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INTRODUCTION 
In most livestock, crossbreds are used for commercial production to capitalize on heterosis and 
complementarity and the aim of selection within pure-lines is to maximize crossbred 
performance. Selection is, however, within pure-lines and primarily based on purebred data. 
Several theoretical studies have shown that combined crossbred and purebred selection 
(CCSP) can result in greater responses in crossbred performance, in particular if genes with 
complete or over-dominance affect the trait (Wei and van der Steen, 1992; Uimari and Gibson 
1998).  Use of crossbred data, however, requires separate testing and recording strategies. 
 
Molecular genetics has enabled the identification of quantitative trait loci (QTL). The strategic 
use of non-additive QTL in pure-line selection allows selection for crossbred performance 
without crossbred data. The objectives of this study were to derive and evaluate such 
strategies. 
 
MATERIALS AND METHODS 
Population structure and genetic model. A deterministic model was developed for selection 
in sire and dam nucleus lines that provide parents for the multiplier phase of a two-breed 
terminal cross. Selection was for a trait controlled by a known QTL and additive infinitesimal 
polygenes (heritability = 0.3). The QTL had alleles Q and q and genotypic values a, d, and –a. 
Frequencies of Q in generation 0 were 0.3 and 0.2 in the sire and dam line. In both lines, 
selected fractions were 0.1 and 0.25 for sires and dams. Unselected nucleus and multiplier 
animals were used to produce multiplier and commercial animals by random mating.  
 
Selection objective and criteria. The objective was to maximize cumulative discounted 
response (CDR) of crossbred performance over ten generations: CDR=ΣδtGt, where Gt is the 
mean crossbred performance of progeny from generation t and δt the discount rate based on 
10% interest. The index for selection of animals of genotype i and sex j in line k in generation t 
was: Iijkt = bijkt gijkt + , where gijktû ijkt is the known purebred breeding value for the QTL 

(Dekkers and Chakraborty, 2001) and  a polygenic estimated breeding value from own 

phenotype. Four selection strategies were compared, all based on purebred information: 
ijktû

1. Phenotypic selection: selection on purebred phenotypic information. 
2. Standard QTL selection: selection on an index with weights bijkl  equal to one. 
3. Optimal QTL selection: selection on an index with weights bijkl optimized to maximize CDR. 

Weights were derived by an extension to two lines of methods by Chakraborty et al. (2002). 
4. Stepwise optimal QTL selection: selection on an index with bijkl optimized each generation to 

maximize performance of crossbred progeny, following Dekkers and Chakraborty (2001).  
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RESULTS 
Table 1 shows CDR for alternative QTL selection strategies relative to phenotypic selection. 
Responses in polygenic and QTL values are in Table 2 for optimal QTL and phenotypic 
selection. Figure 1 shows trends in frequencies for QTL with complete and over-dominance. 
 
For additive QTL (d=0), optimal QTL selection gave <1% greater CDR than phenotypic 
selection (Table 1), similar to single line selection (Dekkers and Chakraborty, 2001). Similar 
results were obtained for a QTL with partial dominance (d=½a). For a QTL with complete 
dominance (d=a), optimal QTL selection gave up to 3.3% greater CDR than phenotypic 
selection (Table 1). Extra response increased with size of the QTL effect. Optimal QTL 
selection fixed the favorable allele in the sire line and maintained an intermediate frequency in 
the dam line (Figure 1a). Phenotypic selection increased the frequency in both lines. Extra 
responses from optimal selection resulted not only from a greater frequency of heterozygotes 
among crossbred progeny but also from greater polygenic response in the dam line (Table 2). 
 
Standard QTL selection gave lower CDR than phenotypic selection for most cases (Table 1). 
Standard QTL selection increased the frequency of Q in both lines but faster than phenotypic 
selection. This resulted in greater gain than phenotypic selection in early generations but in 
lower response in later generations. For QTL with complete or over-dominance, frequencies 
reached an asymptote less than one, where the substitution effect is zero (Figure 1).  
 
For non-additive QTL, stepwise QTL selection gave greater CDR than standard QTL selection, 
in particular with over-dominance (Table 1). For over-dominant QTL, stepwise QTL selection 
gave similar CDR and trends in frequencies as optimal QTL selection (Figure 1). 
 
 a – Complete dominance (d = a) b – Over-dominance (d = 1½a)  
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Figure 1. QTL allele frequency in sire and dam lines under alternate selection strategies 
for a QTL with complete or over-dominance and an additive effect of one polygenic s.d. 
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Table 1. Extra (%) CDR of QTL selection strategies over phenotypic selection 
for different degrees of dominance (d) and QTL effects (a in polygenic s.d.) 
 
 Degree of dominance 
Selection strategy d = 0 d = 1/2a d = a d = 11/2a 

         a = 0.5 

Standard QTL -0.4 -1.7 -2.3 -2.4 
Optimal QTL 1.1 0.5 1.1 3.7 
Stepwise QTL -0.4 -0.7 -0.1 2.3 

 a = 1 
Standard QTL -1.6 -3.6 -3.9 -2.6 
Optimal QTL 1.0 0.3 2.2 9.8 
Stepwise QTL -1.6 -1.8 0.3 8.0 

 a = 2 
Standard QTL -1.3 -3.2 -3.1 1.5 
Optimal QTL 0.8 0.1 3.3 21.0 
Stepwise QTL -1.3 -2.3 1.1 20.9 
 
 
Table 2. Cumulative discounted responses (in polygenic s.d, σpol) in crossbreds from 
phenotypic (Phen.) and optimal QTL selection (Optimal) in sire and dam lines for a QTL 
with different degrees of dominance (d) and additive effects (a) 
 

d = 0 d = 1/2a d = a d = 11/2a Crossbred 
response A Phen. Optimal Phen. Optimal Phen. Optimal Phen. Optimal 

 a= 0.5 
Polygenic sire 11.7 11.5 11.8 11.5 11.7 11.4 11.6 11.1 
Polygenic dam 12.9 12.5 12.8 12.7 12.8 13.1 12.6 13.1 
QTL value 1.1 2.0 1.2 1.7 1.3 1.6 1.4 2.3 
Total 25.7 26.0 25.8 25.9 25.7 26.0 25.6 26.6 

 a = 1 
Polygenic sire 11.3 11.1 11.4 11.2 11.4 10.9 11.2 10.7 
Polygenic dam 12.3 11.9 12.4 12.2 12.3 13.1 12.0 13.1 
QTL value 5.6 6.6 5.1 5.5 4.6 5.0 4.5 6.6 
Total 29.2 29.5 28.9 29.0 28.4 29.0 27.7 30.4 

 a = 2 
Polygenic sire 10.7 10.7 11.0 10.8 11.1 10.6 10.5 10.3 
Polygenic dam 11.4 11.2 11.7 11.7 11.8 13.0 11.1 12.9 
QTL value 15.1 15.6 13.2 13.5 11.2 11.7 9.8 14.8 
Total 37.2 37.5 35.9 35.9 34.2 35.3 31.5 38.1 
A Polygenic sire = polygenic contribution from sire line; Polygenic dam = polygenic contribu-

tion from dam line; QTL value = QTL contribution; Total = total genetic response. 
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DISCUSSION AND CONCLUSIONS 
This study demonstrates that strategic use of non-additive QTL enables selection for crossbred 
performance based on purebred data. Limited benefits were obtained for QTL with partial 
dominance but these results apply to a trait of moderate heritability and observed in both sexes 
prior to selection. Greater crossbred performance from optimal QTL selection resulted not only 
from greater QTL response, but also from greater polygenic response (Table 2). 
 
For over-dominant QTL, optimal QTL selection resulted in 4, 10, and 21% greater CDR than 
phenotypic selection for QTL with additive effects of ½, 1, and 2 polygenic standard 
deviations. At a frequency of 0.25, this represents QTL that explain 27, 59, and 85% of the 
purebred genetic variance. Although these QTL effects may be unrealistic, similar results may 
be obtained from selection on multiple QTL that jointly explain such proportion of variance. 
 
The majority of the extra crossbred response could be achieved by optimizing one generation 
at a time (Table 1). These results can be extended to selection on markers linked to QTL, 
provided non-additive effects are estimated. Recent QTL studies, in particular in breed crosses, 
have found several over-dominant QTL (e.g. De Koning et al., 2000; Malek et al., 2001). 
Although these may be represent linked QTL in repulsion phase, their apparent over-dominant 
effects can be used to select for crossbred performance prior to the break-up of such linkage. 
 
The use of QTL removes the requirement of crossbred testing in CCSP, thereby saving 
important test resources and enabling the short generation intervals of purebred selection. 
Although a two-breed terminal cross was modeled here, results in principle apply to any 
crossbreeding system. The choice between purebred QTL selection and CCSP will depend on 
the proportion of non-additive genetic variation contributed by the QTL, the impact of other 
factors that differentiate purebred from commercial performance (GxE), the increase in 
generation intervals with CCSP, and on the cost of crossbred testing versus the cost of  
implementing marker-assisted selection. Benefits of using QTL could be further enhanced by 
mating based on QTL genotype at the commercial level. This, however, requires extensive 
genotyping at the multiplier level. 
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