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The aim of this study was to analyze the extent of linkage disequilibrium (LD) and estimate the effective population size in
three divergent cattle breeds. In total 19 Pinzgau, 30 Brown Swiss, and 30 Nelore bulls were genotyped using Illumina BovineSNP50 v2 BeadChip. The level of LD was assessed only for syntenic adjacent autosomal loci. The extent of LD significantly varied across the analyzed groups and autosomes. The highest average value of r2, which was used as measure of LD
extent, was found in Brown Swiss (0.27). The r2 values were averaged into 50 kb distance bins to estimate their relationship to
SNP physical positions. With the increasing genetic distance a decay of LD was found by each of the analyzed breeds. Moreover, the decrease in relation to the distance was observed also in effective population size (Ne) estimation. Thus, the long
distances in genome produced a signal of the recent history of population. The observed values of recent Ne across evaluated
cattle breeds were above the minimum number required to maintain genetic diversity and indicated a sufficient animal basis
for the future management of breeding programs for each of the populations.
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INTRODUCTION

The current availability of high-density SNP arrays enables the application of genomic techniques
to livestock. The genome-wide association analysis
in connection to the genomic selection is one of the
most important genomic techniques which depend on
the extent of linkage disequilibrium (LD) and its rate
of decline with genetic distance between loci within
a population (S h i n et al., 2013). The genome-wide
association studies are prepared in order to identify
genomic regions that affect the variation of phenotypic traits, with the ultimate goal of detecting the
causal mutations (M i l l e r et al., 2011). Moreover,
the estimation of LD can be applied to the detection
of chromosomal regions influenced by selection, and
managing genetic resources and diversity. The patterns
of LD, reflecting the non-random association of alleles
at two or more loci, can provide the insight into the

evolutionary history of a population and can be used
to estimate several population parameters including
the ancestral effective population size (G a r c í a G á m e z et al., 2012). Generally, several measures
(D´ and r 2 ) have been utilized for determination of
LD between marker pairs of loci.
The effective population size (N e) reflects the loss
of genetic variations, accumulation of mutations, effectiveness of selection, and the rate of inbreeding.
If the pedigree data are not available, the LD analysis
can provide an alternative view to the estimation of
Ne. Similarly to most of the other methods of effective
population size estimation, the approach based on LD
assumes a closed population and randomly recombining loci (F l u r y et al., 2010). The estimation of N e
can help in predicting genetic variation loss and rate
of increase in inbreeding and also provides useful
information about evolutionary history of populations.
The trend of N e in livestock populations may give
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relevant information for genetic diversity monitoring and helps explain the observed extent of genetic
variation in a population from a retrospective point
of view (W a n g , 2005).
In this study genomic data was used in order to
describe the extent of LD within three genetically
distant cattle breeds and estimate the effective population size over autosomal genome as one of the most
significant indicators of genetic diversity loss as well
as the rate of inbreeding increase and genetic drift.
Alongside pedigree data, the effective population size
estimation based on whole genome scan can provide a
more precise view to the state of genetic diversity in
populations, mainly to the management of selection
scheme and breeding program.
MATERIAL AND METHODS

For assessing the level of LD and subsequently
effective population size, three different cattle populations were used. The sources of genomic DNA (semen
samples) were obtained from in total 19 Pinzgau,
30 Brown Swiss, and 30 Nelore bulls. All analyzed
animals were genotyped in commercial lab using
bovine genotyping arrays that included ~50 K SNPs
(Illumina, Inc., San Diego, USA). The total number
of SNPs on the Illumina BovineSNP50 BeadChip was
different within each of analyzed groups. The SNP
arrays consisted of 54 609 (Pinzgau), 54 001 (Brown
Swiss), and 48 734 SNPs (Nelore). The quality control of genotyping data was performed according to
P u r c e l l et al. (2007) for each dataset of analyzed
groups separately. In the first step all SNPs with unknown genomic position and SNPs localized on sex
chromosomes were excluded. Secondly, based on
quality control criteria for remaining SNPs in datasets,

any SNPs with call rate under 0.95, with more than
10% missing genotypes, monomorphic SNPs, and
SNPs with minor allele frequency (MAF) under 0.05,
and deviation from Hardy-Weinberg equilibrium with
limit of 0.001 were filtered out.
In this study, only r 2 that was considered as better
interpretable measure for LD was calculated (Q a n b a r i
et al., 2010). Only adjacent syntenic loci marker pairs
were used to assess the extent of LD. Pairwise r 2
values of SNPs that passed quality control criteria
were estimated in the analyzed group of animals independently of each other using SNP & Variation
Suite (Version 7.6.8 Win 64; Golden Helix, Bozeman,
USA – www.goldenhelix.com). The physical position
of SNPs localized on used bovine genotyping arrays
can be found in the official Illumina web site (www.
illumina.com). SNP pairs were evaluated for distance
bins by 50 kb intervals up to 2000 kb and mean r 2 was
computed for each interval to determine and illustrate
the LD decay in relation to physical distance between
markers (Fig. 1). The relationship between LD (r2) and
effective population size (Ne) was estimated according
to the approach described by S v e d (1971) under the
assumption of mutations absence:
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where:
c = genetic distance between two loci (in Morgans)
The genetic distance was derived from the inter-marker distance between two considered SNPs
(1 Mb ~ 1 cM). According to U i m a r i , T a p i o
(2011) only adjacent syntenic SNPs with values of
0.01 < r 2 < 0.99 were used in the calculation of N e.
Finally, historical effective population size N e t at
generation t (t = ½ c) was plotted.

Fig. 1. Comparison of the marker
pair proportions within different r2 levels among the analyzed
groups within 50 kb distance bins
and past effective population size
over time based on linkage disequilibrium data
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RESULTS

The total number of SNPs that passed the above
filtering criteria and has been included into the final
LD analysis depends on the used SNP genotyping array
and group of animals. After quality control processes of
remaining SNPs in datasets for the following analyses
of LD 76.08%, 65.13%, and 41.97% SNPs were selected in Pinzgau, Brown Swiss, and Nellore datasets,
respectively. The observed SNP distances between
usable marker pairs varied from 60.19 (Pinzgau) to
123.74 kb (Nelore).
The MAF across groups was in the range from
0.23 (Nelore) to 0.27 (Pinzgau). The MAFs showed
almost the same distribution within different frequency classes in Pinzgau and Brown Swiss bulls
(Fig. 2), which probably reflected the different SNPs

composition of used Bovine50K BeadChips and also
its application on Nelore cattle.
The extent of LD was significantly different
among cattle breeds and varied also within each autosome. All possible adjacent SNP pairs produced
41 512 (Pinzgau), 35 134 (Brown Swiss), and 20 414
(Nelore) pair-wise LD values across all autosomes. The
average r 2 values between adjacent syntenic markers
were 0.20 for Pinzgau (0.17 BTA29 – 0.23 BTA6),
0.27 for Brown Swiss (0.20 BTA23 – 0.34 BTA6), and
0.19 for Nelore cattle (0.15 BTA27 – 0.27 BTA14). The
higher proportion of loci in complete LD was found
in Pinzgau cattle (0.26%) compared to the Brown
Swiss (0.15%) or Nelore (0.17%). Within each evaluated group the highest proportion of SNPs pairs with
r 2 < 0.3 was found. The comparable percentages of
marker pairs with r 2 ≥ 0.3 were observed in Pinzgau

Fig. 2. Minor allele frequency
distribution for total SNPs
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(22.45%) and Nelore cattle (21.51%), while in the
Brown Swiss bulls up to 31.49% of the SNP pairs
showed the r 2 higher than 0.3. Fig. 1 illustrates the
average r 2 values for SNP pairs separated by 50 kb intervals and by the level of observed r2 (0–0.1, 0.1–0.25,
0.25–0.4, 0.4–0.6, 0.6–1.0).
Estimation of the effective population sizes using
the formula of S v e d (1971), assuming no mutations or selection, can lead to difficulties in handling
values that are in the limits of the parameter space,
because if r 2 = 0, the estimate of N e is infinite, and
if r 2 = 1, it is also zero (U i m a r i , T a p i o , 2011).
For this reason only r 2 values between 0.01 and
0.99 were used in the evaluation of effective population size in our study. The N e estimation of analyzed
cattle breeds during the past is illustrated in Fig. 3. In
all populations, in relation to the increase of genetic
distances, the decline of r 2 values and also of N e was
found. The average r 2 values in distance bins (50 kb)
up to 2000 kb decreased from 0.22 to 0.01 in Pinzgau,
from 0.27 to 0.05 in Brown Swiss, and from 0.24 to
0.03 in Nelore cattle. Based on the genomic data, the
recent effective population size of Pinzgau bulls was
around 172 animals, of Brown Swiss approximately
232 animals, and of Nelore around 240 animals. In
the evaluation of past effective population size (500
generations ago) a lower value was found for Brown
Swiss (1290) compared to the Pinzgau cattle (1992)
and Nelore (1539).
DISCUSSION

The observed SNP distances between usable marker
pairs for LD analysis were slightly higher in comparison
with other studies estimating the LD level in different
cattle breeds (F l u r y et al., 2010; Z h u et al., 2013).
The usable part of SNPs within each group was not
equally distributed on autosomes. The higher proportion
of polymorphic SNPs across all autosomes was found
for taurine cattle breeds, which was due especially

to the application of genotyping array produced for
taurine bovids on evolutionary closer indicine cattle
breed (Nelore).
In our study only SNPs with MAF > 0.05 were
included. For the estimation of LD the high-frequency
SNPs are preferable, because the LD between markers
with low MAF is biased upwards (Q a n b a r i et al.,
2010). Moreover, the Illumina bovine genotyping array
was optimized with respect to uniform SNP spacing
and distribution of minor allele frequency primarily
to taurine cattle breeds. One possibility how to eliminate or reduce the impact of ascertainment bias is the
use of HD genotyping array. O ’ B r i e n et al. (2014)
observed only negligible impact of MAF changes on
the LD estimation in taurine and indicine cattle.
The highest r 2 values were found for BTA6 (taurine cattle) and BTA14 (indicine cattle). A r i a s et al.
(2009) showed the decrease of recombination distance
across bovine genome with the length of chromosome
which means that the rate of recombination increases
with chromosome length. This simply indicated that
LD will extend for shorter distances on longer chromosomes and therefore that longer chromosomes will
have lower LD than shorter chromosomes (L e e et
al., 2011). The observed r 2 levels across autosomes
for the analyzed groups were comparable with results
published for other dairy cattle breeds (Q a n b a r i
et al., 2010; O ’ B r i e n et al., 2014). The decay of
LD in relation to the increasing of genetic distance
was observed within all r 2 levels and evaluated cattle
groups similarly as in the recently published studies
(F l u r y et al., 2010; Q a n b a r i et al., 2010; Z h u et
al., 2013). The most rapid decrease was found mainly
in the first five distance bins up to 0.25 Mb. Generally,
the LD across the long distances in the genome is
considered as a signal of the recent population history
and the LD observed for the short distances reflect
the historical effective population size (H a y e s et al.,
2003). Therefore the strength of LD level at different
genetic distances between loci may be used to assess
the current and past effective population size (H i l l ,

Fig. 3. Estimated historical effective population size over time
from linkage disequilibrium data
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1981). Generally, the observed N e values indicated
that the level of usable animals in populations can be
considered as sufficient and the populations as endangered. One of the reasons for the observed decrease of
effective population size in recent generations across
the analyzed populations can be the application of
intensive selection in each cattle breeding program.
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