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Introduction 

Diploid cells of Bos taurus contain 29 homologous autosomal pairs and one pair of sex 
chromosomes. All autosomes are acrocentric (telocentric) but both gonosomes (X and Y) are 
submetacentric (Sasaki and Makino, 1962). The X chromosome (Chr X) is the second largest 
chromosome of the karyotype, whereas the Y chromosome is one of the smallest 
chromosomes (Kiefer and Cartwright, 1968). The Y chromosome is composed of two 
distinct regions, the pseudoautosomal region (PAR), which is homologous to Chr X and Y-
specific region. The PAR recombines with Chr X during meiosis while the Y-specific region 
is a non-recombining region. Because the Y-specific region consists of repetitive sequences, 
physical mapping of this region is difficult and consequently there is no Y chromosome map 
available so far for bovine (Liu et al., 2002). Similarly, Chr X contains an X-specific region 
and a PAR region. In females, cross-over can occur at any part of Chr X but in males, cross-
over is limited only to the PAR region. This suggests that linkage disequilibrium (LD) could 
be higher on Chr X than on autosomes. The aim of this study was to investigate the extent 
and pattern of LD on Chr X, on both X-specific and PAR regions, and to compare the extent 
of LD on Chr X to autosomes.   

 Material and methods 
Data. The data consisted of genotypes from 887 Holstein bulls (with both parents born in 
North America) born from 1990 through 2004 that were genotyped with the Illumina 
BovineSNP50K BeadChip.  All animals had either at least 5 progeny or at least 4 brothers in 
the dataset. The bulls were progeny of 72 sires and 661 dams. Physical map of SNPs was 
created based on UMD 3.1. bovine genome sequence assembly. SNPs with rare alleles 
(MAF<0.05), SNPs with more than 10% missing genotypes and SNPs with unknown 
genomic location in the assembly were excluded from the analysis. Considering relationship 
between animals, 0.01% of Mendelian inconsistencies in the SNP genotypes were detected 
and corrected. This editing resulted in a set of 37,303 SNPs, which were used for further 
analysis. Haplotype phase was inferred from pedigree, using the algorithm described by 
Sargolzaei et al. (2008), which is a family rule based algorithm. Only maternally inherited 
haplotypes were used for further detailed analyses in order to minimize the effect of over-
representation of paternally inherited haplotypes within pedigrees of the analyzed bulls.  
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Definition of linkage disequilibrium. Linkage disequilibrium between two SNP pairs with 
alleles A and a at the first locus and B and b at the second locus was calculated as 
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frequencies and πAB, πAb, πaB, πab are the haplotypes frequencies. If the two loci are 
independent, then expected frequency of haplotypes AB is πA πB . If πAB  is either higher or 
lower than expected then it indicates that these particular alleles tend to be segregating 
jointly and are in LD. 
 

Linkage disequilibrium decay and sliding window analyses. SNP pairs were sorted into 
bins based on their inter-marker distance and average values of r2 were calculated for each 
bin. Sliding windows of 2Mb (overlapping by 1.9Mb) were defined on all chromosomes to 
investigate patterns of variation in LD across the chromosome. Within each window, average 
values of r2 were calculated for SNPs separated by 200 to 600 kb.  
 

X-specific and PAR regions. The dataset used in this study contained genotypes of bulls 
only. In bulls, SNPs located in the X-specific region do not have a counterpart on the 
chromosome Y and consequently these SNPs can have only two genotypes. The PAR region 
is a terminal segment of both chromosomes X and Y. Therefore SNPs positioned in the PAR 
region can have up to three different genotypes. The boundary between these two regions 
was approximated by locating the first SNP in the terminal segment of Chr X, which 
followed a set of SNPs that had in the data set only two genotypes. 

Results and discussion 
Using the above mentioned approach, the approximate boundary between the X-specific and 
PAR regions was located to 143.87 Mb, which is in agreement with Sandor et al. (2006). The 
lenght of the PAR region was 4.8 Mb. Out of the 37,303 SNPs used in this study, 36,642 
SNPs were spread out across 29 autosomes and 661 were located on Chr X. The X-specific 
and the PAR regions harbored 600 and 61 SNPs, respectively. SNPs were almost uniformly 
distributed across autosomes with an average inter-marker distance of 68 kb. On Chr X, 
SNPs were not evenly spread out across the chromosome (Figure 1). There were certain 
regions of the chromosome where adjacent SNPs were separated by more than 1 Mb. The 
average distance between adjacent SNPs on Chr X was 225 kb.  
 

 
 

Figure 1: Distribution of SNPs across Chr X. The dashed vertical line represents the 
boundary between the X-specific and pseudoautosomal regions. 



As shown in Table 1, higher levels of LD were found on the X-specific region of Chr X than 
on autosomes. Very low levels of LD, even at very short distances (<40 kb) were reported on 
the PAR region. This was expected because in males, cross – over is limited to the PAR 
region and consequently the rate of recombination is increased in this segment. On the other 
hand, X-specific region is recombined only in gametes produced by females.  
 

Table 1: Pairwise linkage disequilibrium (r2) between pairs of SNPs at various 
distances pooled over all autosomes (BTA 1 - BTA 29) and X-specific (X-specific) and 
pseudoautosomal (PAR) regions of Chr X 

Distance BTA 1 – BTA 29  X-specific  PAR 
N Mean SD  N Mean SD  N Mean SD 

0–40 kb 14,629 0.25 0.26  105 0.31 0.29  26 0.13 0.17 
40–60 kb 11,669 0.21 0.24  87 0.22 0.24  18 0.09 0.09 

60–100 kb 23,464 0.18 0.21  157 0.20 0.24  36 0.11 0.16 
100–200 kb 57,541 0.14 0.17  405 0.14 0.19  92 0.07 0.08 
200–500 kb 169,469 0.11 0.14  1,069 0.11 0.15  263 0.09 0.11 
0.5–1 Mb 276,993 0.09 0.12  1,659 0.09 0.12  355 0.05 0.07 
1–2 Mb 541,110 0.08 0.10  3,107 0.07 0.10  531 0.04 0.04 
2–5 Mb 1,556,185 0.06 0.08  8,416 0.06 0.08  509 0.03 0.04 

 

The first bovine autosome (BTA 1) has a similar length (158.2 MB) as Chr X (148.6 MB), 
and thus it was selected as the representative of all autosomes for graphical comparison of 
patterns of LD. As given in Figure 2, LD (r2>0.08) extends for longer distances on Chr X 
than on BTA 1. Moreover, there were several SNPs (located at approximately 106 Mb and 
between 134 and 141 MB) on Chr X that were in LD with adjacent but also with SNPs far 
apart. These could be an indication of “cold spots”, i.e. regions with lower recombination 
rate. But because the LD is discontinuous, it probably occurred because of other reasons, 
such as incorrect physical location of certain SNPs.  
 

 
Figure 2: Pattern of linkage disequilibrium (r2) across chromosomes 1 (BTA 1) and X 
(Chr X). The dashed lines in the second figure represents an approximate boundary 
between the X-specific and pseudoautosomal regions of Chr X. 
 

A few SNPs (located at approximately 5, 53, 59 and 137 Mb) on Chr X had very low levels 
of LD even with very closely located SNPs. This could suggest a possible presence of “hot 
spots”, i.e. regions of genome with higher recombination rate. However, as mentioned 



above, it could be due to other reasons. Because of the low density of SNPs on this 
chromosome, these results should be taken with a caution. 
Using a sliding window approach, non-monotonic erratic trend of average r2 was observed 
on both autosomes and Chr X (Figure 3). However, Chr X had much larger extreme values 
(minimum and maximum) of r2 than any of the 29 autosomes. In autosomes, centromeres are 
located on telomers and in gonosomes they are in the middle of the chromosome. 
Centromere suppresses meiotic recombination within itself and also in the proximal 
chromosomal region. On the other hand, regions next to the telomeres increase 
recombination rates (Hassold et al., 2000). In this study, r2 was not noticeable higher at 
telomeres compared to the middle of the autosomes. This was not surprising, considering the 
antagonistic effect of telomeres and centromeres. However, slightly lower r2 was found at 
telomers of Chr X. Effect of centromeres on LD on Chr X could not be investigated because 
of the lack of SNPs in this genomic region. 
 

 
Figure 3: Average r2 per sliding window at chromosomes 1 (BTA 1) and X (Chr X).  

Conclusion 
High degree of heterogeneity of LD was observed on both autosomes and Chr X. Higher 
levels of LD were observed on the X-specific region than on the autosomes, the X-specific 
region also had much higher levels of LD than the PAR region. There is a lower density of 
SNPs with known location on Chr X compared to other bovine chromosomes, but because of 
their higher level of LD than autosomes, these SNPs can be useful for genome-wide 
selection for traits having QTLs on this chromosome.   
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