
Comparison of Linkage Disequilibrium Uncovered by Moderate  
and High Density Arrays in Brown Swiss Dairy Cattle and in White Leghorn Layer Chickens 

 
E. Lipkin,* M. Dolezal,† A. Bagnato,† J. Fulton,‡  

N. O’Sullivan,‡ E. Santus,§ D. Burt,# and M. Soller* 
 

*Genetics, Hebrew University of Jerusalem, Jerusalem, Israel,  
†Università degli Studi di Milano, Milano, Italy, ‡Hy-Line International,  

Dallas Center, IA 50063, USA, §ANARB, Italian Brown Cattle Breeders' Association,  
Bussolengo (VR) – Italy, #The Roslin Institute and Royal (Dick) School of Veterinary Studies, UK 

 
Abstract. GWAS requires high LD between 
QTN and adjacent markers. GWS requires much 
lower LD between the multiple QTN affecting 
breeding value and multiple linked markers, not 
necessarily adjacent. To determine usefulness of 
currently available bovine and chicken arrays for 
these purposes, LD in Brown Swiss dairy cattle 
and White Leghorn chickens was analyzed with 
moderate (50K, 41K) and high (777K, 600K) 
density bovine and chicken arrays. For WGS, 
moderate density arrays were. For WGAS, high 
density arrays are not yet fully adequate for 
cattle, but were so for chicken. A 2M array 
should improve matters in cattle. In both 
populations there appears to be an irreducible 
25% of the genome that does not reach high 
levels of LD between adjacent markers. 
Accessing this portion of the genome for WGAS 
will require working at the DNA sequence level. 
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INTRODUCTION 

To a large extent, the success of Whole 
Genome Selection (WGS) and Whole Genome 
Association Study (WGAS) depends on the 
degree of linkage disequilibrium (LD) among 
markers and quantitative trait nucleotides 
(QTNs). But the degree of dependence differs 
greatly. While GWAS requires high LD between 
the individual QTN and directly adjacent 
markers, GWS can manage with much lower LD 
between the multiple QTN contributing to 
breeding value and multiple linked markers, not 
necessarily directly adjacent. The question 
therefore, is the extent to which the currently 
available bovine and chicken Moderate (50K, 
41K) and High Density (777K, 600K) SNP 
arrays, and the anticipated Very High Density 
(2M) arrays, provide the needed levels of 
genome wide LD. Studies with the moderate 
density arrays, show a close similarity between 
LD pattern of Brown Swiss dairy cattle, Cornish 
broiler, and Brown egg layer chicken lines. All 

of these represent populations with wide genetic 
base. The White Leghorn layer chicken, with a 
much more narrow genetic base, shows a 
different pattern. It is of interest therefore to 
compare the arrays in these two populations. 

  
MATERIALS AND METHODS 

Arrays. Quality control filters for rejecting 
markers were: non-autosomal or unknown 
location; proportion of missing data >25%; 
minor allele frequency (MAF) <0.10; and 
deviation from Hardy-Weinberg equilibrium 
(HWE) at P<0.001. 

Cattle. Illumina 50K and 777K SNP arrays 
were used. After QC, a total of 31,879 and 
487,080 SNPs remained for the 50K and the 
777K arrays, respectively. 

Chicken. Illumina 41K and Affymetrix 600K 
chicken SNP arrays were used. After QC, a total 
of 10,794 and 261,232 SNPs, remained for the 
41K and 600K arrays respectively.  

 
Populations 

Cattle. For the 50K array, 877 Brown Swiss 
bulls comprising sire-son pairs were used to 
extract and impute haplotypes (HTs) by the 
‘pair’ option of Beagle (Browning and Browning 
(2009)). These HTs were used to prepare a non-
redundant set of HTs, including the HT of the 
dam of each son, and each of the two HTs of the 
sire of the son. For sires that had more than two 
sons, each of the sire’s HTs was included only 
once in the dataset. At the end, 816 non-
redundant HTs remained for the LD analyses. 
For the 777K array, 192 Italian Brown Swiss 
bulls coming from 96 half-sib sire families (1-7 
sons in a family, average 2.0) were genotyped. 
HTs were extracted and imputed by the 
‘unrelated’ option of Beagle (Browning and 
Browning (2007)). As the families were small 
and no single sire was dominant in any 
generation, all 384 HTs were used. 

Chicken. 96 males from six generations of an 
elite Hy-Line commercial White Leghorn layer 
line, were genotyped with both arrays. Multiple 



sons or daughters of the same sire were included 
in the LD analyses, since no single sire 
dominated in any given generation. 

Statistics. The r2 measure of LD was used 
for all calculations and comparisons. Power 
Marker software (Liu and Muse (2005)) was 
used for all LD calculations. 

 
Results And Discussion 

Non-syntenic LD. In order to set a lower 
limit for significance of LD values, we 
calculated the distribution of LD values for pairs 
of non-syntenic markers, i.e., marker pairs with 
each member coming from a different 
chromosome. Although there was a clear effect 
of sample size, for all intents, in both species LD 
values above 0.10 can be taken to represent true 
LD for both the moderate density (MD) and high 
density (HD) arrays. 

Syntenic LD. Syntenic LD was analysed in 
two ways: (1) Along the diagonal of the matrix 
of all possible marker combinations (i.e., 
between adjacent marker pairs only), and (2) 
Across the entire matrix of possible marker pairs 
(for the most part, not adjacent). 

Diagonal LD. For successful WGAS we 
require high LD (>0.5) between QTN and 
adjacent markers. The cattle 50K array provides 
this level of LD for only 18.1% of marker pairs 
(Table 1), and hence is clearly inadequate for this 
purpose. The 777K array provides this level of 
LD for 60.8% of marker pairs, and is thus a 
major improvement, but still leaves much to be 
desired. LD was much higher in the White 
Leghorn chicken population, where 50.6% and 
80.1% of the LDs were above 0.5 in the 41K and 
600K, respectively (Table 1). Thus, here while 
the MD array is still inadequate for WGAS, the 
HD is fully adequate for this purpose. 

Matrix LD. For the MD arrays we were able 
to analyze the complete matrix of syntenic 
marker pairs for all chromosomes. For the HD 
arrays, however, because of computer 
limitations, we analyzed only a sample of partial 
matrices, each consisting of a stretch of ≤5,000 
consecutive polymorphic SNPs. 

For the cattle 50K array a total of 31,879 
autosomal markers were analyzed, generating 
19,639,401 syntenic marker pairs (Table 2). 
Thus, each marker on average was part of a set 
of 616.1 marker pairs. The proportion of LD 
values ≥0.1, representing LD significant for 
GWS, was 0.0342. Thus, there are a total of 
21.07 marker pairs included in this category. 
That is, each marker has on average 21.07 

Table 1. Distribution of diagonal LD values 
according to population and array. 
 Cattle Chicken 

LD 50
K 

77
7K 

41
K 

60
0K 

  0.0-0.1 0.415 0.126 0.160 0.058 
>0.1-0.2 0.178 0.090 0.123 0.057 
>0.2-0.3 0.103 0.069 0.089 0.037 
>0.3-0.4 0.070 0.058 0.065 0.022 
>0.4-0.5 0.053 0.049 0.057 0.024 
>0.5-0.6 0.039 0.045 0.051 0.017 
>0.6-0.7 0.032 0.042 0.049 0.013 
>0.7-0.8 0.026 0.042 0.051 0.016 
>0.8-0.9 0.025 0.049 0.053 0.024 
>0.9-1.0 0.059 0.430 0.302 0.731 
>0.5-1.0 0.181 0.608 0.506 0.801 

 

Table 2. Distribution of complete matrix LD 
values for moderate (all SNPs) and High density 
arrays (stretches of ≤5,000 SNPs). No. pairs, 
total number of marker pairs; No. markers, total 
number of markers analyzed; Markers/set, 
average number of markers in LD≥0.1 per 
marker. 
 Cattle Chicken 
LD 50K 777Κ 41K 600K 
   0.0-0.1 0.9657 0.8134 0.9508 0.5851 
>0.1-0.2 0.0230 0.1135 0.0255 0.1380 
>0.2-0.3 0.0065 0.0383 0.0078 0.0677 
>0.3-0.4 0.0025 0.0165 0.0043 0.0432 
>0.4-0.5 0.0011 0.0081 0.0028 0.0352 
>0.5-0.6 0.0005 0.0042 0.0018 0.0289 
>0.6-0.7 0.0003 0.0022 0.0015 0.0234 
>0.7-0.8 0.0001 0.0013 0.0013 0.0220 
>0.8-0.9 0.0001 0.0008 0.0010 0.0190 
>0.9-1.0 0.0001 0.0016 0.0031 0.0376 
No. pairs 19,639,401 337,420,717 6,096,536 221,272,163 

No. markers 31,879 135,000 10,794 222,586 
Markers/set 21.07 466.1 564.81 994.1 

 

Table 3. Distribution of diagonal LD against 
separation distance for distances ≤500 bp, 501-
1000 bp. 
 Cattle Chicken 
r2 ≤500 501-1,000 ≤500 501-1,000 
         <0.10 0.053 0.059 0.052 0.054 
>0.10 - 0.20 0.045 0.053 0.063 0.063 
>0.20 - 0.30 0.045 0.046 0.043 0.044 
>0.30 - 0.40 0.040 0.039 0.024 0.026 
>0.40 - 0.50 0.032 0.037 0.027 0.029 
>0.50 - 0.60 0.037 0.035 0.019 0.020 
>0.60 - 0.70 0.029 0.034 0.012 0.014 
>0.70 - 0.80 0.033 0.034 0.013 0.015 
>0.80 - 0.90 0.041 0.043 0.019 0.019 
>0.90 - 1.00 0.646 0.620 0.729 0.717 
>0.70 - 1.00 0.720 0.697 0.761 0.751 

 



markers that are in LD≥0.1 with it. 
Consequently, to the extent that marker-to-
marker LD represents marker-to-QTN LD, the 
50K array appears to provide a sufficiency of LD 
for WGS. With the cattle 777K array there were 
a total of 135,000 markers analyzed within 
stretches of 5000 markers each, generating 
337,420,717 marker pairs when summed across 
all analyzed stretches. Thus, on average each 
marker was part of a set of 2,499.4 marker pairs 
in LD with it. Of these, the proportion of pairs 
with LD values≥0.1 was 0.1865. Thus, each 
marker was part of a set of 466.1 markers in 
LD≥0.1 with it. This enormous host of 
informative markers should enable even QTN of 
very small effect to be captured by WGS based 
on the 777K array. The much higher values for 
the chicken population, 564.8 and 994.1 
markers/set for the MD and HD arrays, show 
that here both arrays are highly adequate for this 
purpose. 

Predicted effect on distribution of LD of an 
increase in array size to 2M. As we have seen, 
the HD arrays are a major improvement relative 
to the MD arrays with respect to diagonal LD 
between markers. An interesting question is 
whether a further increase in density to 2M 
(average marker spacing for 2M <1,500 and 
<500 bps in cattle and chicken, respectively), 
will give a further improvement, and the 
expected magnitude of this improvement. To 
investigate this we looked at the distribution of 
LD against distances of this size as found in the 
HD arrays. Distance bins ≤500 bp and 501-1,000 
bp should approximate the results that will be 
obtained with the 2M array. Table 3 presents the 
distribution of diagonal LD values of marker 
pairs across all autosomes grouped by distance. 
The distribution of r2 values was very similar for 
the various distance ranges until LD >0.9. 
Considering a >0.7 threshold, the proportion of 
marker pairs at this level rises from 0.696 (cattle) 
and 0.751 (chicken) for the 501-1,000 bp 
distance, to 0.720 and 0.760 for the ≤500 bp 
distance. The increase from 501-1,000 to ≤500 is 
very small, implying an asymptotic limit of 
about 75% of the genome at this level of LD 
between diagonal marker pairs at the highest 
possible marker density. To move past this level 
it may be necessary to work with the full 
sequence, so that the genotyped markers include 
the QTN themselves. 

 

SUMMARY AND CONCLUSIONS 
1. LD distribution was analyzed with the 

moderate (MD) and high density (HD) 
bovine and chicken SNP arrays, with respect 
to suitability of the arrays for WGS and 
WGAS.  

2. Non-syntenic LD established LD=0.10 as 
lower limit of significance for both arrays. 

3. Levels of LD uncovered by both MD and 
HD arrays appear suitable (cattle) to highly 
suitable (White Leghorn chicken) for WGS.  

4. Levels of LD uncovered by MD arrays are 
not suitable for WGAS. The HD arrays are 
much improved in this respect, still leave 
much to be desired for cattle, but are fully 
adequate for White Leghorn chicken.  

5. A 2M array should be more successful for 
WGAS than the HD arrays, but even this 
will face what appears to be an irreducible 
25% of the genome that does not reach high 
levels of diagonal LD. To access this portion 
of the genome for WGAS will require 
working at the level of the DNA sequence. 
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