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INTRODUCTION 
Traditionally selection of animals for breeding is based on two types of data – pedigrees and 
phenotypes. Best Linear Unbiased Prediction (BLUP) combines these to generate estimated 
breeding values (EBVs). A third type of data is based on detecting differences between animals 
in DNA sequence. The differences in DNA sequence may be directly responsible for a 
difference in phenotype or they may be linked on the chromosome to polymorphisms that do 
affect phenotype. Methods are evolving for estimation of breeding values that use this 
molecular data as well as the phenotypic and pedigree data. As these methods come into use 
we need to reconsider the design of the breeding program to maximise the benefits from the 
new technology. In this paper we will review the factors that influence the additional genetic 
progress achieved using molecular data, and summarise the experience in optimising them. The 
formula for the response to selection is not changed by the availability of molecular data i.e. 

, where G =genetic gain, i is the intensity of selection, r is the accuracy of 

selection, is the genetic standard deviation and L is the generation length.  In this paper we 
shall concentrate on the effect of molecular data on r and on L.  

LirG g /σ=
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ACCURACY OF EBV WITHOUT MARKER DATA  
If accuracy is already high, there is little to be gained by the addition of molecular data. For 
instance, for a trait with a heritability h2 = 0.5, a single phenotypic record yields an EBV with 
accuracy h=0.71. It is therefore not surprising that simulation studies of a trait that is measured 
on all animals prior to selection (e. g. growth rate), find only small gains from addition of 
marker data (Lande and Thompson, 1990; Meuwissen and Goddard, 1996). Gains are larger for 
traits recorded only in females (e. g. milk yield) or only on culled animals (e. g. carcase traits) 
because then the accuracy of the existing EBV is greatly reduced (Meuwissen and Goddard, 
1996).  
 
PROPORTION OF GENETIC VARIANCE EXPLAINED BY MARKED QTL 
Additional response from MAS is approximately proportional to genetic variance explained by 
marked QTL (Ollivier and Colleau, 1998; Spelman et al., 1999). For instance, Meuwissen and 
Goddard (1996) found that utilising 1 QTL that explained 33% of the genetic variance lead to a 
28% gain in response, while utilising 3 QTL that collectively explained 47% of the variance 
lead to a 46% increase in genetic response. Spelman et al. (1999) reported a similar result, with 
an increase of 1% marked genetic variance resulted in an increase genetic gain from using 
MAS of 1% (when animals could be selected prior to phenotypic records being available). The 
genetic variance caused by a bi-allelic gene is greatest when the allele frequency is 0.5 but 
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selection quickly decreases the variance it explains as it increases the frequency. Therefore, 
response to selection is greater if the favourable allele is initially rare (Spelman and Garrick, 
1997; Larzul et al., 1997) or if there are with many alleles (Spelman and Bovenhuis, 1998). 
 
Number of QTL needed. To maximise the response to MAS, we need enough QTL to explain 
a substantial fraction of the genetic variance. How many QTL does this require? This depends 
on the total number of QTL controlling a trait and the sizes of their effects. There is now 
substantial evidence that the distribution of the effects of genes affecting quantitative traits is 
leptokurtic, with many genes of small effect and few of large effect (e. g. Shrimpton and 
Robertson, 1988; Hayes and Goddard, 2001). Hayes and Goddard (2001) used meta–analysis 
of information from QTL mapping experiments in livestock to derive distributions of genes 
affecting quantitative traits. They concluded that, for a typical trait, approximately 20 of the 
largest QTL would explain 90% of the genetic variance and approximately 5 QTL would 
explain 50% for the traits used in their analysis. 
 
Design of QTL detection experiments. In practice, QTL used in MAS must first be detected 
in genome screens or other experiments. The power of a mapping experiment in outbred 
populations depends on heterozygosity of segregating QTL (which determines how many sire 
families are needed for at least one family to be heterozygous for the QTL) and the size of each 
sire family, which determines the chance of detecting QTL with a particular size of effect, 
(Gomez-Raya and Sehested, 1999; Weller et al., 1990). We examined the effect of the design 
of genome scans on the variance explained by detected QTL in a simulation study of a pig 
population. The distribution of QTL effects was similar to that estimated by Hayes and 
Goddard (2001). The significance threshold for QTL detection was P<0.05 at each marker 
bracket. The true proportion of variance explained by detected QTL in the original population 
was determined for a range of combinations of number of sires and number of progeny per sire.  
As the total number of progeny increased from 500 to 2000 the proportion of variance due to 
detected QTL increased from 18% to 43%. Using 5 sires was optimum for all 3 total progeny 
numbers because this balanced the advantages of more sires against more offspring per sire.  
 
Number of QTL utilised. The number of QTL detected in a genome scan also depends on the 
significance level used. For a given genome scan, the less stringent the threshold, the greater 
the number of QTL detected, and the higher the proportion of genetic variance exploited by 
MAS using these detected QTL. The risk of using less stringent thresholds is the higher 
number of false positives detected. False positives reduce the accuracy of MAS, as the variance 
explained by marked QTL is overestimated. We investigated the effect of significance 
threshold in a genome scan on the subsequent accuracy of MAS using the same simulation as 
above to generate a population of pigs with markers and QTL segregating. Five significance 
thresholds of decreasing stringency (from less than 5% false positives for the whole experiment 
to P<0.25 per bracket tested) were used for QTL detection in 200 progeny from the sire with 
the largest phenotype. For each significant marker bracket, the sire haplotype effects were 
estimated. Another group of progeny were then bred from the same sire, and these progeny 
were genotyped for the marker haplotypes surrounding the detected QTL. The accuracy of 
breeding values for these progeny using only the marker information was calculated, using 
either estimated (DIRECT) or the true value (TRUE) of QTL variance. The accuracy of MAS 
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rose rapidly as the significance threshold for QTL detection was lowered from P<0.0008 to 
P<0.014 (Figure 1), as a result of the greater number of QTL detected . 
 
Figure 1. Number of QTL detected in the genome scan and accuracy of MAS 
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The majority of additional QTL detected by lowering the significance from P<0.10 to P<0.25 
were false positives. These additional QTL therefore explain very little of the additive variance 
(also indicated by the plateau of accuracy using TRUE to estimate the variance), and in fact 
reduce the accuracy of MAS as the proportion of variance accounted for by detected QTL is 
overestimated. Spelman and van Arendonk (1997) also show how the benefits of MAS are 
eroded by incorrectly estimating the position of a QTL or the variance associated with it. While 
the P<0.10 threshold gave the greatest accuracy, it is unlikely to be the most profitable criteria 
for taking QTL from a genome scan to MAS, given the large number of markers which must be 
typed. Profitability of MAS shall be discussed in another section.  
 
Multiple Trait Breeding Objective. Selection is usually for more than one trait. Therefore it 
is the effect of marked QTL on the complete breeding objective that is important. It is likely  
that an individual QTL explains less of the variance in a complete objective than in a single 
trait, so more QTL would be needed to explain, say, 50% of genetic variance in the objective. 
 
QTL are more useful if they affect a trait for which the existing EBV is of low accuracy, 
perhaps because the trait is not recorded prior to selection. MAS using this QTL will then 
increase gains in the trait affected by the QTL and decrease gains in other traits, so the gain in 
the overall objective may be small (Verrier, 2001). More generally, marker information is more 
useful if the covariance between the EBV based on markers and the EBV based on phenotype 
is low, as occurs when the QTL affects a trait for which a phenotypic record is not available. 
Another example of this principle is with non-additive QTL. Then a DNA test for the QTL 
genotype provides information not present in the animal’s phenotype. For instance, gains from 
MAS are greater with a recessive QTL (Larzul et al., 1997; Henshall and Goddard, 1998). 
 
ACCURACY WITH WHICH ALLELE EFFECTS ARE ESTIMATED 
Method of analysis. Two models have been used to analyse allele effects at QTL (Goddard, 
2001). One model assumes only two alleles segregate in the population, and uses maximum 
likelihood to estimate their effects which are usually treated as fixed effects (e. g Gomez-Raya 
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and Klemetsdal, 1999; Kennedy et al., 1992). The other model assumes every animal carries 
two unique alleles, and the distribution of effects of these alleles follows a normal distribution. 
With this second model, effects of the alleles are treated as random effects and estimated using 
BLUP (e. g. Fernando and Grossman, 1989; Meuwissen and Goddard, 1999). The two models 
have different properties (Goddard, 2001) but which of the two is closer to the truth is 
unknown. In one simulation experiment the model used for analysis had little effect on the 
response to MAS (Henshall and Goddard, 1998). Typically the two allele model treats the 
allelic effects as fixed effects whereas the Fernando and Grossman (1989) model treats them as 
random effects. Regardless of the number of alleles, treating effects as fixed, causes the effects 
that appear to be the largest to be overestimated. This problem can be overcome by treating the 
effects as random (Zhang and Smith, 1992, 1993), re-estimating effects in an independent data 
set (Lande and Thompson, 1990) or by a Bayesian approach (Meuwissen et al., 2001) 
 
Amount of data from which to estimate QTL allele effects. For the Fernando and Grossman 
model there are 2*(the number of animals) allele effects, although many effects may be highly 
correlated. This is a fundamental problem with using markers in linkage equilibrium with the 
QTL – there are many allele effects to estimate and so the amount of data per allele is limited 
and so is the accuracy with which allele effects are estimated. Consequently increased family 
size increases accuracy (Ollivier and Colleau, 1998; Spelman, 1998).  
 
As data accumulates over generations the amount of data on a particular chromosome segment 
increases and so does the accuracy with which its effects is estimated (Meuwissen and 
Goddard, 1996). However if the distanced between markers bracketing a QTL is large, the 
number of recombinant chromosome segments will increase thereby increasing the number of 
QTL allele effects to be estimated and slightly decreasing the accuracy of selection 
(Meuwissen and Goddard, 1996; Ruane and Colleau, 1995; Spelman and Bouvenhuis, 1998). 
 
It is here that a direct test for the QTL alleles gains a large advantage. If there are only 2 QTL 
alleles, then all data is used to estimate the difference in their effect and so this estimate should 
be reasonably accurate. Henshall and Goddard (1997) found greater response to MAS using a 
direct test for the QTL alleles, than using markers in linkage equilibrium with the QTL. 
 
A third and intermediate alternative is also possible, where, although no direct test for the 
mutant gene is available, markers and QTL are closely enough linked that marker-QTL 
associations persist across the whole population (i.e. the markers and QTL are in linkage 
disequilibrium). This is more likely when multiple markers surround the QTL, and marker 
haplotypes associated with QTL alleles can be identified. The accuracy of estimating QTL 
allele effects depends of the extent of disequilibrium (measured as the proportion of the QTL 
variance explained by marker haplotypes) and the number of haplotypes and hence the 
accuracy with which the mean of each marker haplotype is estimated. Both of these parameters 
depend on the number of markers in the haplotype and their spacing. With a large number of 
markers in the haplotype, there is a high probability that identical haplotypes come from the 
same common ancestor, and are identical by descent (there is a low probability that identical 
haplotypes will arise through recombination). Hence chromosomes that carry the same 
haplotype will also carry the same QTL allele. However, as the number of markers increases, 
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the number of haplotypes and therefore the number of haplotype effects which must be 
estimated increases. We investigated the effect of increasing the number of markers in a 10cM 
haplotype on the accuracy of predicting haplotype effects using simulation of a population with 
effective size (Ne)=100. The population was split in two – one group was used to estimate 
haplotype effects, and the accuracy of selection for the second group based on their marker 
haplotypes only was determined. The proportion of the QTL variance (for a single QTL) 
accounted for by marker haplotypes when there were 11 markers in the haplotype was close to 
one (Table 1). Note that if the Ne was larger than the 100 used here, the distance between 
markers (r) would need to be proportionately reduced to maintain Ner and hence the proportion 
of QTL variance explained by the marker haplotypes constant (Goddard, 1991). 
 
Table 1. Proportion of QTL variance explained by marker haplotypes (ρ) with an 
increasing number of markers in a 10 cM interval, and accuracy of estimating haplotype 
effects 
 

Number of markers 4 11 
Proportion of variance explained by haplotype effects 0.64 0.98 
Accuracy of predicting haplotype effects    
 100 0.44 0.47 
number of progeny 1000 0.66 0.79 
 2000 0.75 0.84 

 
With 100 phenotypic records, accuracy was similar with 4 or 11 markers in the haplotypes. 
Although increasing the number of markers in the haplotypes increases ρ, it also increases the 
number of different haplotypes in the population for which effects must be estimated (although 
linkage disequilibrium between markers limits the total number of allele combinations). With 4 
markers in the haplotypes, ρ limited the accuracy of selection, rather than the number of 
records per haplotype. With 11 marker haplotypes, ρ was close to one, and accuracy of 
estimating haplotype effects limited the accuracy of selection.  
 
Meuwissen et al., (2001) found that ‘genomic’selection, based on markers covering the whole 
genome and in linkage disequilibria with all QTL, could double selection response for a sex 
limited trait such as milk yield, because 100% of the genetic variance is marked and the 
accuracy of estimating QTL effects is high. 
 
Type of marker and industry structure. We have argued above that the difference between a 
direct test for the QTL, markers in linkage disequilibrium with the QTL and markers in linkage 
equilibrium with the QTL, lies in the number of QTL allele effects that must be estimated and 
hence the accuracy of that estimation. This difference between the three types of marker 
interacts with the structure of livestock industries. Using markers in linkage equilibrium with 
the QTL is difficult because large families are needed to estimate allele effects accurately and 
marker-QTL phase information must be continuously re-estimated. Such markers are therefore 
only really practical in the dairy industry and pig operations with a nucleus serving a large 
population. By contrast, a direct test for the QTL is easy to utilise because the individual 
breeder can rely on estimates of the QTL allele effects obtained elsewhere. Use of markers in 
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linkage disequilibrium with the QTL approaches a direct test as the degree of linkage 
disequilibrium increases. In fact all the commercial DNA tests that are currently available are 
marketed as direct tests. This is partly because linked markers cannot be protected by patent. 
Linked markers are being used by some dairy AI companies. 
 
An approximate method of calculating the gain in accuracy of EBV due to molecular data 
Goddard (1999) used a selection index method to combine molecular data with existing EBVs 
and so calculate the approximate gain in accuracy achieved. The key parameters are the 
accuracy of the traditional EBV (r), the proportion of genetic variance explained by the 
markers (d= the square of the accuracy of an EBV based only on the markers) and the 
covariance between the traditional EBV and the markers. If the traditional EBV is for the same 
trait as the markers, this covariance is rd and the increase in reliability from including the 
markers is d(1-r2)2/ (1-dr2). If the marked QTL affects traits other than those used to calculate 
the traditional EBV, the covariance is less and the gain from including the markers is greater.  
 
LONG TERM RESPONSE TO MAS 
Simulations of MAS find that the extra selection response due to markers declines with 
multiple generations of selection because the variance at the marked QTL declines as the 
frequency of the favourable allele increases towards fixation (e. g. Meuwissen and Goddard, 
1996; Gibson, 1994). Gibson (1994) found that use of markers even reduced long term 
response below that obtained by selection on phenotype, as a result of reduced selection 
intensity on the polygenic component of breeding value. However this has not been an 
inevitable finding in simulation studies (Dekkers, 1999). Henshall and Goddard (1997) found 
that MAS retained an advantage over traditional BLUP selection even in the long term. They 
based selection on a full BLUP analysis of the phenotypic and marker data rather than selecting 
on phenotype within QTL genotype. This leads to more accurate estimation of the polygenic 
BV and thus may help to maintain the advantage of MAS over conventional selection. 
 
Long term selection response may be maximised by giving less weight to the QTL than to the 
polygenic component of the EBV (Dekkers and van Arendonk, 1998). However an economic 
optimum also needs to consider short term gains and genotyping costs as discussed below. 
 
GENERATION LENGTH 
The accuracy of traditional EBVs increase as an animal ages and it and its relatives acquire 
phenotypic data. However, animals can be typed for DNA markers at any age and so the gain 
in accuracy of EBV due to adding the marker data should be greatest at young ages. 
Consequently, if selection is optimised, marker data should lead to a decrease in generation 
length. This decrease might be limited by the minimum age of reproduction. However, if the 
reduction in generation length is biologically possible, failure to implement it can reduce the 
gains from MAS. For instance, in dairy cattle selected for milk production, MAS leads to 
greater gains if selection of yearling bulls and cows is practiced than if a traditional progeny 
testing system is adhered to (Spelman et al., 1999). Technology that reduces the minimum age 
of reproduction increases the benefits from MAS leading to futuristic breeding schemes such as 
velogenetics (Georges and Massey, 1991) and whizzogenetics (Haley and Visscher, 1998). 
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COSTS AND PAYOFF 
For MAS schemes to be profitable, the increased returns from greater genetic gain as a result of 
using the markers must outweigh the cost of genotyping. Using more markers is likely to 
increase the selection response but will also increase the costs. Increasing the number of 
generations taken to fix a QTL (to optimise long term response) will increase genotyping costs. 
 
With the aim of investigating the profitability of MAS in livestock populations, we used the 
simulation described above to generate a population of pigs with markers and QTL 
segregating. The QTL affected four independent traits, growth, net food intake, pigs born alive 
and meat quality. A genome scan was conducted in the population, using a genome-wide, 
chromosome-wide or point-wise threshold as criteria for taking QTL from the genome scan to 
MAS. MAS was conducted in a small nucleus, and selection was on an index of the four traits. 
Profitability of MAS was calculated as the discounted difference in response from MAS and 
non-MAS, in dollars, minus the discounted cost of genotyping, where the cost of genotyping 
per marker per animal was $A4. MAS was marginally profitable when QTL detected using the 
genome-wide criteria in genome scans were used in MAS. While using QTL detected with less 
stringent thresholds gave higher returns, many more markers needed to be genotyped to 
achieve these returns, and these schemes were not profitable. The situation modelled was 
unfavourable to MAS because the most economically important traits are recorded on both 
sexes before selection and only markers in linkage equilibrium with the QTL were used. 
 
Choice of animals to genotype. It is possible to reduce the cost of genotyping by not 
genotyping all animals. For instance, it is not necessary to genotype an animal for a gene at 
which both its parents are homozygous. The highest benefit is from genotyping animals with 
high EBV and uncertain QTL genotype (Kinghorn, 1999).  
 
EFFECT ON INBREEDING 
Most studies investigating the effect of MAS on population inbreeding have used a MAS 
scheme where the marker information is used to select between half or full-sibs (Meuwissen 
and van Arendonk, 1992; Gomez-Raya and Klemetsdal, 1999). In this scenario, using MAS 
decreased the rate of inbreeding. Molecular marker information can also be used in breeding 
schemes specifically designed to decrease the rate of inbreeding (Wang and Hill, 1999).  
 
CONCLUSION 
The availability of molecular markers can increase the accuracy of selection, especially at 
young ages, leading to a reduction in optimum generation length and an increase in rate of 
genetic gain. The additional profit that can be made from this increase in genetic gain depends 
heavily on four factors. 1. The accuracy of the existing EBV for the breeding objective. If the 
breeding objective contains economically important traits that are measured in both sexes at an 
early age, then the gain from using molecular data is reduced. 2. The amount of variance in the 
objective that is explained by marked QTL. 3. The accuracy with which the QTL allele effects 
are estimated. Markers in linkage equilibrium with the QTL are difficult for most livestock 
industries to use because there are so many allele effects that must be estimated that the 
accuracy of estimation is usually low. Direct tests for the QTL alleles or markers in linkage 
disequilibrium with the QTL reduce the number of allele effects that must be estimated and 
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hence increase the accuracy. 4. The cost of genotyping. Although the proportion of variance 
explained by markers increases as more markers are used, the optimum number can be low 
because the high cost of genotyping cannot be repaid by QTL of small effect. 
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