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SUMMARY 
To date, most genetic progress in livestock populations has been realized by selection on breeding 
values estimated from phenotype. IMolecular genetic technology is providing knowledge on 
individual genes affecting traits of economic importance. Over the next decades, knowledge and 
information on the genetic control of economic traits will increase exponentially. This ~puts the onus 
back onto quantitative genetics and animal breeding to devise selection and breeding strategies to 
optimally incorporate molecular technology in breeding programs and to obtain greatest benefit from 
the use of information generated by molecular genetics. The objective of this paper’ is to outline some 
of the challenges that lie ahead with regard to the integration of molecular with quantitative genetics 
and animal breeding. These include issues related to detection and estimation of gene effects, 
incorporating gene and marker information in genetic evaluation, optimization of the use of 
molecular information in purebred and crossbred selection strategies, and the integration of 
molecular and reproductive technologies. The main conclusion is that great opportunities exist to 
enhance rates of genetic improvement in livestock, provided the molecular information is 
appropriately incorporated in selection programs; misuse of molecular information can lead to 
suboptimal genetic gains in the shorter term and reduced genetic gain in the longer term. Appropriate 
integration of molecular genetics in breeding programs will require careful design and optimization 
of breeding programs, ultimately in conjunction with the design of animal management, feeding and 
treatment programs. 
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INTRODUCTION 
To date, most genetic progress for quantitative traits in livestock has been made by selection on 
phenotype or on estimates of breeding values (EBV) derived from phenotype, without knowledge of 
the number of genes that affect the trait or the effects of each gene. In this quantitative genetic 
approach to genetic improvement, the genetic architectme of traits of interest has essentially been 
treated as a ‘black box’. Despite this, the substantial rates of genetic improvement that have been and 
continue to be achieved in the main livestock species, is clear evidence of the power of quantitative 
genetics approaches to selection. 

The success of quantitative genetic approaches does, however, not mean that genetic progress could 
not be enhanced if we could gain insight into the black box of quantitative traits. By being able to 
study the genetic make-up of individuals at the DNA level, molecular genetics has given us the tools 
to make those opportunities a reality. The objectives of this paper are to review, albeit by no means 
exhaustive, the issues, opportunities and challenges for incorporation of molecular genetic 
technologies in genetic improvement programs for livestock. 
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The eventual application of molecular genetics in livestock breeding programs depends on 
developments in the following four key areas, which jointly culminate in the successful 
implementation of strategies for gene-assisted selection (GAS), ie selection on a known gene, or 
marker-assisted selection (MAS), ie selection on markers linked to a ouantitative trait locus (OTL): 
i. 
ii. 

. . 
111. 

iv. 

V. 

Molecular genetics: identification and mapping of genes and genetic polymorphisms . . ’ 
QTL detection: detection and estimation of associations of identified genes and genetic markers 
with economic traits 
Genetic evaluation: integration of phenotypic and genotypic data in statistical methods to 
estimate breeding values of mdividual animals in a breeding population 
Marker-assisted selection: development of breeding strategies and programs for the use of 
molecular genetic information in selection and mating programs. 
Aspects of each of these areas of research will be reviewed in what follows, with main emphasis 
on strategies for gene- and marker-assisted selection. 

QTL MAPPING APPROACHES 
To date, the use of molecular genetics in animal breeding has focused mainly on the detection of 
genes affecting traits of economic importance (QTL). Two approaches can be distinguished: the 
candidate gene approach and the genome scan approach (Haley 1999). In the candidate gene 
approach (Rothschild and Soller 1997), knowledge from species that are rich in genome information 
(e.g., human, mouse) and/or knowledge of the physiological basis of traits is used to identify genes 
that are hypothesized to play a role in physiological mechanisms underlying traits of economic 
importance. Using this information, the candidate genes are identified in the species of interest and 
polymorphisms in the coding, but usually non-coding, regions of the gene are detected. Associations 
of these polymorphisms with the trait of interest are then identified using statistical analysis of 
phenotypic records of an unstructured sample of individuals from the population of interest, relying 
on population-wide linkage disequilibrium due to close linkage or, ideally, identity of the 
polymorphism with the causative locus. Using this approach, several genes with major effect have 
been identified, a prime example being the estrogen receptor gene affecting litter size in pigs 
(Rothschild 1996). 

The genome scan approach to QTL detection uses anonymous genetic markers spread over the 
genome to identify genes affecting quantitative traits. Unless marker density is high, these studies 
cannot rely on population-wide linkage disequilibrium between markers and QTL. Instead, they must 
rely on the linkage disequilibrium that exists within families in outbred populations or that is created 
in crosses between breeds or lines. Using statistical methods based on interval mapping (Lander and 
Botstein 1989; Haley and Knott 1992), QTL can then be identified and their position and effect 
estimated by associating marker data to phenotypic records. The precision of, in particular, estimates 
of QTL position that can be obtained from these approaches is, however, limited, and large 
population sizes are needed. 

Although the candidate gene and the genome scan approach are often viewed as alternate approaches 
for identifying genes of interest, it is clear that they can be complementary, with a genome scan 
identifying regions of the genome that harbor potential QTL, followed by further investigation of 
genes known to be located in that region using the candidate gene approach. 
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The design and statistical analysis of QTL mapping studies has received much attention and debate 
over the past decade. Several designs for use in outbred populations have been developed and 
applied, based on family structures within outbred populations (e.g. the two or three generation 
designs suggested by Weller et al (1990) and van der Beek et al (1995)) or crosses between divergent 
outbred lines (e.g., Anderson et al. 1994). Population sizes required for sufficient power to detect 
QTL remains a problem. Required population sizes are greatest for genome scan mapping within 
outbred populations, smaller but still sizeable for genome scan mapping in crosses between outbred 
lines, and smallest for candidate gene analyses that rely on strong or complete population-wide 
linkage disequilibrium. Because of the population sizes required for QTL mapping and associated 
costs and logistics when such populations must be developed specifically for the purpose of mapping 
QTL, one of the challenges for QTL mapping in livestock will be for the use of designs that can 
capitalize on existing population structures in livestock breeding populations. The use of the 
granddaughter design in dairy cattle (Weller et al. 1990), which capitalizes on the large paternal half- 
sib families created with artificial insemination, is a good example. Selective genotyping with or 
without DNA pooling (Darvasi and Soller 1994) can be used to further advantage in such designs, 
minimizing the number of genotyping assays. 

Haley (1999) and Coppieters et al (1999) suggested the use of population-wide disequilibrium that 
exists in breeding populations for detection and fine mapping of QTL (see Baret and Hill 1997 for a 
review of methods). With reference to data from the Holstein population, Coppieters et al (1999) 
indicated that population-wide disequilibrium may in fact be widespread in livestock populations. 

Because candidate gene approaches require no specific population structure, in fact an across- 
population sample is preferred, such approaches can rely on existing animal breeding populations. 
The same holds for other strategies that rely on population-wide disequilibrium. The use of outbred 
crosses for QTL mapping with anonymous markers, however, typically requires development of 
specific resource populations, in particular when they involve breeds that are highly divergent for the 
trait of interest. Although the use of highly divergent lines improves the power of identifying QTL in 
such experiments, further research is then needed to ascertain whether identified QTL have an effect 
within populations that are of commercial interest. Therefore, for within-breed selection, the use of 
within-breed QTL mapping strategies using existing family and population structures is preferred. 
Drawbacks to the use of existing breeding populations, especially when this involves animals from 
the field, are limitations on availability of data, in particular on traits that are difftcult to record, 
which are of specific interest for the use of MAS. 

USE OF GENE OR MARKER INFORMATION IN GENETIC EVALUATION 
Although candidate gene and QTL mapping experiments can result in identification of genes of 
interest that can be used in genetic improvement programs, their implementation will require 
estimation of QTL effects in commercial breeding populations. In particular with the use of 
anonymous markers, marker and QTL effects must be estimated on a within-family basis and re- 
estimated on a routinely. This will require routine systems for DNA collection and marker 
genotyping. Even when the actual gene has been identified, there will be a need to re-estimate gene 
effects on a regular basis to improve the accuracy and to guard against unfavorable associations with 
other traits and against epistatic effects with the background genome or environment. 
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Ideally, estimation of QTL and gene effects would be incorporated in routine animal model genetic 
evaluations, providing best linear unbiased predictors (BLUP) of EBV for identified QTL and for the 
collective effect of polygenes. Kennedy et al (1992) suggested inclusion of genotype as a fixed effect 
in an animal model to estimate the effects of known genes, capitalizing on population-wide 
disequilibrium. Fernando and Grossman (1989) developed BLUP-QTL models for QTL linked to 
markers, relying on within-family linkage disequilibrium between markers and QTL, by including 
QTL as random effects along with residual polygenic effects. With increasing marker densities and 
evidence of extensive linkage disequilibrium across the population (Coppieters et al. 1999), it seems 
clear that methods for genetic evaluation are needed that can simultaneously capture information 
from within-family disequilibrium and population-wide disequilibrium between markers and QTL. 

Although statistical testing is an important issue in QTL mapping and detection, the question is 
whether statistical significance should also be an issue for the use of molecular data in genetic 
evaluation and selection. For comparison, animal breeders are very accustomed to selection on 
BLUP EBV regardless of whether the top bulls have EBV that differ by some level of statistical 
significance from the next group of bulls. In fact, we never worry about statistical significance when 
selecting on EBV. The reason for this is that uncertainty about estimates is already incorporated in 
EBV, which is accomplished by fitting animal genetic effects as random in the BLUP procedures: 
phenotypic information on bulls with few daughters and, therefore, greater uncertainty on their EBV, 
is regressed back to the mean to a greater degree than phenotypic information on bulls with many 
progeny. As a result, by treating animal genetic effects as random, BLUP EBV avoid the problem of 
fixed effect estimates, for which the effects with the highest estimates are on average overestimated. 
Instead, BLUP EBV are by definition unbiased: even for the top bulls, their EBV is expected to be 
equal to their true breeding value. 

Based on this analogy, it is important that genetic evaluation procedures that use molecular 
information properly incorporate uncertainty about QTL parameters and estimates. As a first step, 
this can be handled by fitting QTL effects as random effects, as was done by Fernando and Grossman 
(I 989), resulting in BLUP estimates of QTL effects that are regressed back to the mean based on the 
amount of information available to estimate the effect. The same does not occur when the effects of 
known genes are fitted as fixed effects, as suggested by Kennedy et al (1992). Therefore, the use of 
resulting estimates for selection purposes may require that the effects of known genes, or effects due 
to population-wide disequilibrium between a marker and a QTL, are also fitted as random effects. 

BLUP-QTL approaches, as developed by Fernando and Grossman (1989) and others, assume 
variance due to the QTL is known without error. Spelman and Van Arendonk (1997) showed that use 
of improper QTL parameters (variance and location) can reduce efficiency of marker assisted 
selection. Therefore, as a second step in dealing with uncertainty, methods will be needed that can 
incorporate uncertainty about QTL parameters. Bayesian methods can be used for this purpose but 
this will substantially increase the complexity of routine genetic evaluations. 
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USE OF GENE OR MARKER INFORMATION IN WITHIN-BREED SELECTION 
The BLUP-QTL genetic evaluation procedures described above result in BLUP of breeding values 
for identified QTL and residual polygenic effects. The BLUP of the total breeding value can then 
obtained by simply summing the EBV for identified QTL and the EBV for polygenic effects, to give 
the following total QTL-BLUP EBV: EBVTotal = EBVQTL + EBVPolygenes. In theory and under 
additivity, selection on such EBV will maxim&e response from the current to the next generation, ie 
single-generation response. 

Several studies have investigated the extra response to selection that can be achieved with 
incorporation of marker oi gene information in genetic evaluations. Extra responses from MA6 
depend on the amount of genetic variance explained by the marked QTL, the ability of markers to 
trace segregation of QTL (linkage and marker informativeness), and the efficiency of selection 
without marker information. In general, benefits from MAS are greatest in situations where regular 
selection is limited or inefftcient. This includes selection for traits with low heritability .and traits 
with restrictions on phenotypic recording, such as sex limited traits, traits recorded after selection, 
carcass traits, and traits that are expensive or difficult to evaluate (Meuwissen and Goddard 1996). 

Most studies on MAS show greatest extra responses in early generations, followed by a decline in 
later generations, Gibson (1994) ,examined the long-term consequences of MAS using computer 
simulation of selection on a known major QTL (ie gene-assisted selection or GAS). Me found that, 
although GAS resulted in greater cumulative response to selection in the short term, phenotypic 
selection achieved greater response in the longer term, as is illustrated in Figure 1. This figure also 
shows that, although GAS fixes the QTL more rapidly, this is at a cost of response in polygenes. 
With GAS, the polygenic response that is lost in the initial generations, as the QTL is selected toward 
fixation, is never entirely recovered in later generations. 

- . . . . . . . . . . . . . *, 
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Figure 1. Comparison of phenotypic 
a4.5 phenotypic standard deviations 
selected. 
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to genotypic selection on a known additfve QTL with 
for a trait with h2=0.25 and 26% of maks and females 
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The results of Gibson (1994) have b&n confirmed in several other studies that siti&&! selection on 
a known major QTL (e.g., Pong-Wong and Woolpiams 1998), including studies in which polygenes 
were simulated based on a fJnite number of loci instead 6f based on the infinitesimal benetic model 
of quantitative genetics (Kuhn et al; 1997; Fournet et al. l’997). All these studies, however, assumed 
the effect of the g’ene was known, compared selection on the QTL to selection on theanimal’s own 
phenotype, and assumed phenotype was observed on all animals. Other studies have removed one or 
more of these limitations by considering selection on linked genetic markers or marker braekets, 
selection on BLUP of breeding values from an animal model, or selection for a trait that is not 
measurabb in both sexes or on live animals (e.g., Van der Beek and Van A,rendonk 1994;’ Ruane and 
Colleau 1995, 1996; MeuHiissen and Goddard 19%; Larzul et al. 1997). These studies did not 
consistently find that longer-term responses were iess for MAS than traditional seleetisn. All studies 
did, however, find that the advantage of MAS over traditional selection declined in later generations. 

The literature described above raises important questions on how identified QTL should be used in 
selection. Althougll the main implication Ram this work is that,seleotion on the QTL-BLUP selection 
criteria described above may not maximize response in the longer-term, it also raises ,the question 
whether this selection criterion makes optimal use of QTL information in the short-term. 

The reason that the QTL-BLUP criterion does not mtiirnize response oven m&iple generations, 
altkaugh it is designed to maximize response fpom the cdrent to the next generation, .is&stt sedation 
changes not only the population mean but also population meters, in this ease frequency of&e 
identified QTL. Select&m in the mrrent generatioh, thereby, af&cts resgronses that can be achieved in 
subsequent generations. Therefore, optimizing s&&ion response over multipk generations requires 
strategies that not only focus on maximizing the me& in’the next generation but atk’on~tionirolling 
the parameters that affect responses in subsequent generations. Such strategies ~‘optiize GAS or 
MAS over multiple generations are described below. 

Optimizing selection on identified QTL over lprultiple generatiaa Methods to optimize selection 
on an identified QTL over ‘multiple generations were developed by Manfredi et al (1998) and 
Dekkers and van Arendonk (1998). Manfiedi et al (1998) used a standard nonlinear programming 
routine to derive selection and mating st&egies that maximized discounted response;over a planning 
horizon. Dekkers alld van Arendonk (1998) used Qptimal control theory to ,Cferive optimal strategies 
for selection an identified QTL. Optimal control theory is a mathematical method that is used 
extensively in engineering and economics to optimize multipk-stage decision problems (Bryson and 
Ho 1975; Lewis 1986). Because of the Markov nature of genetic inheritance, optim@ control theory 
is ideally suited to optimize strategies for selection over multiple generations. 

Dekkers and van Arendonk (1998) considered a simplified genetic model id breeding structure to 
simplify computations; a trait affected by an additive major QTL with two alleles of known effect, 
along with.polygen$s, which were modeled based ,@$i$ infinitesimal mope.1 ,~f$ :en,Ftant genetic 
variance; large popula$ion size, non-q.vtilapping gener#ians, and eqC1 $electlon,m m&s in females. 
Optimal selection strategies w&e developed by finding weights for an &deix” thdi <&bin& ‘the 
(assumed known) breeding value for the identified QTL with an estimate of the polygenic @IV: 

Ioptimal = b*(BVom) + EBV~o~ygenes 
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Polygenic EBV were estimated based on own phenotype as h2(phenotype - QTL value), where h2 is 
heritability. Under optimal selection, ditferent weights on the QTL were allowed for, depending on 
QTL genotype and generation. Note that with what will be referred to as standard GAS, weighCs are 
equal to one. Phenotypic selection implicitly appbes a weight equal to hetitabifity. RW optimal 
selection, the objective was to find the index weights that maximixed cumulative response after T 
generations. 

By optimizing the weight put on the QTL, Dekkers and van Arendonk (1998) showed Chat use of 
information on a QTL can result in greater responses to sefection in the longer Qtptlp than pheacstypic 
selection. While ,methods developed by Dekkers and van Arendonk (199g)‘were kr a QTL with 
additive effects and for equal selection among males andrfemales, methods have subsequently been 
extended to non-additive QTL and different selection for males and females; the latter by aHowing 
different index weights for males versus females. Extra responses from optimal selacCien over 
phenotypic and standard GAS, for ‘a QTL with varying degrees of dominatme and for varying 
pofygenic he&abilities, are ii!usCrated in Table 1. 

Table 1. Extra response (%) from standard (Stand) and optimal (Opt) selecfi~~en a known 
QTL over phenotypic selection for a QTL with different degrees of dominance for a trait with 
different polygenic heritabilities (h*). The QTL has m additive effrtot ;(a) equal 06 1 genetia 
stdndard deviation and a stating frequency of 10%. Fractkns se#eeted aarr&ng~imaies and 
females are 25 and 50% 

h’ 

Number of generations considered (and optimized over for optimalselection) 

Degree (d) of I 3 5 IO 

dominance Stand OPC Stand Opt Stand Opt Stand opt 

.05 -0Sa 

0 

OSa 

.25 

SO 

a 

1.5a 

-0.5a 

0 

0.5a 

a 

1.5s 

-0Sa 

0 

0.5a 

a 

123 18.2 97.9 

90.4 90.4 126.9 

108.0 108.0 91.9 

113.7 113.7 60.3 

111.9 III.9 35.0 

1.7 2.0 4.3 

15.4 15.4 20.1 

18.9 19.0 8.6 

19.9 20.0 -0.7 

19.2 19.3 -5.1 

1.1 1.2 1.7 

3.6 3.6 3.7 

3.9 4.0 0.0 

3.7 4.0 -3.6 

181.2 128.7 

127.4 70s 

93.8 40.6 

m.5 18.3 

63.5 4.0 

44.6 22.3 

21.6 7.7 

12.1 -3.3 

f.l -7.6 

6.1 -7.8 

13.9 4.1 

4.3 0.4 

2.5 -4.5 

2.4 -4.9 

146.3 63.2 74.3 

90.0 17.9 27.7 

57.7 3.9 12.7 

38.5 -3.7 5.2 

32.7 -863 6.8 

62.0 20.7 27.3 

18.2 -6.0 1.5 

9.6 -7.0 0.8 

8.0 -6.5 2.0 

11.2 -4.6 5.2 

‘39.1 14.4 18.5 

5.1 -4.0 1.3 

4.2 -4.3 I .7 

7.8 -3.1 4.0 

1Sa 3.5 3.9 -3.8 5.7 -2.6 13.2 0.3 8.5 

Extra response from selection on the QTL through standard GAS was greatest for traits with low 
heritability and for short planning horizons (Table I). Standard GAS resulted in similar or less 
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response than phenotypic selection for longer planning horizons and higher h&abilities, Degree of 
dominance at the QTL affected the extra response that can beexpected from standard GAS. It ,mugt 
be pointed out, however, that these results vary depending on the specific parameters used (ie size of 
the QTL effect, starting QTL frequency, and fractions selected). 

The benefit that can be expected from optimizing selection on the QTL over phenotypic selection is 
also shown in Table 1. Comparing extra responses from optimal and standard GAS over phenotypic 

>. .selection;response ++om optimal selection was always.at least as high as response ,&kn standard 
GAS and ofien substantially greater. Benefits from optimal selection over standard GAS increased 
with degree of dominance at the QTL. For QTL with complete or over-domirlapce, qptimizing 
selection result& in substantial extra responses,over standard GAS of up to 25% for longer q. well.@ 
shorter (&ree generations) planning horizons. For a “recessive QTL, extra reswes 9f over ,SO% 
were found for a planning horizon of mly three generations for a trait with low heri&bili. Benefits 
from optimal over standard GAS were minimal or absent over one generation, &ain, .these resu@ 
depended greatly on parameters such as size of the QTL, starting frequency, anQ ftions~selected, 
so the results shown here serve as illustration for the potential benefits that can be expected from 
Optb~g.Selti. 

Figure 2 shows the optimal weights on the breeding vdue for the QTL for %e ,strategy tiat 
maxim* +~~&&ve response a&r 10 generations, Eior c@mal @wtion; w&I$.s.~ &ipged fr* 
generation to generation, as frequency of the QTL changed and the populati9n,moved ai0se.r to the 
end of the planning horizon. Except for the last three generations, optimal weights were close to the 
implicit weight for phenotypic selection (h*). In any generation, weights were higher for selection of 
males than females, which is related to the greater selection intensity among males. Weights on the 
breeding value for the QTL were also greater when the individual was bb versus BB. in e&nce, this 
implies that the optimal selection strategy increased the frequency of the favorable QTL allele to a 
greater degree by selection against bb genotypes than by selection in fmor of BB. 

Figure 3 shows trends in gene frequencies fir standard and optimal selection on a QTL with over- 
dominance. For standard GAS selection, frequency of the B allele stabilized around 85% after 10 
generations. For optimal selection, gene frequency increased linearly up to the last generation, at 
which point the optimal strategy moved the gene to fixation in the seleqted dams and to less than 
20% in the selected sires. The optimal strategy thereby created a high frequency of heterozygotes 
(Bb) in the last generation, consistent with the objective of the strategy, which was to maximize the 
average genetic level in thefinal generation. Although this would not be a viable strategy to follow in 
practice, this example illustrates that this procedure can in principle be used to optimize selection in 
dam and sire lines in a crossbreeding program, where the objective is to maximize peiformance of 
crossbred animals. More discussion on optimizing QTL selection in crossbreeding programs follows. 
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2.4 
2.2 Opt&W gene-sssisted selection 

*- + ~MfOrsBsinS 
,,. + Wsightforbbslr6s 

$j 1.6. 
_ o_ WdghtforBBdams 

0 1.4. 
- l - Weightforbbdams 

Standard 
- GAS 

0 1 2 3 
ktl6AlO~ 

7 6.6 10 

Figure 2. Optimal weights on breeding values for a known additive QTL with a=O.25 
pheaotypic standard deviations and a starting frequency of lOK, for a trait wjth h*=OJ5 and 
5% of males and 25% of females selected, when the objective is to maxim@e response after 10 
generations. 

0 1 2 2 4 S 6 7 6 S 10 

Genw8tlon 

Figure 3. Effect of standard and optimal gene-assisted selection on gene frequency hrr a known 
over-dominant QTL with a4.S phenotypic staudard deviations, d-Ma, aud a starting 
frequency of l@%, for a trait with hQ.25 and 5% of males and 25% of femaiesselected. 

In general, the conclusion to be drawn from the results given above is that, when information 6om a 
QTL is used properly, by balancing losses in polygenic response against increases in QTL frequency, 
GAS leads to greater long-term response than phenotypic selection. Thus, the results obtained by 
Gibson (1994) were caused by the fact that the standard GAS selection criterion used (ie with a 
weighting of one on the QTL) did not properly weight QTL and polygenic information in order to 
maximize long-term response. More importantly, however, these results show that the standard GAS 
criterion is also be suboptimal for shorter planning horizons (e.g. three generations). And, although 
Table 1 showed no or small benefits from optimizing selection over one generation, there are 
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situations where the standard GAS criterion is substantially suboptimal even over a single generation, 
as will be demonstrated in the next section. 

Optimizing single generation response for QTL with dominance. In table 1, standard GAS was 
equivalent to optimal selection over a single generation for additive QTL but not for QTL with 
dominance, although the differences were small in the examples chosen. In other words, selection 
based on a QTL-BLUP criterion computed by simply summing EBV for the QTL and polygenes did 
not maximize single-generation response for QTL with dominance. ,Here, breeding values for the 
QTL were derived following Falconer and Mackay (1996) as +2qa, (q-p)a, and -2pafor QTL 
genotypes BB, Bb, and bb, respectively, where a is the average allele substitution effect and is 
computed based on allele frequencies in the current generation (pO and qO) as a=ai-(qo-po)d. 

The fact that the QTL-BLUP EBV does not maximize single-generation response goes against the 
objecrive of EBV, which is to predict, the expected ~phenotypeof my: Cons@uentlyfyi if derived 
properly, selection on EBV is expected to maxim& response from the current to the nextgeneration. 
The reason for the discrepancy is that the derivation of BV for the QTL, as described above, assumes 
parents are mated to an unselected group of individuals from the current population (Larzul et al. 
1997; Dekkers 1999). Under an additive genetic model, the contribution of a parent to its progeny is 
independent of the individuals the animal is mated to and, therefore, breeding values are equivalent 
under random and non-random mating. With dominance, however, breeding values derived 
following Falconer and Mackay (1996) are. equivalent to the expected performance of progeny only 
under random mating to unselected parents or when changes in gene frequency are small. With 
substantial changes in gene frequency, as will be the case with dire& selection on the QTL, breeding 
values for the QTL that, when used in combinatiorr~~BBV for polygenic effects, maxim&e single 
generation response to selection, depend on gene frequencies among mates, which themselves will be 
selected. 

It can be shown (Dekkers, 1999) that, with random mating of selected parents, optimal breeding values 
for a QTL are equivalent to breeding values derived based on standard quantitative genetic theory (+2qa, 
(q-p)a, and -2pa) but with the average effect of alluk,substitution, a, derived based on gene frequency 
among selected mates,-rather than frequency inthe unselectedparental generation For sin&-the optimal 
allele substitution effect depends on gene fbsquencies among dams (a,=a+&p&l) and for dams, the 
optimal~aflele substitution effect dependston gene f~uenciesamong sires.(cx&=a+&#Jd). Because 
gene frequencies among selected mates depend on the selection practiced, which in turn depends on 
allele substitution effects, optimal allele substitution effects must be derived in an iterative manner 
(see Dekkers, 1999). 

Response from sekction IBI optimized vets standard BY for the QTL was evaluated. fol: a range of 
parameters (D&em, 1999). Benefits of optimal sdeotion were greatest for intermediate gene 
frequency and inaeased with magnitude of additive and dominance effects to w to 9%. Extra 
response was negligible for gene frequencies less than 0.05 or greater ,than 0.85. Therefore, 
depending on degree of dominance, and QTL effect and frequency, there will be a need to optimize 
selection on QTL even if the objective is to maximize response over a single generation. 
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IMPLICATIONS FOR MAS IN PURE BRED POPULATIONS 
The above shows that for selection on known QTL, selection on a simple sum of the breeding value 
of the QTL and an estimate of the breeding value for polygenes does not maximize response to 
selection and that substantial extra responses can be achieved from optimizing selection, not only in 
the longer term but also in the short term (even over a single generation), especially for QTL with 
dominance. These results were, however, obtained under a simplified genetic model and breeding 
structure. Specifically, selection was on a single identified QTL with known effects, polygenic 
effects followed the infinitesimal model with variance assumed unaffected by selection, a population 
of infinite size (no inbreeding) with non-overlapping generations was considered, phenotype was 
observed on all selection candidates and estimates of polygenic breeding values were based on 
phenotype assumed adjusted without error for the knovvn QTL and other fixed effects. Additional 
research is, therefore, required (and ongoing) to further elucidate opportunities for optimization of 
selection on identified QTL in practical situations, where many of these assumptions do not hold. 

The fact that the results given above show that selection Ion the standard GAS criterion is suboptimal, 
does not imply that BLUP-QTL procedures should not be used for genetic evaluation. Indeed, 
methods such as BLUP-QTL are needed to provide the best estimates of breeding values for the QTL 
and polygenic effects. What is at issue here is how the QTL and polygenic EBV that result from such 
models are combined into an overall criterion for selection. The results described above indicate that 
simply summing QTL and polygenic EBV, which would be conform BLUP procedures, does not 
provide in a criterion that maximizes response to selectlIon. Instead, QTL and polygenic EBV must 
be weighted appropriately, in accordance with the selection objective. It must be noted that 
optimization of QTL selection does require knowledge of the degree of dominance at the QTL, as 
well as the frequency of QTL alleles. This will require further development of BLUP-QTL 
procedures, which currently mainly focus on estimation of additive QTL breeding values. 

In the above, it was assumed that the QTL was identified and its effects known without error. In 
general, it can be anticipated that uncertainty about estimates of QTL effects, including as a result of 
linkage to a marker, will reduce opportunities to optimize selection and make the standard QTL- 
BLUP criterion less suboptimal. However, as information on effects and mode of action of identified 
genes increases, including epistatic interactions, gametic imprinting and polar overdominance 
(Cockett et 01. I996), opportunities to obtain greater responses to selection from optimizing selection 
will increase. 

Another important limitation of the research described above is that the objective considered was to 
maximize cumulative response after a fixed number of generations. This will rarely be a realistic goal 
in practical breeding programs but helped to illustrate opportunities for optimizing selection in the 
present scenario. A more practical objective would be to’ maximize the discounted sum of responses 
in each generation of a planning horizon. Depending on the discount rate, such an objective can be 
short-term (high discount rate) or longer-term (low discount rate), thereby affecting the opportunities 
for optimizing selection. Manfredi et ul. (I 998) considered maximization of such an objective for 
selection and mating on a known QTL and found limited benefits from optimal over standard GAS 
for the dairy goat selection program they considered. 
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Although MAS or GAS typically implies selection on loci that have a direct effect on the quantitative 
trait of interest, it must be noted that the same concepts also apply to selection on undesirable (or 
desirable) single gene traits or genetic defects that have no direct effect on the quantitative trait (Dekkers 
and van Arendonk, 1998), e.g. the stress gene in swine or the BLAD gene in dairy cattle, and even coat 
colour and the polled gene. After all, the objective in most breeding programs is to maximize the 
quantitative trait ‘profitability’ and, by contributing to profitability, genetic defects or other undesirable 
single gene traits are QTL for prctit as a quantitative trait. In many cases, there is great incentive to 
eliminate undesirable genes from breeding stock. It must be realized, however that intense selection 
against undesirable genes is equivalent to fixing a QTL for a quantitative trait rapidly, with consequent 
losses in rates of improvement in other genes that affect profitability. Therefore, there is scope for 
optimizing selection on single gene traits and considering such genes as QTL for profitability appears 
useful. 

In practice, selection will not be on a single identified QTL over the entire planning horizon. Instead, 
new QTL will be identified on a regular basis or multiple QTL may be selected for simultaneously. 
Meuwissen and Goddard (1996) argued that with new QTL identified on a regular basis, selection on 
any given QTL will only be for a relatively short-term and that, therefore, the long-term 
consequences of selection on a QTL, as described by Gibson (1994) would not apply. In essence, 
one long-term planning horizon is converted to a series of short-term planning horizons. Although it 
is clear that regularly switching selection to new QTL will reduce the long-term negative 
consequences of QTL selection, it is unclear whether they will entirely disappear and whether in this 
situation selection on QTL-BLUP breeding values is indeed optimal. After all, any selection on a 
QTL will change genetic parameters (frequency and variance at the QTL) and, even if any given 
QTL is only selected on for a relatively short term, after which it becomes part of the polygenic 
variation, this selection does affect future variances and opportunities for selection. Such changes in 
variance and future opportunities for selection can considered when optimizing selection. In addition, 
as shown above, QTL-BLUP selection may not be optimal even in the shorter-term, especially for 
QTL with dominance. 

A related question is how to maximize response from simultaneous selection on multiple QTL. 
Although strategies to optimize selection for such a situation has not been solved, some of the issues 
involved can be illustrated by consider the extreme case when all QTL are known without error and 
the objective is to fix a!/ QTL for the favorable allele as rapidly as possible. Under a simple genetic 
model, it can be shown that in this case, the emphasis placed on each individual QTL depends not on 
the effect of the QTL but also on the allele frequencies at the QTL; greater emphasis must be placed 
on QTL for which the favorable allele has low frequency because it will require greater selection 
pressure to move that allele to fixation, regardless of the effect of the QTL. Although this is an 
extreme situation, it illustrates that the need for optimization remains with simultaneous selection on 
multiple QTL. The need for optimization will further increase as information on epistatic interactions 
between QTL accumulates. 
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INTEGRATING MOLECULAR AND REPRODUCTIVE TECHNOLOGIES 
The previous indicates that one of the main challenges for selection on a QTL is that it ~eeducts~ 
selection on polygenes and, unless selection on the QTL is properly balanced against lost,response *in 
polygenes, QTL selection can be detrimental in the lonpterm and suboptimal in, the short term. In the 
cases consitied, however, QTL selection was incorporated into traditional selection stages, where 
QTL sekotion competes with polygenic selection. Several authors have suggested, that the most 
effective manner to capitalize on QTL information is by incorporating it at stages, where s&&on 
was not possible previously. 

A prime example is preselection of young dairy bulls for entry into progeny tetig (e.g., Kashi et al. 
1990); with use of multiple ovulation and embryo transfer (MOET) twhnol&es,~ often more bull 
calves are produced &om superior buli dams than can be entered into progeny testing. Because the 
EBV of full brothers is identical when based on pedigree information alone, QTL information allows 
informative decisions to be made on which full brother should be entered into progeny testing. The 
effat of this additional QTL selection stage on p&ygonic response d@ .on4heavai%bflie)c of 
excess bull calves that is not capital&d on in current seleution strategies; if curmntly &he ohoica of 
which bull calf from a flush to enter into progeny .testing is at random, ,tha.QTL s&et&- stags :tii56 
have minor consequences on polygenic response and there is no need for opti@ation,:ep~EPoaa 
consideration of costs. However, if the excess of bull calves to allow QTL selection must be created 
by increasing the number of bull dams selected, then QTL selection will reduce polygenic response 
by reducing selection intensity among bull dams. In this situation, there will be a need to balance 
polygenic against QTL response through optimization. 

Opportunities for QTL selection in this manner can be increased through the use of reproductive 
technologies. The use of’MOET in preselection of dairy bulls, as discussed above, is a good example. 
Other technologies, such as oocyte recovery and in vitro fertilisation can be used to further enhance 
reproductive rates. 

In the example of pre-selection of bull calves for progeny testing, QTL selection capitalized on extra 
selection space (Soller and Medjugorac 1999) that was created within a generation thrdrigh increa&d 
reproductive rates. Georges and Massey (I 991) proposed designs they named velolgenetics, in which 
short generations with selection based on QTL information alone are innoduced, with generations 
with regular phenotypic alternated by several generations of QTL selection. Without the need to 
produce phenotypic data on selection candidates for QTL selection, the gederations with QTL 
selection can be very rapid through oocyte recovery from the foetus, in-vitro embryb production and 
embryo transfer (Georges and Massey 1991). Variations upon velogenetic d&igns were prdposed by 
Haley and Visscher (1998). Such designs do require optimization of QTL versus po&eriic 
responses, along with costs. An additional challenge in these designs is ;@;eneration of QTL 
in%rmation which, unless QTL are known, must be re-estimated on a regular a&within tianily%asis 
using phenotypic information generated in the phenotypic selecti generatidns. Nevenheless,,these 
examples show great opportunities exbt for the development of enhanced breeding programs based 
on integrating molecular and reproductive technologies. 
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USE OF GENE OR,MARKE R INFoRlklATKH4 fN CROSSBREEDING F%CXZRAMS 
Akhoqb breeding programs primarily rely on :seleetion within purebred populations, ,ir& many cases 
the-objective is to improve crossbred perfomrance. This t&&s important additional questions on how 
to incorporate molecular genetic information in selection programs within pure breed&w contribute 
to crossbreeding programs, in particular for QTL that exhibit non&diti~ cffircts. Ahernative 
scenarios for selection on a single identified QTL within sire and dam breeds. for a two-way,cross are 
presented in Table 2. From these simplified scenarios, it is clear that emphasis on the QTL may not 
be the same for sire and dam breeds and that there will be a need to simultaneously optimize 
selection on identif%%i QTL within ‘both breeds in order to maximise both the ‘rate of tmprovcment 
within the pure breeds and, the level of performance irr thecrossbreds. While &able 2 ,considem onfy a 

le QTL, it is clear that design of s&&m criteria and Mategies witt be f&her con&Mated when 
multiple QTL are available, each w&h their own mode of actionand epistatic rinteractti&ms. 

Table 2. bible directions tir sekction within sire tad dam breeds :ths&~contPilwt@~o a two- 
way arm aa an identifiad:QTL for a trait exvesed in cros&reds,~ depeW@:on- mode of 
action .at Olre QTL. In all craes, selection emphasis ‘on the QTL must &e opthiiixed <against 
emphasis on pol~tws 

Mode of gene action at QTL 
Diction tbr QTL selection OR fkvorabh%dlda in’ 

Sire bre# Poa):W’ _. 
Additive hWrease IrWraaEe ” 

Partial dominance Increase Increase but at slower rate 

Negative dominance Increase Increase 

Over dominance lncrcese Decrease 

’ Choice of selection strategy within sire versus dam breeds may depend on the accuWy ;of 
estimates of polygenic breeding values within each breed, population size, inbreeding, etc. 

THE FUTURE 
The contribution of molecular genetics to enhance the knowledge on genetics of economic traits will 
not cease with identification of genes based on QTL or candidate gene searuhes. ~Although substantial 
additional genetic gains can be achieved with selection on linked genetic marker& the ultimate aim 
wit1 -be to directly identify the main genes involved in a trait and (to ehrcidate the funotian.of each of 
these genes. Technologies and approaches to advance molecular genetic knoyledge t+this.level are 
being developed and apphed to the. human genome and model organisqra (e.g. Schmitt, @$N). With 
the wealth of information that is generated in this reseqrch, bio-informatics p4tysau .increasiagly 
jmportant role to organize,. analyze, and interpret this inf&mation (Sobral, 1999).~AitJqough research 
on gene identi&atien, function, expression and regulation in, livestock t WI, ,@et{y, lxp$g &WI 
genome research in humans and model organisms, muc.l+ditional work wi&be, needed &cidate.the 
specific role of each gene involved in traits of eoonomic importance. in hue@ci&. and their 
interactions with other genes and the environment. ultimately, bowever, this research will prov,ide 
additional knowledge that can be used to enhance selection programs. With the additional 
information on genetic control of traits will come additional knowledge on the environmental control 
(e.g. feeding) of traits of economic importance in livestock. The interaction between environment, 
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management and genetics will become more important. Opportunities to select and manage for niche 
markets will increase. 

As information on the genetic and environmental control of animal production increases, 
sophisticated methods can be developed to control the performance of individual animals in the 
production process through environmental and management factors, as well as to control and 
enhance the performance of populations of animals through designed genetjc improvement. 
Approaches akin to the control of engineering systems can then be used to control: the, expression of 
individual genes and combinations of genes to enhance ~performance of animals through tailored 
management, feeding and ,treatment systems and controls. In addition, engineer4ng systems 
approaches can be used to improve a~pgHllation of glrimals in the desired, direction ~thtough the 
controlled s&&ion on 4ndividual genes or combinatiw of genes @hat will optimise the performance 
of progeny and subsequent’ generations, given tailored management; feedhg and treatment systems 
and controls. It is clear that this will requhe cbse interaction betwten genetic improvement and 
environmental control systems, requiring the need to optimize large engineering-type Systems in an 
integrated manner. In principle, these systems could even be extended to forage production and 
genetic improvement systems, leading to the integration of genetic improvement and production of 
animals with genetic improvement and production of animal feeds. The sky will be the limit. 
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