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ABSTRACT: Runs of homozygosity (ROH) are identified 
in four dairy cattle breeds using NGS data. Cattle 
populations have been exposed to strong artificial selection 
for some generations. Genomic regions under selection will 
show increased levels of ROH. By investigating the 
relationship between ROH and distribution of predicted 
deleterious and tolerated variants, we can gain insight into 
how selection shapes the distribution of functional variants 
in inbred regions. We observe that predicted deleterious 
variants are more enriched in ROHs than predicted tolerated 
variants. Moreover, increase of enrichment of deleterious 
variants is significantly more pronounced in short and 
medium ROH regions than long ROH regions (p<0.001). 
This study demonstrates that artificial selection strongly 
shapes the distribution of functional variants in ROH 
regions in cattle populations and contributes in 
understanding the effects of inbreeding on shaping the 
distribution of functional variants in cattle genome. 
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Introduction 
Dairy cattle have been subjected to more than 60 

years of intense selection for milk production traits. A few 
bulls have been used to produce thousands of daughters, 
which has resulted in large half-sib families. Consequently, 
levels of inbreeding are increasing in cattle populations 
(Sørensen et al. 2005). Inbreeding levels have been shown 
to be correlated between with reduced fitness (Smith et al. 
1998). Breeders estimate the expected inbreeding 
coefficient reflecting degree of parental relatedness by 
using pedigree records in cattle (Wright 1921). Recent 
developments in genotyping and sequencing technologies 
allow a detailed investigation of genomic variants. 
Continuous homozygous stretches in the genome resulting 
from identical haplotypes inherited from the parents are 
called Runs of Homozygosity (ROH). The distribution of 
functional variants across populations is the result of 
population processes such as positive selection and negative 
selection (Szpiech et al. 2013). They showed that long ROH 
are enriched for homozygotes of deleterious variants in the 
human genome (Szpiech et al. 2013). Using functional 
annotations it is possible to detect the distribution of 
functional variants in ROHs in cattle genome. Non-
synonymous mutations observed in the sequence are 
defined as non-reference variants which alter protein 
sequences. These may have large effects on organisms. 
Identical-by-decent (IBD) causes deleterious homozygotes 
to be enriched in ROH regions compared to non-ROH 
regions. Moreover, artificial selection plays a crucial role in 
shaping the abundance and distribution of functional 
variants in ROH in cattle populations than in human 
populations. In this study, the patterns of ROHs from next-

generation sequencing data are characterized in four Danish 
cattle breeds. Moreover, following the method of Szpiech et 
al. (2013), ROHs are used to study the distribution of 
deleterious homozygous variants in different length classes 
of ROH regions in cattle genome. ROHs detected by the 
use of genomic data can further be used to discover the 
extent of inbreeding and information can be used further to 
improve mating system. 

 
Materials and Methods 

Data. A total number of 104 bulls with high 
genetic contribution to the current Danish dairy cattle 
populations of Holstein (HOL), Jersey (JER), old Red 
Danish Dairy cattle (Old-RED) and new Danish Red Dairy 
cattle (New-RED) were selected for sequencing.  

Variant calling and quality control. All selected 
individuals were sequenced to ~10× depth. The reads were 
aligned to the UMD3.1 assembly of the cattle genome 
(Zimin et al. 2009) using bwa (Li and Durbin 2009). The 
aligned sequences were converted to raw BAM files and 
duplicate reads were removed using samtools (Li et al. 
2009). The Genome Analysis Toolkit (McKenna et al. 
2010) was used for local realignment around 
insertions/deletions and recalibration following the Human 
1000 genome guidelines incorporating information from 
dbSNP (Sherry et al. 2000). Finally, variants were called 
using UnifiedGenotyper from the Genome Analysis Toolkit 
(McKenna et al. 2010). SNP variants with phred scores 
lower than 100 were excluded from further analysis. 
Nucleotide diversity was calculated across entire genome 
following Bosse et al. (2012). 

Runs of homozygosity were identified for all 
autosomes of the 104 sequenced individuals following 
Bosse et al. (2012). Their criteria were applied, but with 
Illumina Bovine 50k chip data as reference. ROH over 10 
kbp were considered for this study. ROHs were classified as 
short (10 - 100 kbp), medium (0.1 - 3 Mbp) and long (> 3 
Mbp).  

Variants annotation and predicted functional 
impact. The called variants of each genomic site were 
annotated using ENSEMBL databases with Variant Effect 
Predictor (VEP) (McLaren et al. 2010). Any site that had 
multiple transcripts resulting in multiple annotations was 
annotated only once by using the --by-gene option in VEP. 
SIFT scores (Velankar et al. 2013) were used to classify 
non-synonymous alleles into “deleterious” and “tolerated”. 
Following the method proposed in Szpiech et al. (2013), we 
compute the fraction of tolerated and deleterious non-
reference homozygotes in each individual that fall in any 
ROH region to detect the distribution of homozygous 
functional variants enriched in ROH and different length 
classes of ROH.  

 



Results and Discussion 
General statistics. The sequenced individuals 

were divided into four groups: HOL, JER, Old-RED and 
New-RED. We found an average number of 715.5 
ROHs/genome (±21.0). The length was 750 kbp in average 
and ranged from 10 kbp (minimum size considered) to 49.3 
Mbp. Nucleotide diversity varied between 1.5 SNPs/kbp in 
JER and 1.7 SNPs/kbp in new-RED cattle breed (Figure 
1A). Differences in nucleotide diversity were significant 
between any pair of the breeds HOL, JER and New-RED 
(p<0.05) except between HOL and Old-RED. In contrast, 
nucleotide diversity outside ROHs was only significant 
between old-RED and either HOL, JER or New-RED 
(p<0.001) (Figure 1A and 1B).  
 

 
Figure 1. Summary statistics of genomic variation for 
four breeds. Groups are divided based on different breeds. 
Values are averaged within individuals resulting in a single 
data point per ROH characteristic for each individual.  
1A. Nucleotide diversity including ROHs (*1024 bp). 1B. Nucleotide 
diversity excluding ROHs. C. Average ROH size (bp). D. Number of 
ROHs in the genomes of individuals.   

 
Patterns of ROHs in four cattle breeds. On 

average 19.5% of the genome was found to be in ROH 
across four cattle breeds. The mean number of ROHs varied 
significantly between HOL, JER, Old-RED and New-RED 
cattle (p<0.001) except between HOL and Old-RED cattle 
breed (Figure 1C and 1D). The mean size of ROHs varied 
significantly between HOL, JER, Old-RED and new-RED 
(p<0.001) except between JER and old-RED cattle. There 
were numerous small ROHs throughout the genome, but 
their total contribution to the genome was relatively small 
(Figure 2). Medium sized ROHs were the most frequent, 
and also covered a significant part of the genome. Large 
ROHs were at least a tenfold less numerous than medium 
ROHs, but nevertheless covered a significant proportion of 
the genome. This is consistent with pigs (Bosse et al. 2012). 
Nearly half of the total ROHs in Old-RED were covered by 
large ROHs. We found that nucleotide diversity was lower 
in JER than in the HOL and New-RED (p<0.001). 
Moreover, the total number of ROHs in JER genome were 
also higher than in the HOL, Old-RED and New-RED 
(p<0.001). The New-RED individuals had the fewest ROHs 
and smallest average ROH size of any of the sequenced 
individuals. New-RED represents the most variable breed 
with high nucleotide diversity and few ROHs. New-RED is 
a composite breed with contribution from other red breeds 

like Swedish red cattle, Finnish Ayrshire and Brown Swiss. 
Old-RED has relatively high coverage of long ROHs (>3 
Mbp) because of their relatively small population size and 
years of close mating. 

 
Figure 2. Total number of ROHs and proportion of the 
genome covered by ROHs. 2A. The average number of 
ROHs belonging to three size classes small (<100 Kbp) 
medium (0.1 to 3 Mbp) and large (>3 Mbp) for each of the 
four different breeds. 2B. The total size of the genome that 
is covered by the particular ROH size class for each 
individual, averaged per breed.  

 
Distribution of homozygous functional variants 

in ROH regions. In the cattle genome, the fraction of 
tolerated homozygous genotypes in ROH and the fraction 
of deleterious homozygous genotypes in ROH are 
positively correlated with total genomic ROH coverage 
(tolerated Pearson r = 0.96, deleterious Pearson r = 0.99). 
These correlations were consistent with the expectation of a 
larger fraction of homozygous genotypes in ROH regions as 
they comprise an increasing fraction of the genome 
(Szpiech et al. 2013). The fraction of all deleterious 
homozygotes in ROH regions consistently exceeds the 
fraction of all tolerated homozygotes in ROH regions. 
However, the slopes of increase are different between 
deleterious and tolerated variants (Figure 3A). Figure 3B 
shows that the fraction of tolerated homozygous genotypes 
in short ROH and the fraction of deleterious homozygous 
genotypes in short ROH are positively correlated with total 
coverage of the genome by short ROHs (tolerated Pearson r 
= 0.32, deleterious Pearson r = 0.44). In Figure 3C and 4D, 
the regressions for homozygotes in medium ROH (tolerated 
r = 0.88 and deleterious r = 0.80) and long ROH (tolerated r 
= 0.94 and deleterious r = 0.90) have smaller p-values than 
in the case of short ROH. We also assess the significance of 
differences between slopes and intercepts of the regressions 
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for short, medium and long ROHs in terms of increase of 
enrichment of homozygous deleterious variants and 
homozygous tolerated variants. The slopes of deleterious 
homozygotes and tolerated homozygotes are significantly 
different for long ROH and medium ROH (p<0.001) while 
the slopes and intercepts are not significantly different 
between short ROH and medium ROH. 

 
Figure 3. The fraction of all genome-wide non-reference 
homozygotes falling in ROH regions versus the fraction 
of the genome covered by ROH, for each individual 
cattle. 3A. Any ROH region. 3B. Short ROH regions. 3C. 
Medium ROH regions. 3D. Long ROH regions. Red points 
represent deleterious homozygotes, and blue points 
represent tolerated homozygotes.  

 
It is notable that the levels of inbreeding in cattle 

populations have been underestimated from pedigree or 
low-density SNP chip data. For example, using pedigree 
information the inbreeding coefficient is less than 5% in 
Danish cattle (Sørensen et al. 2005) in comparison with the 
observed 19.5% ROH coverage. This type of information 
can be used further to improve mating systems to minimize 
inbreeding in offspring. Moreover, we also observe that 
homozygotes of predicted deleterious variants are enriched 
in ROH regions compared to non-ROH regions. The 
increase of enrichment for deleterious variants and tolerated 
variants differs between ROH length classes. The increase 
of enrichment of predicted deleterious variants is greater in 
short and medium sized ROH than long ROH, which is 
interestingly different from the results in human genome 
(Szpiech et al. 2013). This result is consistent with the fact 
that strong artificial selection has long been implemented in 
cattle populations. Strong artificial selection spreads 
advantageous variants in short ROHs, forming a selective 
sweep resulting in medium sized ROHs and particularly 
short ROHs shared among individuals rather than long 
ROHs. In contrast, the variants are supposed to behave 
more neutral in long ROHs compared with short or medium 

ROHs. Thus, strong artificial selection has been strongly 
shaping abundances and distributions of functional variants 
in ROH regions in cattle genome.  

 
Conclusion 

The proportion of the genome covered by ROH 
and the patterns of ROH distributions on genome are 
different among the HOL, JER, New-RED and Old-RED 
cattle breeds. This is consistent with the population 
histories. Strong artificial selection has been strongly 
shaping abundances and distributions of functional variants 
in ROH regions in cattle genome. 
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