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ABSTRACT: The extend and distribution of Linkage Disequilibrium is a topic of great current interest. In 
new breeding program such as Genome-Wide Prediction Linkage Disequilibrium (LD) between markers 
and Quantitative Trait Locus(QTL) play an important role. Closely related to the effect of extent of Linkage 
Disequilibrium on the accuracy of Genomic selection. The level of Linkage Disequilibrium is influenced by 
many factors. A genome consisiting5 chromosomes each with 100cM in length with 100 equally spaced 
markers (1cM) were simulated. After 50 generations of random mating in a finite population (Ne=100) in 
order to create sufficient Linkage Disequilibrium. Population was expended to size of 1000. This structure 
was conserved to generation 70.Linkage Disequilibrium was estimated from generation 51 to 70 with 5%, 
10%, 20%, 40% and 50% selection intensity. The results of this study showed the level of linkage 
disequilibrium increased by increased of selection intensity. 
 
Keywords: Linkage Disequilibrium, Selection intensity, Simulation. 

 
INTRODUCTION 

 
 Linkage Disequilibrium is occurrence of some combination s of alleles or Genetic markers in a population more 
often or less often than would be expected from random formation of haplotypes from alleles base on their 
frequency (Ghaemi et al, 2013) . 
 The classical definition of linkage disequilibrium refers to nonrandom association of alleles between two loci. 
Consider two markers, A and B that are on same chromosome .A has alleles A1and A2, B has alleles B1and B2.four 
haplotypes of markers are possible A1B1, A1B2, A2B1, A2B2if the frequencies of alleles A1, A2, B1 and B2 in the 
population are all 0.5 .Then we would expect the frequencies of each of four haplotypes in the population to be 0.25. 
Any deviation of haplotype frequencies from 0.25 is Linkage Disequilibrium (Hayes, 2007). 
 LD provides information about past event and constrains the potential response to both natural and artificial 
selection. Ld. throughout the genome reflects the population history, the breeding system and the pattern of 
geographic subdivision, whereas LD in each genomic region reflect the history of natural selection, gene 
conversation, mutation and other forces that cause gene frequency evolution (Slatkin, 2008). 
 The level of Linkage Disequilibrium is influenced by number factors , including genetic linkage , the rate of 
recombination , the rate of mutation, genetic drift , non randome mationg and population structure (Falconer, 1996). 
As such the objective of this paper was to investigate the impact of selection intensity in level of Linkage 
Disequilibrium.  

 
MATERIALS AND METHODS 

 
SIMULATION 
 A genome consisting 5 chromosome each with 100 CM (Centi Morgan) in length with 100 equally spaced SNPs 
1 and total number of 50 QTLs 2 (that scattered on chromosome randomly) was generated for each individual . An 
effective population size of 100 individuals was simulated, of which 50 were male and 50 were female. This structure 
followed by 50 generations or random mating , implying that each individual had on average number of randome 
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offspring but only two of them selected in next generation .Each off spring selected by True Breeding Value(TBV). 
The paternal and maternal haplotypes for each individual were generated base on haldan mapping function (Haldan, 
1919) to generate recombinant haplotypes. Fifty generations of random mating were practiced to generate sufficient 
Linkage Disequilibrium. After 50 generation population was expended to population size of 1000(500male and 500 
female) this structure was conserved until generation 70.Two LD measurements r2 and D´ were used to calculated 
LD in generation (Hayes, 2007): 
 
D´: freq(A1B1)*freq (A2B2) – freq(A1B2)*freq(A2B1) 
 
Where freq(A1B1) is the frequency of A1B1 haplotype in population , and likewise for other haplotypes and also 
 
r2: D2/freq(A1)*freq(A2)*freq(B1)*freq(B2) 
 
 Where frequency of the A1 allele in population and likewise for other alleles in population. To creat phenotypic 
values for each training population, 50 QTL were randomly picked from the set of segregating QTL in that population 
and TBV was estimated by QTLs frequency (Falconer, 1996): 
 

QTL  AA=2qα,  Aa = (q-p) α and aa=-2pα 

Whereα Estimated By; 

𝒙 =
√𝜹𝟐𝐐𝐓𝐋

𝟐𝒑𝒒
 

Where; 

𝛿2 QTL=h2𝛿2P  

 Where h2 is heritability and 𝛿2P is phenotypic variance and were used 100. Phenotypic records for each animal 
was estimated by P=TBV+ei where TBV is True Breeding Value and ei is envoirmental effects estimated by ei=N*δ2e 
where δ2e estimated by δ2e= (1-h2) (δ2P) where N is randome effect. R2 was estimated in population with different 
selection intensity (i) including 5,10,20,40 and 50 percent. The details of simulation are shown in table1: 

 

Table 1. The parameters used for simulation program 

Item  

Genome size 100(cM) 

Number of chromosome 5 

Number of marker per chromosome 100 

Marker density per cM 1 

Number of segregation QTL 50 

QTL effect Normal distribution 

Dominance of QTL effects 0 

Recombination and Crossingover Haldan Mappng Function 

Population size  

Generation 0 to 50 Ne=100 

Generation 51 to 70 Ne=100 

Heritability 0.5 

 
RESULTS AND DISCUSSION 

 
 After fifty generation of random mating in finite population (Ne=100, 50male and 50 female) , considered Linkage 
Disequilibrium between markers was created two measurement ,D’ and r²(in this study r² were estimated for each 
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generation with 20 repeat) were used to measure the amount of LD between pairs markers in the individuals of 
generation of 50 was D´±SE=0.6±0.002 and r² ±SE=0.18±0.021 . 
 In this study to create Linkage Disequilibrium was using a willumsen et al. (2009) method. Our results show in 
generation of 50 linkage disequilibrium was around 0.2 and created reference population .similar results have been 
reported Calus (2009), Saatchi et al. (2010) and Ghaemi et al. (2013). 
 
 Generated the paternal and maternal haplotypes for each individual based on haldan mapping function (at this 
study crossing over and recombination fraction was also estimated around 0.001) .The population was expanded to 
the size of 1000(validation set).Phenotypic records and True Breeding Value were estimated as QLTs frequency by 
the Falconer (1996) method. Linkage Disequilibrium was estimated with different selection intensity including 5%, 
10%, 20%, 40%and50% respectively from generation of 51 to generation of 70 and our results shows in figure 1: 
 

 
Figure 1. Changes of Linkage disequilibrium in 5%, 10%, 20%, 40% and 50% Selection intensity respectively 

 
 The extend and distribution of linkage disequilibrium in animal is a topic of great current interest .LD plays a 
fundamental role in gene mapping both as a tool for fine mapping of complex disease genes and in proposed genome 
wide association studies .LD is also of interest for what it can reveal about evolution of population. One of most 
important factor in selection and allele frequency is a selection intensity. Our results shows the linkage disequilibrium 
is depend on selection intensity directly on the other hand with increased selection intensity level of linkage 
disequilibrium was increased (Figure 1). 
 For genomic selection to be successful as in the simulations of Meuwissen et al .(2001),the level of LD between 
adjacent markers should be r2≥0.2.our simulation results shown minimum level of selection intensity for successful 
genome-wide prediction is 20 percent (figure1). 
 Closely related to the effect of the extent of linkage disequilibrium on the accuracy of genomic selection. Calus 
et al. (2009) compared the accuracy of GEBVs with different level of linkage disequilibrium .They shown accuracy of 
genomic selection increased when the level of the r2 was increased. The results of this study shown the level of 
Linkage Disequilibrium increased by increased of selection intensity so for successful genomic selection need high 
selection intensity. 
  

CONCLUSION 
 

 The results demonstrate the level of Linkage Disequilibrium influenced by selection intensity. For genomic 
selection to be successful as in the simulation, the selection intensity should be upper than 20 percent in breeding 
program. 
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