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Linkage disequilibrium (LD) is bases of genomic selection, genomic marker imputation, marker assisted
selection (MAS), quantitative trait loci (QTL) mapping, parentage testing and whole genome association
studies. The Particular alleles at closed loci have a tendency to be co-inherited. In linked loci this pattern
leads to association between alleles in population which is known as LD. Two metric parameter Dˊ and r2
were suggested for measuring the extent of LD in population. D' are more influenced by variation in allele
frequencies than r2. Until recently all research on LD was carried out by microsatellite, which reported high
level of Dˊ in wide extent. As progressing on large scale genomes sequencing a huge number of single nucleotide polymorphism (SNPs) were detected on genome and microsatellite replaced by SNP in such researches. By using SNP, high level of LD in short distance has been reported. Many factors can affect LD
such as selection, migration, genetic drift, mutation, small finite population size and recombination. So, LD
is basic tools for exploring the genetic basis of quantitative traits in livestock. Likewise, comparative LD
maps make a capable us to examine the degree of diversity between breeds and to discover genomic re-

gions that have been subject to selection. Therefore, this review states concept and current approach to
estimating LD and extent of LD in livestock population.
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INTRODUCTION
Most of quantitative traits in livestock are complex and
regulated by combination of gene and environmental factors, which lead to great difficulty to locate the genes controlling the traits. Until recently in conventional breeding
program, researchers used phenotypic records of animals
and their relationship to estimate breeding value using statistical evaluation. But for some traits, breeder cannot improve them efficiently using above approach due to low
heritability, difficulty or cost in collecting phenotypic data
(Dekkers, 2004). Two strategies were used to look for regions which affect traits in genome: top-down (association
mapping) or bottom-up (Ross-Ibarra et al. 2007). In former,
researchers start with interested phenotype and study down
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to the underlying genetic basis. The association between
marker and phenotype would suggest with variation in locus is the causative mutation underlying the QTL, or the
variation is in LD with the QTL. Although it’s useful to
dissect phenotypic variation in farm animal but it has some
drawback. For example positional cloning is expensive and
in a few times leads to success in livestock system (Grisart
et al. 2002; Van Laere et al. 2003; Cohen et al. 2005). In
bottom-up approaches, population genomic data generated
and target of past selection identified by statistical evaluation. The main principles in bottom-up approaches to QTL
mapping are detect neutral loci across the genome which
it’s affected by genetic drift, demography, and evolutionary
history of populations. Loci under selection will often behave differently therefore important gene base on pattern of
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genetic variation can be identified, even though in the absent of information which trait they regulate. It also can
identify gene under strong selection pressure and finally
fixed within breeds, and gene in adaptation to extreme environment, disease resistance (Akey et al. 2002; Hayes et. al.
2009). Moreover, most of traits which are important in
animal breeding due to the lack of well define phenotype
are not investigable with association study approach or
classic QTL mapping (Dekkers, 2004), so gene mapping
strategies should be define by studying of genetic structure
of population. The important factor which influences the
result of statistical gene mapping strategies in animal species is LD. Determining of LD extent is the first step to
estimate how many markers are required to do whole genome association studies and also different evolutionary
forces that may have generated LD in specific regions of
genome are investigated by pattern of LD (Ardlie et al.
2002). So in this review we focused on concept, current
approach to estimating and extent of LD in livestock population.
Linkage disequilibrium
The association between alleles at closed loci which have a
tendency to be co-inherited in population is known as linkage disequilibrium which is bases of genomic selection,
genomic marker imputation, MAS, QTL mapping, parentage testing and whole genome association studies (Karimi
et al. 2014; Taylor, 2014).
Linkage disequilibrium is a non-random correlation
among near alleles indicating haplotype descended from
single ancestral chromosomes (Reich et al. 2001). Haplotype is combination of different markers in small distance
of chromosome that are co-inherited together (Valle et al.
2003).
The pairwise LD is estimated by some measurement as
D, Dˊ and r2. For better understanding, suppose we have
two bi-allelic loci A and B which having alleles A1, A2,
B1, B2, respectively. Subsequently in two loci four haplotype can be arranged, A1B1, A2B1, A1B2, A2B2. If a frequency of each allele was 0.5 and alleles in each locus deviated independently, the expected frequencies for each
haplotype will be 0.25. The deviation from expectation,
defines as linkage disequilibrium and is measured as following formula (Lewontin and Kojima 1960):
D= freq (A1B1×A2B2) - freq (A1B2×A2B2)

(1)

As such see in formula, the D dependent to allele frequency, on the other word LD decay with time (t) and recombination as below:
Dt= (1-r)t D0

2

(2)

Where:
D0 and Dt: extent of LD at starting point and t generation
later, respectively.
r: recombination rate.
However LD was eroded by recombination over time,
which occurs more frequently between markers far apart
each other than between closely linked marker. Therefore D
would be depended to distance between two markers and
comparing of LD level has not been recommended (Ardlie
et al. 2002). In this way, Dˊ value were defined as dividing
D by its maximum possible value at given allele frequency
of two loci (Lewontin, 1964).

(3)

Where:
DAB: parameter for A and B loci, (Lewontin and Kojima,
1960).
PA1, PA2, PB1 and PB2: allele frequencies for A1 and A2 in A
locus and B1 and B2 in B locus, respectively.
DMax: Maximum level of LD in given allele frequency.
The Lewontin’s Dˊ change between 0 to 1, when Dˊ
equal to 0 its signs no LD, but when Dˊ equal to 1 it means
two markers are in complete LD and when Dˊ is between 0
to 1 it indicates recombination occur between two markers.
Indeed, Dˊ is indicating recombination history. In addition,
the Dˊ still is influenced by allele frequency and shows
more inflation in small sample size (McRae et al. 2002).
Another parameter for measuring is the square of the correlation coefficient (r2) between marker alleles (Hill and
Robertson, 1966).
r2= D2 / A1B1A2B2 (4)
The r2 are benefit to assess pairwise LD, but they cannot
be attended for more than two loci. The amount of LD between marker and a trait locus, which is measuring by r2, is
deviously equivalent to the power of finding an association
(Kruglyak, 1997; Pritchard and Przeworski, 2001; Teare et
al. 2002). Also, the decline of r2 with distance determines
how many markers are required to QTL mapping (Hayes et
al. 2009).
Mechanisms of generation and erosion of linkage disequilibrium
In population, extent and distribution of LD are influenced
by many factors, such as, selection, migration, genetic drift,
mutation, small finite population size and recombination
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(Ardlie et al. 2002; Lander and Schork 1994; Karimi et al.
2014). Linkage disequilibrium can be generated by population admixture (migration). In a mixed population haplotype frequency is different. Linkage disequilibrium extent
in such population depends to time since migration occur
and different in allele frequency in two population
(Greenwood et al. 2004). In small population genetic drift
will result to LD by loss of some haplotype (Terwilliger et
al. 1998) due to the random sampling of gametes to produce infinite number of offspring; hence it caused change in
haplotype frequency (Ardlie et al. 2002). It seems that finite
population size is important cause in genome wide LD in
livestock population (Hayes et al. 2003; Kiselyova et al.
2014). Selection result to LD through increasing in frequency of a marker in neighboring to gene underling positive selection (Ardlie et al. 2002). The amount of LD generate by selection depends on generation interval in species
and selection intensity. Indeed it is localized around gene
under selection (Farnir et al. 2000).
Recombination and mutation is two important factors
which caused erosion of linkage disequilibrium. The extent
of LD changes in negative relation to the local recombination rate (Greenwood et al. 2004). In hotspot recombinant
the strong of LD will be decreased (Jeffreys et al. 2001).
Weaker LD was observed between SNPs closely located in
the CpG islands with high mutation rate. For economic
traits affected by large number of allele the amount of LD
erode by mutation is small (Ardlie et al. 2002). However
LD to be found variable both within and among populations
is not only affected by above factor, but also some other
factors such as age of SNP creating mutation, population
history, gene conversion, admixture and hitchhiking, hence
it is variable even between two closed loci (Gabriel et al.
2002; Pritchard and Przeworski, 2001; Ardlie et al. 2002).
Linkage disequilibrium studies in livestock
Dairy cattle
The extent of LD in genome is bases of genomic selection,
in addition to its usefulness in determining variability between breed, detection regions under positive selection
(Gouveia et al. 2014) and pattern of crossing over
(Meuwissen et al. 2001; Bohmanova et al. 2010). The first
LD study in cattle was generated on Dutch black-and-white
dairy cattle by Farnir et al. (2000) using 284 microsatellite
markers. They found high level of LD (Lewontin’s D′) that
extended over several tens of centimorgan. Similar results
were observed in subsequent studies (Vallejo et al. 2003;
Tenesa et al. 2007; Khatkar et al. 2006a). They all studied
LD by microsatellite and reported high Dˊ with extensive
LD in genome. Until 2006, most studies on LD were based
on microsatellite markers or small number of SNPs cover
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ing one or only a few chromosomes. Initial study on LD
with SNP carried out by Khatkar et al. (2006b). They genotyped 220 SNP on 433 Australian dairy bulls and found
same level of LD (r2) with restricted extent. McKay et al.
(2007) constructed whole genome LD maps for eight cattle
breeds using 2670 SNPs. They reported that extent of LD
(r2) was no more than 0.5 Mb in all breeds and suggested
that 50000 SNP are required for whole genome association
studies in cattle. After that similar results on the extent of
genome-wide LD using high density SNPs were reported
on other studies (Khatkar et al. 2008; Bohmanova et al.
2010; Sargolzaei et al. 2008; Laodim et al. 2015).
Beef cattle
In beef cattle, initiate study were carried out by Lu et al.
(2012) in Angus, Charolais and C beef cattle. They reported
that the amount of LD decreased rapidly from 0.29 to 0.23
to 0.19 in Angus, 0.22 to 0.16 to 0.12 in Charolais, 0.21 to
0.15 to 0.11 in C breed, when the distance range between
markers changed from 0-30 kb to 30-70 kb and then to 70100 kb, respectively. In their study, the amount of LD decayed rapidly as SNP pair distance increased within 200 kb,
but the LD over longer distances remained consistently low.
Similar results were found in studies of other beef cattle
(Espigolan et al. 2013; Mokry et al. 2014; Porto-Neto et al.
2014; Zhu et al. 2013). This is unlike to dairy cattle which
LD decays to basic level as distance increased to 500 kb
(Khatkar et al. 2008; Bohmanova et al. 2010; Sargolzaei et
al. 2008; Karimi et al. 2014).
Sheep
First time, study on LD in sheep through microsatellite was
reported by McRae et al. (2002). They found High levels of
LD to extend for tens of cMs and declined as a function of
marker distance. Similar result was found by Meadows et
al. (2008) in five Australian sheep breeds. García-Gámez et
al. (2012), reported average r2= 0.329 for SNP up to 10 kb
apart by 50 k Ovine BeadChip and estimated effective
population size was 128 animals. In study of Mastrangelo et
al. (2014), average r2 between adjacent SNPs across all
chromosomes was 0.155 ± 0.204 for Valle del Belice, 0.156
± 0.208 for Comisana, and 0.128 ± 0.188 for Pinzirita
breeds.
They reported the LD declined as a function of distance
and average r2 was lower than the values observed in other
sheep breeds. Similar results were obtained in study of
Zhao et al. (2014). In general it seems, sheep appear to contain generally lower levels of LD than do other domestic
species, and the extent of LD in sheep perseveres more limited distances than reported in dairy cattle, likely a reflection of aspects of their past population history.
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Therefore, to having a same power for detecting association, more markers will be required in this species
(Meadows et al. 2008; Kijas et al. 2014).
Horse
In horse, Tozaki et al. (2005) estimated that useful LD in
the Thoroughbred extends up to 7 cM, but this study covered only one small region of the genome. Similar results
were obtained by Wade et al. (2009) on small regions of
genome. Corbin et al. (2010) evaluate the extent and decay
of LD in 817 Thoroughbreds by Equine SNP50 BeadChip.
They found high LD (r2=0.6) in 5 kb and up to 20 kb apart
mean r2 remained above non-syntenic levels. In their population Ne was estimated to be 100 animal. Their results
were similar to Lee et al. (2014).
Chicken
For chicken, first LD analysis carried out with microsatellite markers in layer hens (Heifetz et al. 2005). They reported the LD among markers apart up to 5 cM was
strongly conserved across generations but decreasing rapidly with increased in markers distance. Similar results
were reported in other researchs (Aerts et al. 2007;
Andreescu et al. 2007; Rao et al. 2008). At first, Fu et al.
(2015) characterized LD and haplotype structure using a 60
k SNP panel in crossbred broiler chickens and their component pure lines. They reported average level of r2 between
adjacent SNPs across the chicken autosomes ranged from
0.34 to 0.40 in the pure lines but was only 0.24 in the
crossbred populations. Compared with the pure lines, the
crossbred populations showed smaller haplo-block sizes
and lower haplotype homozygosity on macro-, intermediate
and micro-chromosomes.
Furthermore, correlations of LD between markers at
short distances (0 to 10 kb) were high between crossbred
and pure lines (0.83 to 0.94). In another study Khanyile et
al. (2015) estimated LD in chickens from South African
villages and conservation flocks, Malawi and Zimbabwe
which were genotyped using the Illumina iSelect chicken
SNP60K BeadChip. Higher LD, ranging from 0.29 to 0.36,
was observed between SNP markers that were less than 10
kb apart in the conservation flocks. LD in the conservation
flocks steadily decreased to 0.15 (PK) and 0.24 (VD) at
SNP marker interval of 500 kb. Pengelly et al. (2016) investigated LD in chickens (Gallus gallus) at the highest
resolution to date for broiler, white egg and brown egg
layer commercial lines.
They reported regions of LD breakdown, which may
align with recombination hot spots, are enriched near CpG
islands and transcription start sites, but concordance in hot
spot locations between commercial breeds is only marginally greater than random.
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Pig
The first study of LD in pig reported r2= 0.11 for markers 3
cM apart by Du et al. (2007). In research on Porcine SNP60
BeadChip in two pig populations, the average r2 was 0.48
for SNP 30 kb apart and r2 > 0.2 extended to 1.0 and 1.5
Mb (Uimari and Tapio, 2011). Amaral et al. (2008) estimated the extent of LD, haplo-block partitioning and haplotype diversity within haplo-blocks across several pig breeds
from China and Europe and in European wild boar. They
reported the extent of LD differed significantly between
breeds, extending up to 2 cM in Europe and up to 0.05 cM
in China and the European ancestral stock had a higher
level of LD. The modern breeding programs increased the
extent of LD in Europe and caused differences of LD between genomic regions. Badke et al. (2012) confirmed
which LD in pigs is higher than in American Holstein cattle, especially at increasing marker distances (>1 Mb). They
found High average LD (r2>0.4) between adjacent SNP
which is important precursor for the implementation of
MAS within a livestock species. These are similar to Du et
al. (2007) results.
Useful marker in linkage disequilibrium study
Two common markers for identifying LD are SNPs and
microsatellite. In Previous researches microsatellite markers have used to identify LD which it spaced evenly across
the genome at 10 cM apart. Microsatellite is highly polymorphic marker. Therefore, it is more useful for haplotype
detection both rare as well as common haplotype
(Kiselyova et al. 2014) and provided more power to detect
LD than did SNPs, even when information from three to
five SNPs was combined (Gonzalez-Neira et al. 2007;
Schaid et al. 2004). However, development of new highthroughput technologies in SNP genotyping makes it possible to study genome polymorphisms quickly and economically. SNPs are neutral bi-allelic marker with most abundant frequency in genome which has low heterozygosity
and mutation rate (Vignal et al. 2009). Although these biallelic markers have lower heterozygosity, they are at a
higher density in the genome and they are associated with
lower genotyping error rates (Kennedy et al. 2003;
Abecasis et al. 2001). Simulation studies have indicated
that SNPs can offer equal or superior power to detect linkage compared with low-density microsatellite maps
(Kruglyak, 1997).

CONCLUSION
Linkage Disequilibrium is the basis of whole genome association studies, genomic selection. Generally, it is measured
by two parameter Dˊ and r2 by using microsatellite and
SNP. Indeed D' reveals historical recombination and are
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more influenced by variation in allele frequencies than r2.
The r2 is used for predicting the power of association mapping and the sample size required for association mapping
is inversely proportional to r2 to obtain the same power in
detecting of QTN. In addition, the pattern of decline in r2
has been used to determine the average useful LD for single
point association mapping in this population. Previous researches on LD in livestock were carried out using microsatellites and reported high level of Dˊ in long distance. Until
recently, microsatellites have been the primary type of
markers used for linkage analyses. They are abundant,
equally dispersed throughout the genome, highly polymorphic and more informative which. So, it use over the years.
Since 2005 as progressing on large scale genome sequencing, SNP was dramatically used in such research and high
level of Dˊ in short distance were reported. Although these
biallelic markers have lower heterozygosity, but they are at
a higher density in the genome and are associated with
lower genotyping error rates. By using SNP the extent and
the pattern of LD were reported on short distance in many
livestock species. It has been found that LD to be highly
variable between specious and even within and among
populations in species. This result suggested not only LD is
affected by mutation, recombination, selection, effective
population, but also some other factors such as age of SNP
creating mutation, population history, gene conversion,
admixture and hitchhiking, LD measurement parameters
and marker properties, can influence LD. Therefore the LD
is a specific character for each population and determination of the pattern and extent of LD is necessary for each
population separately in association study.

ACKNOWLEDGEMENT
I thank people who helped in doing this research, a particular thank is for Prof. Luca Fontanesi (Italy) for who advices
my research.

REFERENCES
Abecasis G.R., Cherny S.S. and Cardon L.R. (2001). The impact
of genotyping error on family-based analysis of quantitative
traits. European J. Hum. Genet. 9, 130-134.
Aerts J., Megens H.J. and Veenendaal T. (2007). Extent of linkage
disequilibrium in chicken. Cytogen. Genome. Res. 117, 338345.
Akey J.M., Zhang G., Zhang K., Jin L. and Shriver M.D. (2002).
Interrogating a highdensity SNP map for signatures of natural
selection. Genome. Res. 12, 1805-1814.
Amaral A., Megens H.J., Crooijmans R., Heuven H. and Groenen
M. (2008). Linkage disequilibrium decay and haplotype block
structure in the pig. Genetics. 179, 569-579.

5

Andreescu C., Avendano S., Brown S.R., Hassen A., Lamont S.J.
and Dekkers J.C.M. (2007). Linkage disequilibrium in related
breeding lines of chickens. Genetics. 177, 2161-2169.
Ardlie K.G., Kruglyak L. and Seielstad M. (2002). Patterns of
linkage disequilibrium in the human genome. Nat. Rev. Genet.
3, 299-309.
Badke Y.M., Bates R., Ernst C.W., Schwab C. and Steibel J.P.
(2012). Estimation of linkage disequilibrium in four US pig
breeds. BMC Genom. 13, 24.
Bohmanova J., Sargolzaei M. and Schenkel F.S. (2010). Characteristics of linkage disequilibrium in North American Holsteins. BMC Genom. 11, 421.
Cohen M., Seroussi E., Larkin D.M., Loor J.J., Everts-van der
Wind A., Heon-Lee J., Drackley J.K., Band M.R., Hernandez
A.G., Shani M., Lewin H.A., Weller J.I. and Ron M. (2005).
Identification of a missense mutation in the bovine ABCG2
gene with a major effect on the QTL on chromosome 6 affecting milk yield and composition in Holstein cattle. Genome.
Res. 15, 936-944.
Corbin L.J., Blott S.C., Swinburne J.E., Vaudin M., Bishop S.C.
and Woolliams J.A. (2010). Linkage disequilibrium and historical effective population size in the Thoroughbred horse.
Anim. Genet. 41(2), 8-15.
Dekkers J.C. (2004). Commercial application of marker- and
gene-assisted selection in livestock: strategies and lessons. J.
Anim. Sci. 82, 313-328.
Du F.X., Clutter A.C. and Lohuis M.M. (2007). Characterizing
linkage disequilibrium in pig populations. Int. J. Biol. Sci. 3,
166-178.
Espigolan R., Baldi F., Boligon A.A., Souza F.R., Gordo D.G.,
Tonussi R.L., Cardoso D.F., Oliveira H.N., Tonhati
H., Sargolzaei M., Schenkel F.S., Carvalheiro R., Ferro J.A.
and Albuquerque L.G. (2013). Study of whole genome linkage
disequilibrium in Nellore cattle. BMC Genom. 14, 305.
Farnir F., Coppieters W., Arranz J.J., Berzi P., Cambisano N.,
Grisart B., Karim L., Marcq F., Moreau L., Mni M., Nezer C.,
Simon P., Vanman-shoven P., Wagenaar D. and Georges M.
(2000). Extensive genome-wide linkage disequilibrium in cattle. Genome. Res. 10(2), 220-227.
Fu W., Dekkers J., Lee W.R. and Abasht B. (2015). Linkage disequilibrium in crossbred and pure line chickens. Genet. Select.
Evol. 47, 11.
Gabrie S.B., Schaffner S.F., Nguyen H., Moore J.M., Roy J.,
Blumenstiel B., Higgins J., DeFelice M., Lochner A. and Faggart M. (2002). The structure of haplotype blocks in the human genome. Science. 296, 2225-2229.
García-Gámez E., Sahana G., Gutiérrez-Gil B. and Arranz J.
(2012). Linkage disequilibrium and inbreeding estimation in
Spanish Churra sheep. BMC Genet. 13, 43.
Gonzalez-Neira J.M., Rosa-Rosa A. and Osorio A. (2007). Genome wide high-density SNP linkage analysis of nonBRCA1/2 breast cancer families identifies various candidate
regions and has greater power than microsatellite studies.
BMC Genom. 8, 299-2007.
Gouveia J.J.S., Da Silva M.G.B.V., Paiva S.R. and de Oliveira
S.M.P. (2014). Identification of selection signatures in livesto-

Iranian Journal of Applied Animal Science (2017) 7(1), 1-7

Linkage Disequilibrium in Livestock

ck species. Genet. Mol. Biol. 37(2), 330-342.
Greenwood T.A., Rana B.K. and Schork N.J. (2004). Human haplotype block sizes are negatively correlated with recombination rates. Genome. Res. 14, 1358-1361.
Grisart B., Farnir F., Karim L., Cambisano N., Kim J.J., Kvasz A.,
Mni M., Simon P., Frere J.M., Coppieters W. and Georges M.
(2001). Positional candidate cloning of a QTL in dairy cattle:
identification of a missense mutation in the bovine DGAT1
gene with major effect on milk yield and composition. Genome. Res. 12, 222-231.
Hayes B.J., Chamberlain A.J., Maceachern S., Savin K., McPartlan H., MacLeod I., Sethuraman L. and Goddard M.E. (2009).
A genome map of divergent artificial selection between Bos
taurus dairy cattle and Bos taurus beef cattle. J. Anim. Gene.
40, 176-184.
Hayes B.J., Visscher P.M., Mcpartlan H.C. and Goddard M.E.
(2003). Novel multilocus measure of linkage disequilibrium to
estimate past effective population size. Genome. Res. 13, 635643.
Heifetz E.M., Fulton J.E. and Sullivan N.O. (2005). Extent and
consistency across generations of linkage disequilibrium in
commercial layer chicken breeding populations. Genetics.
171, 1173-1181.
Hill W.G. and Robertson A. (1966). The effect of linkage on limits to artificial selection. Genet. Res. 8, 269-294.
Jeffreys A.J., Kauppi L. and Neumann R. (2001). Intensely punctate meiotic recombination in the class II region of the major
histocompatibility complex. Nat. Genet. 29, 217-222.
Karimi K., Esmailizadeh Koshkoiyeh A. and Gondro C. (2014).
Comparison of linkage disequilibrium levels in Iranian indigenous cattle using whole genome SNPs data. J. Anim. Sci.
Technol. 57, 47-53.
Kennedy G.C., Matsuzaki H., Dong S., Liu W.M., Huang J., Liu
G., Su X., Cao M., Chen W., Zhang J., Liu W., Yang G., Di
X., Ryder T., He Z., Surti U., Phillips M.S., Boyce-Jacino
M.T., Fodor S.P. and Jones K.W. (2003). Large-scale genotyping of complex DNA. Natur. Biotechnol. 21, 1233-1237.
Khanyile K.S., Dzomba E.F. and Muchadeyi F.C. (2015). Population genetic structure, linkage disequilibrium and effective
population size of conserved and extensively raised village
chicken populations of Southern Africa. Front. Genet. 6, 13.
Khatkar M.S., Collins A., Cavanagh J.A.L., Hawken R.J. and
Hobbs M. (2006a). A first-generation metric linkage disequilibrium map of bovine chromosome 6. Genetics. 174, 79-85.
Khatkar M.S., Nicholas F.W., Collins A.R., Zenger K.R. and
Cavanagh J.A. (2008). Extent of genome-wide linkage disequilibrium in Australian Holstein-Friesian cattle based on a
high-density SNP panel. BMC Genom. 9, 187.
Khatkar M.S., Thomson P.C., Tammen I., Cavanagh J.A.L. and
Nicholas F.W. (2006b). Linkage disequilibrium on chromosome 6 in Australian Holstein-Friesian cattle. Genet. Select.
Evol. 38, 463-477.
Kijas J.W., Porto-Neto L., Dominik S. and Reverter A. (2014).
Linkage disequilibrium over short physical distances measured
in sheep using a high-density SNP chip. Stich. Int. Found.
Anim. Genet. 45, 754-757.
Kiselyova T.Y., Kantanen J., Vorobyov N.I., Podoba B.E. and

6

Terletsky V.P. (2014). Linkage disequilibrium analysis for
microsatellite loci in six cattle breeds. Russ J. Genet. 50(4),
406-414.
Kruglyak L. (1997). The use of a genetic map of biallelic markers
in linkage studies. Nat. Genet. 17, 21-24.
Lander E.S. and Schork N.J. (1994). Genetic dissection of complex traits. Science. 266, 353-353.
Lee Y.S., Lee J.W. and Kim H. (2014). Estimating effective population size of thoroughbred horses using linkage disequilibrium and theta (4 Nμ) value. Livest. Sci. 168, 32-37.
Lewontin R.C. and Kojima K. (1960). The evolutionary dynamics
of complex polymorphisms. Evolution. 14, 458-472.
Lewontin R.C. (1964). The interaction of selection and linkage. I.
General considerations; heterotic models. Genetics. 49, 49-67.
Lu D., Sargolzaei M., Kelly M., Li C., Vander Voort G., Wang Z.,
Plastow G., Moore S. and Miller S.P. (2012). Linkage disequilibrium in Angus, Charolais and Crossbred beef cattle. Front.
Genet. 3, 152.
Mastrangelo S., Gerlando R.D., Tolone M., Tortorici L. and Sardina M.T. (2014). Genome wide linkage disequilibrium and
genetic structure in Sicilian dairy sheep breeds. BMC Genet.
15, 108.
McKay S.D., Schnabel R.D., Murdoch B.M., Matukumalli L.K.,
Aerts J. and Coppieters W. (2007). Whole genome linkage disequilibrium maps in cattle. BMC Genet. 8, 74-85.
McRae A.F., McEwan J.C., Dodds K.G., Wilson T., Crawford
A.M. and Slate J. (2002). Linkage disequilibrium in domestic
sheep. Genetics. 160(3), 1113-1122.
Meadows J.R., Chan E.K. and Kijas J.W. (2008). Linkage disequilibrium compared between five populations of domestic sheep.
BMC Genet. 9, 61.
Meuwissen T.H.E., Hayes B.J. and Goddard, M.E. (2001). Prediction of total genetic value using genome-wide dense marker
maps. Genetics. 157, 1819-1829.
Mokry F., Buzanskas M., de Alvarenga Mudadu M., do Amaral
Grossi D., Higa R. and Ventura R. (2014). Linkage disequilibrium and haplotype block structure in a composite beef cattle
breed. BMC Genom. 15(7), 6.
Pengelly R.R., Gheyas A.A., Kuo R., Mossotto1 E., Seaby E.G.,
Burt D.W., Ennis S. and Collins A. (2016). Commercial
chicken breeds exhibit highly divergent patterns of linkage
disequilibrium. Heredity. 117, 375-382.
Porto-Neto L.R., Kijas J.W. and Reverter A. (2014). The extent of
linkage disequilibrium in beef cattle breeds using high-density
SNP genotypes. Genet. Select. Evol. 46, 22.
Pritchard J.K. and Przeworski M. (2001). Linkage disequilibrium
in humans: models and data. Am. J. Hum. Genet. 69, 1-14.
Rao Y.S., Liang Y., Xia M.N., Shen X., Du Y.J., Luo C.G., Nie
Q.H., Zeng H. and Zhang X.Q. (2008). Extent of linkage disequilibrium in wild and domestic chicken populations. Heredities. 145(5), 251-257.
Reich D.E., Cargill M., Bolk S., Ireland J., Sabeti P.C., Richter
D.J., Lavery T., Kouyoumjian R., Farhadian S.F., Ward R. and
Lander E.S. (2001). Linkage disequilibrium in the human genome. Nature. 411, 199-204.
Ross-Ibarra J., Morrell P.L. and Gaut B.S. (2007). Plant domestication, a unique opportunity to identify the genetic basis of ad-

Iranian Journal of Applied Animal Science (2017) 7(1), 1-7

Nosrati

aptation. Proc. Natl. Acad. Sci. USA. 104, 8641-8648.
Sargolzaei M., Schenkel F.S., Jansen G.B. and Schaeffer L.R.
(2008). Extent of linkage disequilibrium in Holstein cattle in
North America. J. Dairy Sci. 91(5), 2106-2117.
Schaid D.J., Guenther J.C., Christensen G.B., Hebbring S.,
Rosenow C., Hilker C.A., McDonnell S.K., Cunningham J.M.,
Slager S.L., Blute M.L. and Thibodeau S.N. (2004). Comparison of microsatellites versus single-nucleotide polymorphisms
in a genome linkage screen for prostate cancer-susceptibility
Loci. Am. J. Hum. Genet. 75, 948-965.
Taylor J.F. (2014). Implementation and accuracy of genomic selection. Aquaculture. 420, 8-14.
Teare M.D., Dunning A.M., Durocher F., Rennart G. and Easton
D.F. (2002). Sampling distribution of summary linkage disequilibrium measures. Ann. Hum. Genet. 66, 223-233.
Tenesa A.P., Hayes B.J., Duffy D.L., Clarke G.M., Goddard M.E.
and Visscher P.M. (2007). Recent human effective population
size estimated from linkage disequilibrium. Genome. Res. 17,
520-526.
Terwilliger J.D., Zollner S., Laan M. and Paabo S. (1998). Mapping genes through the use of linkage disequilibrium generated
by genetic drift: 'Drift mapping' in small populations with no
demographic expansion. Hum. Hered. 48, 138-154.
Tozaki T., Hirota K., Hasegawa T., Tomita M. and Kurosawa M.
(2005). Prospects for whole genome linkage disequilibrium
mapping in thoroughbreds. Gene. 346, 127-132.
Uimari P. and Tapio M. (2011). Extent of linkage disequilibrium
and effective population size in Finnish Landrace and Finnish
Yorkshire pig breeds. J. Anim. Sci. 89(3), 609-614.

7

Valle D.L., Clayton E.W. and Jorde L.B. (2003). The international
HapMap project. Nature. 426(6968), 789-796.
Vallejo R.L., Li Y., Rogers G.W. and Ashwell M.S. (2003). Genetic diversity and background linkage disequilibrium in the
North American Holstein cattle population. J. Dairy Sci.
86(12), 4137-4147.
Van Laere A.S., Nguyen M., Braunschweig M., Nezer C., Collette
C., Moreau L., Archibald A.L., Haley C.S., Buys N., Tally M.,
Andersson G., Georges M. and Andersson L. (2003). A regulatory mutation in IGF2 causes a major QTL effect on muscle
growth in the pig. Nature. 425, 832-836.
Vignal A., Milan D., Sancristobal M. and Eggen A. (2002). A
review on SNP and other types of molecular markers and their
use in animal genetics. Genet. Select. Evol. 34, 275-305.
Wade C.M., Giulotto E. and Sigurdsson S. (2009). Genome sequence, comparative analysis, and population genetics of the
domestic horse. Science. 326, 865-867.
Zhao F., Wang G., Zeng T., Wei C. and Zhang L. (2014). Estimations of genomic linkage disequilibrium and effective population sizes in three sheep populations. Livest. Sci. 170, 22-29.
Zhu M., Zhu B., Wang Y.H., Wu Y., Xu L., Guo L.P., Yuan Z.R.,
Zhang L.P., Gao X., Gao H.J., Xu S.Z. and Li J.Y. (2013).
Linkage disequilibrium estimation of chinese beef simmental
cattle using high-density SNP panels. Asian-Australas J. Anim.
Sci. 26(6), 772-279.

Iranian Journal of Applied Animal Science (2017) 7(1), 1-7

