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INTRODUCTION 
Many studies have shown that selection for a quantitative trait using quantitative trait locus 
(QTL) information can result in greater response in the short-term but in less response in the 
longer term than selection based on phenotype alone (Gibson, 1994; Larzul et al., 1997). 
Dekkers and van Arendonk, (1998) developed methods to maximize longer-term response to 
selection by optimizing weights on the QTL relative to phenotypic information. Subsequently, 
Dekkers and Chakraborty (2001) extended this methodology by maximing cumulative 
discounted response, which is a weighted average of short- and longer-term responses. In these 
strategies, the QTL is moved to fixation at a rate that is determined by the QTL effect and the 
planning horizon. In breeding programs, it can be advantageous to strategically control the 
frequency of the QTL, for example by rapidly increasing the frequency of the QTL to an 
intermediate level, which then could allow multiple market demands to be met by a single line 
based on QTL genotype. The objective of this study was to develop such strategies and to 
evaluate their impact on response to selection. 
 
MATERIAL AND METHODS 
The deterministic model with discrete generations of Dekkers and Chakraborty (2001) was 
used to model selection on a trait controlled by a known additive and biallelic QTL, along with 
infinitesimal polygenes. Polygenic heritability was 0.25 and initial frequency of the favorable 
QTL allele was 0.1. Fractions selected were 0.05 for males and 0.20 females. 
 
Strategies to control the frequency of the QTL consisted of four phases over ten generations:  
Phase I  (generations 1-2): increase the frequency of the favorable allele to 0.7. 
Phase II  (generations 3-6): select on phenotype without QTL information to maintain an 

intermediate frequency to meet multiple market demands based on QTL genotype. 
Phase III  (generation 7): fix the QTL. 
Phase IV  (generations 8-10): select on phenotype. 
 
Strategies for phases I and III were derived using the optimization method of Dekkers and van 
Arendonk (1998) by artificially increasing the effect of the QTL until the target frequency was 
reached. This has the effect of maximizing polygenic response with a constraint on frequency. 
 
Response to phased selection was compared to response from optimal QTL selection, which 
maximized cumulative discounted response (CDR) over the ten generation planning horizon 
(Dekkers and Chakraborty, 2001). An interest rate of 15% per generation was used. QTL 
effects were equal to 0.25, 0.5 or 1 standard deviations of estimated breeding values (σEBV). 
For a trait with heritability 0.25, these translate into effects of 0.0625, 0.125, and 0.25 
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phenotypic or 0.125, 0.25, and 0.50 genetic standard deviations. These represent QTL of small 
to moderate effect for individual traits but of substantial effect relative to a multi-trait index. 
 
RESULTS 
Figure 1 shows trends in QTL frequencies for phased and optimal QTL selection. Phased 
selection resulted in a linear increase in frequency to the target of 0.7 in phase I for all QTL 
effects. During phase II, frequencies increased subject to phenotypic selection, depending on 
the effect of the QTL. Fixation was achieved in one generation in phase III. Optimal QTL 
selection resulted in a much more gradual increase in QTL frequencies and fixation was 
achieved for the QTL with larger effect only. 
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Figure 1. Frequencies for phased and optimal QTL selection strategies for a QTL of 
large, medium, and small effect 
 
Polygenic and cumulative discounted responses to phased and optimal selection at the end of 
each phase are given in Table 1. Phased selection resulted in substantially lower polygenic 
response than optimal selection during phase I because greater emphasis was placed on the 
QTL. Phased selection also lost polygenic response during phase III but had greater polygenic 
response than optimal selection when it used phenotypic selection during phases II and IV. 
Nevertheless, cumulative polygenic response after ten generations was 6.3% lower for phased 
than optimal selection for the small QTL but only 2.1% lower for the large QTL. 

 
Cumulative total responses were also lower for phased than optimal selection (Table 1) but 
differences were smaller than for polygenic response because of the greater contribution from 
the QTL with phased selection. For large and small QTL, total responses were 2.6 and 17.2% 
lower for phased selection at the end of phase I and 1.9 and 4.8% lower after 10 generations. 
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Table 1. QTL frequencies and polygenic, total, and cumulative discounted responses 
for phased and optimal QTL selection for a QTL with different effects (a in σEBV)  
 

Response 
variable 

QTL 
effect 

Selection 
strategy 

Cumulative response at the end of phase 
         I                II                III               IV  

Phased 0.70 0.91 1.00 1.00 1.0 
Optimal 0.40 0.91 0.95 0.99 

Phased 0.70 0.81 1.00 1.00 0.5 
Optimal 0.25 0.60 0.69 0.90 

Phased 0.70 0.75 1.00 1.00 

QTL 
frequency 

0.25 
Optimal 0.17 0.30 0.35 0.52 

Phased 2.59 9.40 10.99 16.19 1.0 
Optimal 3.19 9.70 11.39 16.54 

Phased 2.59 9.48 10.96 16.16 0.5 
Optimal 3.38 10.12 11.80 16.87 

Phased 2.59 9.51 10.91 16.10 

Cumulative 
polygenic 
response 

0.25 
Optimal 3.45 10.33 12.05 17.19 

Phased 3.70 11.01 12.79 17.99 1.0 
Optimal 3.80 11.31 13.09 18.34 

Phased 3.19 10.19 11.86 17.06 0.5 
Optimal 3.53 10.62 12.40 17.67 

Phased 2.89 9.83 11.34 16.55 

Cumulative 
Total 

Response 

0.25 
Optimal 3.49 10.43 12.17 17.39 

Phased 4.49 21.78 26.59 40.41 1.0 
Optimal 4.53 22.24 27.16 41.27 

Phased 3.78 19.44 23.90 36.92 0.5 
Optimal 4.22 20.72 25.38 38.90 

Phased 3.42 18.37 22.64 35.22 

Cumulative 
Discounted 
Response 

(CDR) 

0.25 
Optimal 4.14 20.38 24.95 38.25 

 
Cumulative discounted response was used as the objective for optimal selection and, therefore, 
represents the overall criterion for evaluation of genetic response to selection. Phased selection 
resulted in substantially lower CDR at the end of phase I for QTL of small effect. Over the ten 
generation planning horizon, CDR was 7.9% lower for the QTL of small effect but only 2.1% 
lower for the large QTL. 
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DISCUSSION AND CONCLUSIONS  
This study demonstrates that selection strategies can be developed that control the frequency of 
QTL in breeding populations. Such strategies would allow multiple market demands based on 
QTL genotype to be met from a single line. The optimization methods of Dekkers and van 
Arendonk (1998) allowed target frequencies for a QTL to be reached within a specified number 
of generations while maximizing polygenic response to selection. In phase I of the strategies 
explored here, this resulted in a linear increase in QTL frequency, which is consistent with 
results observed by Dekkers and van Arendonk (1998). 
 
A QTL frequency of 0.7 was used here as the target for phase I to enable adequate frequencies 
of alternate QTL genotypes during phase II. Phenotypic selection was practiced in phase II, 
which resulted in a gradual increase in QTL frequency, in particular for the QTL of large 
effect. Strategies can be developed that would hold the QTL frequency at the target level for 
several generations, by putting a very low weight on the QTL. Choice and maintenance of the 
target frequency will depend on the specific market situation.  
 
The decision to use phased selection strategies must depend on an economic analysis that 
compares the economic impact of meeting specific market demands to the impact of lower 
response to selection. Here, we evaluated the potential impact of phased selection on response 
to selection, as measured by cumulative discounted response. The general conclusion is that 
lost response can be substantial for QTL of small effect (8%, Table 1) but is limited for QTL of 
larger effect (2%). Lost response depends on the difference between trends in QTL frequencies 
for optimal versus phased selection (Figure 1). This difference depends on the effect of the 
QTL and the frequency targets set for phased selection. For the parameters used here, this 
difference was substantial for the QTL of small effect, for which phased selection increased the 
frequency of the QTL at a much higher rate than optimal. For the QTL of large effect, general 
trends in frequency were similar for phased and optimal selection, although the pattern of 
changes was obviously quite different. The fact that this reduced CDR over ten generations by 
only 2.1% demonstrates the robustness response to the specific weights put on the QTL. This is 
analogous to the robustness of response for an economic index to changes in index weights.  
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