public
sector to cooperate on conservation
strategies.
In the developing world, Eastern
Europe and Russia local breeds are at
great risk. Some of the local breeds in
these regions may possess special
properties, like disease resistance and
adaptation to extreme environmental
conditions, that has been acquired
during centuries of adaptation, but
most often they are less productive than
modern - so-called “Exotic” - breeds
from Western Europe and USA. The
demand for increased productivity in
these regions is high, but the infrastructure needed to improve production
traits of local breeds in low-input
production systems, with little or no
information (pedigree, production etc.)
available, is absent. Furthermore, the
time required to achieve substantial

genetic improvements of local breeds
under such conditions act as a barrier
on its own. Hence, in order to achieve
rapid genetic progress, local breeds are
cross bred with imported exotic breeds.
The consequence of this breeding policy
may be short-sighted in that some of the
local breeds, and the aforementioned
special properties of these breeds, are
lost forever.
15.4 Inbreeding – a major problem in
modern breeding programmes
The loss of breeds is not the only
concern. Breeding schemes based on a
single, or a few, traits only, and the
application of modern breeding techniques (especially artificial insemination) inevitably leads to a narrowing
of the genetic base and an increasing
level of inbreeding within these highly
specialised breeds. The widespread use
of the ”Animal Model” further increases
the problem as it tends to favour the
selection of related animals. The world
population of milk recorded Holstein
Friesian dairy cows number millions of
animals. Yet it has recently been
estimated that the effective population
size of the USA population of Holstein
Friesian is around 40 (USDA, 2001). A
recent study has shown that 25% of the
genes of the young bulls in the Danish
population of Holstein Friesian originates from 2 bulls (Sørensen et al.,
2001). This dramatic reduction in
effective population size results in a
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decreasing response to selection and an
increase in the occurrence of lethal
diseases caused by recessive genes (eg.
CVM and BLAD in Holstein Friesian
dairy cattle).
Thus modern breeding programmes
affect genetic diversity in two ways:
They oust local, less efficient breeds,
and they lead to the loss of genetic
variation within breeds. The loss of
genetic diversity in general leads to a
reduced ability to adapt breeding
schemes to future demands and
challenges to the farming industry.
15.5 The Nordic profile in dairy cattle
breeding
The so-called Nordic profile in dairy
cattle breeding is a concept that covers
selection of productive and yet functional and healthy cows. Selection is based
on a total merit index (TMI) that

includes a number of traits (eg. milk
yield, mastitis resistance, reproduction
and other functional traits), rather than
just milk yield which, until a few years
ago, was the main selection criteria in
most other countries. The TMI is based
on a unique database containing data
on production, reproduction, veterinary
treatments etc. on an animal level. A
broad genetic profile of AI bulls allows
the individual farmer to choose mate
combinations that opt to optimize the
genetic make up of the progeny. Also,
there are numerous studies showing the
clear economic superiority of the
Nordic model compared to selection for
yield alone (eg. Sørensen, 1999), see
Table 1.

Table 1 Effect of different selection criteria in dairy cattle (mod.e. Sørensen, 1999)

Selection criteria
Trait
Total economic merit
Yield
Cost reducing traits, in total
Fertility
Calving ease
Mastitis resistence
Other diseases

1)

Milk yield
σg units DKK/cow
/year
per year
0.17
105
0.29
151
- 42
- 0.10
- 15
0.03
4
- 0.09
- 25
- 0.06
-6

Total Merit Index1
σg units DKK/cow
/year
per year
0.26
157
0.19
102
14
- 0.02
-3
0.08
9
0.03
9
- 0.01
-1

Selection index based on a combination of different traits and economic
weights.
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Despite the fact that Danish dairy
farmers have supplied data to the
database for more than 30 years, and
have had the potential benefits from
using the TMI for just as long, the
majority of young bulls entering the AIprogramme are still sons of imported
bulls selected mainly on milk yield.
Thus in 1999-2000 approximately 80%
of the bull sires used in the Danish
Holstein Friesian dairy population were
imported from countries that did not
record all the traits in the Danish TMI.
It is understandable that individual
farmers and breeders select the animal
genetics that allow them to maximise
the outcome of their animal husbandry
in the short term. However, it could–
and should – be anticipated that breeding companies and scientists have a
longer time horizon, and therefore seek
to optimize the total economic merit of
breeding schemes over many animal
generations, thus promoting the concept of sustainable breeding.
15.6 ”Livestock to 2020 – the Next
Food Revolution”
Population growth, urbanization and
income growth in the developing world
are leading to a dramatic increase in
demand for food of animal origin
(Delgado et al., 1999). The International
Food Policy Research Institute projects
that consumption of meat and milk in
developing countries will grow 2.8 and
3.3% respectively per year between 1990

and 2020. The corresponding developed
world growth rates are 0.6 and 0.2% per
year. Seen over a 20 year period the
expected growth rates in meat and milk
consumption in the developing world
will lead to dramatic changes in the
production and supply systems in the
livestock sector in these countries.
Already now large scale factory farming
operations are being developed in the
periurban areas of metropoles. These
operations are typically based on
genotypes, technology and management practises developed in the
Western world. Some of the increased
consumption of animal produce may
also come from the rural poor and
landless producing in low-input
production systems. This increased
demand is potentially an important
component in alleviating poverty in
rural areas. In both cases it is of
paramount importance to future
production, that the genotypes suited to
the respective production systems are
present and further developed in a
sustainable manner.
15.7 The FAO Global Strategy for the
Management of Farm Animal Genetic
Resources
Simultaneous with the adoption of
the Convention on Biological Diversity,
FAO initiated the development of a
Global Strategy for the Management of
Farm Animal Genetic Resources in 1993
(FAO, 1999). The Global Strategy and

223

the attached database (Domestic Animal Diversity Information System;
DAD-IS) can be studied in detail at:
www.fao.org/dad-is. The programme
now develops under the direction of an
intergovernmental mechanism with a
mandate from the Commission on Genetic
Resources for Food and Agriculture. An
essential, basic prerequisite for the
Global Strategy is that animal genetic
resources are national responsibilities.
The lack of proper ex situ conservation techniques for some of the major
domestic animal species (semen and
embryo collection and storage) and
veterinary regulations, makes in situ
conservation and management the only
realistic option in many situations. In
situ management is therefore an essential part of animal genetic resources
management involving many different
stakeholders, local farmers and their
associations being among the most
important.
In 1998 the member countries asked
FAO to coordinate the preparation of
the First State of the World Report on
Animal Genetic Resources. Country
Reports will identify priority actions to
be taken to use and conserve the full
range of domestic animal breeds better,
and they will enable countries to:
- determine core genetic resources for
each species;
- establish
genetic
improvement
priorities and action;

identify appropriate environments
for breeds to be most productive;
- monitor breed populations at risk;
- assist the development of an early
warning system for breeds at risk.
Country Reports will provide
countries with essential information so
they can manage their animal genetic
resources wisely.
-

15.8 The Danish Committee for the
Management of Farm Animal Genetic
Resources
The Ministry of Food, Agriculture &
Fisheries (MFAF) is responsibe for the
management of farm animal genetic
resources in Denmark. The Committee
for the Management of Farm Animal
Genetic Resources was established by
MFAF in 1985 and the main purpose is
“…to assist the management of farm animal
genetic resources in order to secure
biological diversity, cultural heritage and
the cultural landscape”. The activities are
conducted within the ”Strategy for the
Management of Farm Animal Genetic
Resources in Denmark” (1997-2001).
The major part of the strategy is aimed
at the old breeds. The strategy has four
main areas of activity:

•

Development of breeding plans for
the old breeds of Danish domestic
animals.

•

Extending the existing Gene Bank.

•

Increased information and coordination.
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•

Research and development with
relation to animal genetic resources
management.
In all four main areas the level of
activity has increased significantly over
the last five years. The Committee has
established a secretariat that cooperates
closely with the breeders of the old
breeds, private as well as public. The
combined efforts have resulted in a
consolidation and increase in the
populations of the old breeds of Danish
domestic animals. The Committee has
also increased the activities in relation
to the modern breeds, inter alia in terms
of a contract with The Danish Cattle
Breeders Association on systematic
collection and long term storage of
semen from the modern breeds of dairy
cattle.
The results of the Strategy are
presently being evaluated by an
international group of experts, and a
revised Strategy will be formulated in
2002.
15.9 Nordic Gene Bank, Animals
Nordic Gene Bank Animals (NGH)
was established in 1984 as a cooperation between the five Nordic
Countries. Following the 1998-declaration of the Prime Ministers of the
Nordic countries on ”Developing the
Nordic eco-region in a sustainable
manner”, NGH has adopted a new
strategy for the period 2001-2003. The
vision is ”to create values through

sustainable utilization and conservation
of animal genetic resources in the
Nordic countries”. The vision will be
pursued through rigorous net-working
and collaboration with all stakeholders.
The strategy includes a large element of
information
activities
aimed
at
increasing the general understanding of
the importance of sustainable management of animal genetic resources. The
strategy can be studied in detail at
www.nordgen.org.
15.10 Identifying
and
developing
breeds for sustainable use
It is widely accepted that it is
impossible to conserve all breeds, lines
and types of domestic animals that exist
today. However, it is important that the
breeds, or local/regional groups of
breeds, lines and types, possessing
special properties, or which have other
special values, are conserved. Identification, description and evaluation are
important components of the process
when appointing the breeds, lines and
types to be conserved. This process is
one of the greatest challenges facing the
conservation of animal genetic resources for future needs. DNA technology is
useful for the basic characterisation and
description of breeds, but the collection
of production data (yield, growth rate,
functional traits etc.) will continue to be
essential for the development of breeds.
When the identification of breeds for
further use has been achieved it is
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equally important to develop the breeds
through sustainable breeding programmes adapted to meet the specific local
requirements. The most rational and sustainable way to conserve animal genetic
resources is to ensure that locally adapted
breeds remain a functional part of production systems. This requires identification
and development of their economically
important and unique attributes. (FAO,
1999).
Through active research, documentation and contribution to national and
international animal science and advise
we in the scientific community can
work to influence breeding companies
to apply sustainable breeding policies.
We must also work continuously to
convince farmers to request genotypes
suited for sustainable animal production systems under Danish farming
conditions. Previously animal genetic
resources management has been a
relatively small part of the port folio of
the Department of Animal Breeding
and Genetics, but the issue is now
becoming increasingly important and
accepted. Presently there are a number
of projects related to animal genetic
resources, two of which will be
mentioned here.
15.11 Characterisation of cattle breeds
using DNA information
In the beginning of the 1990’s a joint
Nordic project on investigation of the
genetic diversity among old or rare

cattle breeds in the Nordic countries
(Denmark, Finland, Iceland, Norway
and Sweden) was initiated and funded
by NGH. The aim of the project was to
elucidate the genetic composition and
differences within and among 15 indigenous and 2 imported old cattle breeds
and to compare the indigenous and rare
breeds with 3 modern breeds. A variety
of genetic markers (blood types, protein
polymorphisms and DNA microsatellites) were used for the characterisation.
The genetic analysis revealed a
characteristic division of the indigenous
and old breeds into four separate
groups: a Northern indigenous group
including Icelandic cattle, a Southern
indigenous group (including Red
Danish 1970 and maybe Danish Shorthorn), a group consisting of Ayrshire
and Friesian breeds (including the
Danish Black-Pied 1965 and the Jutland
breed), and the imported Jersey breed.
However, all breeds were genetically
differentiated with a few of the Norwegian breeds showing apparent
mixture of genetic origin (Kantanen et
al., 2000). The level of genetic variation
measured as heterozygosity and mean
number of alleles per locus were not
statistically significant between the
indigenous and the modern breeds
(Kantanen et al., 2000). The observed
genetic differentiation between the
indigenous and the modern breeds
indicates that the indigenous breeds can
act as a reservoir of genetic variation
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available for introduction into the
modern breeds.
This fruitful collaboration has been
continued in a similar NGH funded
project on Nordic sheep breeds enlarged with breeds from the Baltic countries, south-western Russia, the Faeroe
Islands and Greenland. The project
group has also been enlarged to incorporate research groups from the Baltic
countries.
Use of molecular information for
animal improvement and conservation
of animal genetic resources
As documented in the previous
sections, many reasons for maintaining
breeds exist. For a small breed to survive and avoid loss of valuable genetic
variability it is necessary to minimise
the loss of genetic variation, which is an
inevitable consequence of finite population size.
The objective of this project was to
compare methods for minimising the
loss of genetic variation in small breeds
or populations based on pedigree
and/or DNA-marker information, in
combination with application of
embryo technology. This was done by
stochastic simulation in models with a
finite number of loci.
This project focused on dynamic
methods, i.e. methods which take into
account the potential breeding animals
present, when selection and mating
decisions are taken. An algorithm for
this use was developed and imple-

mented in a program called EVA. This
algorithm will maximise the value of
the next generation in terms of their
breeding value with penalties on the
rate of inbreeding in the long and short
term.
Given pedigree information it is
possible to equalise the contributions of
ancestors. It was shown that the annual
loss of genetic variation, given pedigree
information, could be reduced by 40% 50% merely by considering pedigree
information from ancestors.
In the long term it was not
advantageous in terms of rate of
inbreeding to minimise inbreeding in
the next generation, when the contributions of parents was optimised.
Including information from genetic
markers it is now possible to equalise
the contribution of the ancestral alleles.
In theory this could result in an infinite
population size (Wang & Hill, 2000) and
thus complete retention of all alleles.
However, in the real world some alleles
are lost over time due to finite populations and multiple alleles. Our simulations have shown that with a very dense
marker map (less than 5cM between
markers) the loss of genetic variation is
approximately halved, compared to the
best strategy using pedigree information only.
The advantage of genetic markers is
greatest when selecting within families.
Reproductive technologies can have a
major impact on family structures and
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should thus be taken into account for an
optimal utilisation of genetic markers.
The project has shown a large potential for minimising the loss of genetic
variation in small populations, based on
dynamic methods that optimises the
contributions of parents to the next
generation.
The tool developed in this project,
EVA, for determining optimal genetic
contributions of parents has a more
immediate application than the mere
results. Based on pedigree information
and predicted breeding values from
Animal Models, this tool is now being
used to manage a small population in
the Danish trout breeding program, in
order to give competitive responses to
selection but at acceptable rates of
inbreeding. Furthermore, EVA is under
implementation in the Danish dairy
cattle AI-societies for use in selection of
young bulls. Implementation of this
tool, or other tools based on the same
principles, is also expected in other
commercial populations in the near
future.
15.12 The future of animal genetic
resources management
During the last decade considerable
efforts have been spent on creating
national and international attention,
understanding and acceptance of the
issue amongst a wide array of stakeholders – breeding associations, farmers, scientists, the political system and

society in general. This so-called ”mainstreaming” is gaining momentum, and
there is a rapidly growing recognition
that co-operation and sharing of knowledge, expertise and other benefits
among communities is necessary for
effective animal genetic resources
management.
Many of the breeding schemes
applied today are non-sustainable in the
long run. Rapid increases in the degree
of inbreeding and problems with
genetic diseases are appearing, causing
problems in terms of measurable
diminished effects of selection and
direct losses. The welfare aspects of
some breeding schemes, especially in
the poultry sector, are rightly being
questioned.
The loss of genetic resources, both in
terms of direct losses of breeds and loss
of genetic variation within breeds,
causes concern in developed as well as
in developing countries. The issue of
sustainable management of genetic
resources is therefore likely to attract
even more attention in the future.
During the last 6 years the Department
of Animal Breeding and Genetics has
taken responsibility for research and
development in farm animal breeding,
nationally and internationally. This responsibility will be further rooted in the
future, and the main aim will be to
contribute significantly to a better and
more sustainable utilisation of the huge
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genetic potential that still exists in our
farm animal species.
In order to further promote the
concept of sustainable animal genetic
resources management it is essential
that all stakeholders (eg. breeders, their
associations and society in general) are
continually reminded of the great value
of animal genetic resources. The strategies required for sustainable utilization
are long term compared to the imminent problems facing farmers worldwide in terms of day to day survival.
The State of the World Report is designed to assist countries in the process of

strategy development and implementation. It will 1) give an overwiev of the
“state of the art” in terms of countries’
genetic resources, and their ability to
address the issue, 2) enable us to
immediately address the most pressing
problems and 3) on a longer term basis
cooperate on a better utilization of the
worlds’ animal genetic resources for the
benefit of mankind. In Denmark the
State of the World process will hopefully initiate a broader discussion on the
long term direction of animal genetic
resources management, not least in
relation to the active populations.
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16 Teaching University Level Animal Breeding and Genetics
in Denmark
Poul Sørensen1, Just Jensen1 & Lars Gjøl Christensen2

16.1 Introduction
From the previous chapters it is
evident that the field of animal breeding
and genetics is very broad and consequently influences numerous aspects of
animal husbandry. The field of genetics
is primarily concerned about how to
select superior animals as breeding
stock, and how to ensure maximal
transmission of favourable genes to the
next generation. To day animal breeding, and thereby improvements of
future generations of livestock, is based
on genetic and biometric knowledge.
The quantitative genetic part of
animal breeding and genetics is based
on a mathematical representation of the
underlying biology. The understanding
and utilisation of this representation
require substantial knowledge in
probability theory, biometry, and
systems analysis in order to devise
optimum
commercial
breeding
programs. Such breeding programs rely
✳

✳

on identification of the optimum
combination of a large range of input
factors including accurate estimates of
phenotypic, genetic and economic
parameters. To identify such optima it
is necessary to have an understanding
of optimisation theory.
16.2 Introductory courses in animal
breeding
Most students, at The Royal
Veterinary- and Agricultural University
(RVAU) or at other universities, do not
have a background related to animal
production systems or to animal breeding. Therefore, early B.Sc. level courses
need to introduce very general concepts
of genetics, animal breeding and
current breeding schemes. The current
introductory course in general animal
breeding (Alm. Husdyravl) includes a
considerable element of orientation on
current Danish genetic improvement
programs for the different livestock
species and breeds. The teachers at this

Danish Institute of Agricultural Sciences, Department of Animal Breeding and Genetics, P.O.
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course should have a broad scientifically based knowledge on Danish animal breeding and strive to give the students general knowledge and interest in
the discipline. However, it may be debated whether the general information
on Danish breeds and breeding needs to
be included in a university level course.
Each year a few students select an animal-breeding project for their B.Sc.
thesis.
The most important course, for
students at RVAU5 with an interest in
animal breeding is “Advanced Animal
Breeding”. This course provides a
general understanding of quantitative
population genetics, selection theory,
biometrical methods of prediction of
breeding values, aspects of inbreeding,
pure- and crossbreeding theories, selection methods, simulation methods, use
of embryo and DNA technologies and
methods for optimisation of breeding
schemes.
The main objective the course is to
give the students knowledge and
understanding of the genetic and biometric theories which form the basis of
modern animal breeding both in
industrialised and developing countries. The course, which is taught in
English, is a theoretic course for students who afterwards want to work as
advisors or scientists within the field of
animal breeding.
The Royal Veterinary and Agricultural
University
5 )

During the last five years relatively
many students have selected a project in
animal breeding for their M.Sc. thesis.
Most of these students have spent some
month either at foreign universities or
as apprentices at Danish advisory
centres/research institutions. Many
students spend from 2–10 months at
DIAS, Department of Animal Breeding
and Genetics (ABG) while they conduct
their M.Sc. thesis work.
Students aiming at a research career
in animal breeding and genetics or in
devising and managing large-scale
genetic improvement programs are advised to go through a Ph.D. program in
animal breeding and genetics. Such a
program takes three years in Denmark.
The first year, normally, is used to
participate in a broad array of courses.
In general students lack a solid background in mathematics, statistics and
optimisation theory. In order to address
the needs of individual students in the
best way possible, the courses are
chosen on an individual basis. It has
become more and more common that
the first year, or parts of it, is spent at a
foreign university. By choosing among
universities world-wide the selection of
possible courses naturally becomes
much larger and thus better meet the
needs of individual students. In Denmark we are now planning a series of
Ph.D. courses in animal breeding and
genetics in order to fill the needs of
Danish Ph.D.-students. The ambitions
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are that the courses attractive for other
Ph.D.-students world-wide.
16.3 Internordic courses
The agricultural universities in the
Nordic countries each year arrange
summer courses on a wide selection of
topics including animal breeding and
genetics. All current Ph.D. students and
very often also other students and
young scientists attend these courses,
which typically last for two weeks and
are residential courses. These courses
are excellent opportunities for having
internationally well known scientists
lecture of selected aspects of animal
breeding and genetics. The residential
course format also gives students
opportunities for forming networks
among young scientists from the Nordic
and Baltic countries.
16.4 Animal Breeding Centre Denmark (ABCD)
During the last 5-10 years is has
become very common that students
with an interest in the field of animal
breeding and genetics will spend a year
at DIAS, Department of Animal Breeding and Genetics (ABG) while they conduct their M.Sc. thesis work. Furthermore, most Ph.D. students in the field
have conducted their work at ABG. To
enhance the co-operation on the education of these students ABG and the
corresponding institute at RVAU have
formed “Animal Breeding Centre Den-

mark” (ABCD) in the beginning of 2001.
The primary goal of ABCD is to develop
an attractive international research and
educational environment within the
research area “Animal Breeding and
Genetics” and thereby create a “Centre
of Excellence” ranging among the 3-4
leading scientific breeding groups
world-wide. So far this have lead to the
appointment of six senior scientists at
ABG as adjunct lecturers at RVAU.
Such adjunct lecturers have the same
rights and duties as regular lecturers
employed at RVAU. The foundation of
ABCD has formalised the access of
students to benefit from a much broader
range of advisors.
As mentioned in a previous section
another initiative in ABCD is the
planning and initiation of a series of
Ph.D. level courses in animal breeding
and genetics. A series of two-week
courses is being planned and the first
course is expected to run in early 2003.
The courses will partly be run as
residential courses which will be open
to students for the other Nordic countries as well as other countries and
specially interested professionals from
industry and research.
Close co-operation between ABG and
RVAU have, together with the desire of
attracting
international
students,
prompted for IT-based education
systems where the need for traditional
classroom teaching is limited. Such
systems can, in principle, lift limitations
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on time and place. Students can participate from almost anywhere word-wide
and they can follow lectures at their
own speed and leisure. A comprehensive five-year project on how to plan
and execute such courses is now initiated. From experience so far is clear
that this form of education requires
very considerable restructuring of
current course formats.
The field of animal breeding and
genetics is changing rapidly and therefore professionals in the field needs
regular updating of knowledge and
skills. Such updates can either be in
industry level courses or through regular university courses. We believe
that ABCD should be strongly involved
in the planning and conduction of such
courses in the future.
16.5 Scientific School
Breeding (SAB)

in

Animal

The research school Scientific School
in Animal Breeding is just about to be
established as a result of the co-operation in ABCD. SAB is established as a
body at RVAU who organise the Ph.D.
education within animal breeding.
There is a strong relation between SAB
and ABCD, but the board is a bit
broader. Besides the ABCD members
the board consists of representatives
from University of Århus and Aalborg

University Centre, and also representatives from The Danish Bacon and Meat
Council and the Danish Milk and
Livestock Federation.
The major purpose of SAB is to
educate scientist at highest international
level within Animal Breeding, and that
will take place through development
and initiation of new or updated Ph.D.
courses as described previous under
ABCD.
These courses will be offered
nationally as well as for international
students, and the intention is in some
few years to offer this course as ITbased.
The adjunct lecturers appointed in
ABCD will be the core group of key
instructors together with the professors
at RVAU and occasionally professors
from other universities.
16.6 Future developments
Limited resources for teaching and
advising students necessitate closer
future co-operation on these tasks. A
restructuring of current courses and
increased use of IT-based education
systems can be used to decrease the
problems of physical distance between
different institutions. A closer cooperation between several universities
and sector research institutes (DIAS)
could greatly enhance the education in
animal breeding and genetics
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17 Co-operation and Developments within Animal Breeding
and Genetics
Ole Olsen

✳

17.1 Introduction
The Danish Institute of Agricultural
Sciences (DIAS) is a sector research
institution under the Ministry of Food,
Agriculture and Fisheries. DIAS aims to
conduct research and accumulate
knowledge
of
importance
to
agriculture. Emphasis is on responsible
resource utilization, environmental
impacts both internal and external,
animal welfare, and the quality and
competitiveness of the products.
DIAS was established on April 1,
1997 with the merging of the Danish
Institute of Animal Science and the
Danish Institute of Plant and Soil
Science.
With its approximately 1,125 employees
DIAS is one of the largest research
institutions in Denmark. Integrating
animal husbandry, plant production
and technical research enables DIAS to
embrace a broad range of agricultural
areas, and to apply both discipline and
holistic approaches within these areas
DIAS has at least three main
costumer groups for her research and

✳

knowledge production, and they are
authorities, industries and the public
within the food and agricultural sector,
the teaching and advisory sectors, and
the international research community.
The two first areas are fundamental for
DIAS´s mission and the third area is
essential for cooperation and in relation
to quality control and harvest of
knowledge.
17.2 Cooperation with industry and
other institutions
Taking the changed conditions in the
public research into account DIAS has
in the resent years focussed on
strengthening the cooperation with both
the agricultural industry organizations
and the foodstuff industry. The cooperation takes place partly via joint
participation in research programs, and
partly via requested assignments. This
cooperation ensures a direct dissemination of knowledge and technology as
well as the traditional dissemination via
national and international publications.
This results in an enhanced effort in
entering into mutually engaging

Danish Institute of Agricultural Sciences, Management, P.O. Box 50, DK-8830 Tjele
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collaboration projects with the industry.
DIAS and cooperation partners enter
into a written agreement in advance
entailing the engagement of each party,
DIAS´s rights regarding publication of
the research results as well as utilization
and intellectual property rights of the
research results.
DIAS has a long tradition for
participation in scientific education at
university level and a major step
forward was made I 2000 by
establishing Animal Breeding Centre
Denmark (ABCD) as a close cooperation
between DIAS and Royal Veterinary
and Agricultural University (RVAU).
The aim is to develop an attractive
international research and educational
environment within the area of animal
breeding. RVAU appoints a number of
lecturers at DIAS, who contribute to
planning and implementation of the
tuition at the Institute of Animal
Husbandry and Animal Health, RVAU.
The lecturers act as principal tutors for
Masters and Ph.D. students as well as
developing IT based distance education.
Traditional agricultural research
organisations in Europe undergo in
these years a change in their research
profile and goals. They are changing
into more general biologically oriented
research organisations still including
agricultural research as are major
element. In this way they are able to
serve both the agricultural sector and

society in a broader sense. Several of
these research organisations are making
a double strategy going into more basic
research were they seek closer contact
to the university and teaching sector in
alliances or even fusions and at the
same time also going into more applied
developmental research focused towards one or more narrow segments of
the industrial sector including involvement into commercial enterprises.
DIAS is also changing into a broader
biological oriented research organisation, where strategic alliances in the
coming years to one or more Danish
universities and probably also to one or
more sister organisations abroad maybe
foreseen or even necessary. At the same
time research departments in DIAS
must make their strategic alliances with
relevant competent and complementary
research departments building up
research centres of excellence both
within Europe as well as worldwide.
DIAS must cooperate worldwide with
scientific colleges to maintain and build
up scientific skills, and DIAS shall in the
coming years to a greater extent be able
to serve the agricultural industry
organisations
and
the
foodstuff
industry in a region which besides
Denmark also includes the southern
parts of Sweden, Norway and Finland
and probably also the northern part of
Germany.
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17.3 Animal breeding research across
national borders
Animal breeding and genetics is a
research area without national borders.
The goals in breeding programs is not
set up nation-wise and it must be
foreseen in the coming years that closer
cooperation and alliances will be built
up between today’s national breeders
organisations, perhaps we will even se
fusions among them. The competence in
the research institutions concerning
animal breeding and genetics shall be
able to match and work together these
international breeders’ organisations.
They shall be able to educate the
student of tomorrow with skills to solve
the problems of the future, and at the
same time foresee the problems of the
future in a way that these organisations
have not yet realised as a problem. The
problems of the future are both in
relation to production and increasing
efficiency but it will also be oriented

towards breeding goals that fulfil
animal production and production
systems that has board consumer
acceptance.
The research skills within animal
breeding include all modern high-tech
technology and facilities, and it will be
important among all the possibilities to
select and make priorities. The
researchers working in the area of
animal breeding and genetics must be
able both to se the possibilities and also
to be critical and be able to participate
in the public debate, so that borderlines
can be drawn between acceptable and
non-acceptable further developments.
There are many challenges and
possibilities within the area of animal
breeding and genetics. An area that
DIAS must not overlook is the
possibility of human spin-off aspects of
animal research and development for
instance using animal models to realise
and solve problems in humans.
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