
Linkage Disequilibrium
Peter JP Croucher, University of California at Berkeley, Berkeley, California, USA

When two or more polymorphic loci are studied in a

population, the interaction between the loci is often

expressed in terms of linkage disequilibrium (LD). The loci

are in LD if their respective alleles do not associate inde-

pendently (randomly). LD does not necessarily imply

physical linkage, however most often the loci considered

are on the same chromosome and the degree of over- or

underrepresentation of an expected haplotype measures

the extent of LD between a specific pair of alleles. Multi-

locus patterns of LD are often visualised graphically,

revealing local blocks of high LD. LD is generated by

mutation but may also be generated and maintained by

population processes including selection, drift and

admixture. Genomic rearrangements, such as inversions

may also influence LD patterns. Recombination overtime

acts to reduce LDand this relationship may be used to date

alleles.

Measures of Linkage Disequilibrium
(LD)

The genetics of two or more loci are considered in terms of
haplotype (or gamete) frequencies. Consider a pair of
segregating loci, one with alleles A and a at frequencies pA
and pa and onewith alleles B and b at frequencies pB and pb.
If the alleles associate independently (there is no LD) then
the frequencies of the four possible haplotypes or gametes,
AB, Ab, aB and ab, are given by the products of the allele
frequencies pApB, pApb, papB and papb. In the presence of
LD some of these haplotypes will be more frequent than
expected and some will be more rare; this difference from
expectation is measured with the LD coefficient D
(Lewontin andKojima, 1960) as tabulated below in Table 1.
See also: Polymorphisms: Origins and Maintenance;
Population Genetics: Multilocus
Consequently, D=pABpab2pAbpaB. This is often

expressedmore simply asD=pAb2pApb.D can take values

between 20.25 and +0.25 and it is common practise to
work withD2 to eliminate problems with sign. Normalised
coefficients of LD are often employed, most commonly D’
and r2. D’ (Lewontin, 1964) takes values between 21 and
+1 and is less dependent on allele frequencies than isD.D’
is given by dividing D by its maximum possible numerical
value for the given allele frequencies:

D0 ¼D=minðpapB; pApbÞ if D40 or

D0 ¼D=minðpApB; papbÞ if Do0
½1�

D’ has the useful property that ifD’=1 this indicates that
one (ormore) of the four possible haplotypes is absent. This
is equivalent to the ‘four-gamete test’ (Hudson and
Kaplan, 1985) which suggests that under an infinite sites
model there can be at most four haplotypes or gametes
between two sites (loci). Assuming there is no recurrent or
back mutation then the only way for all four haplotypes to
be present (or D’51) is if at least one recombination event
has occurred. Unfortunately, D’=1 is likely to occur by
chance in small samples and values of D’51 have no clear
interpretation in terms of the extent of recombination.
Therefore D’ is often considered along with other nor-
malised coefficients such as r2,dand theLD-LOD(the log10
of the odds of LD between two loci (the probability of the
data given LD/the probability of the data given no LD),
also known as the Z-score and analogous to the measure
originally defined for linkage analysis, see Morton, 1955).
See also: Linkage Analysis
The square of the allelic correlation coefficient, r2 (Hill

and Robertson, 1968) is commonly used and takes values
from 0 to 1. It is calculated by dividingD2 by the product of
all four allele frequencies:

r2¼ðpABpab � pAbpaBÞ2=ðpApapBpbÞ ½2�

Table 1 The LD coefficient D is the difference between the

observed and the expected haplotype frequencies

Haplotype Frequency

AB pAB=pApB+D

Ab pAb=pApb2D

aB paB=papB2D

ab pab=papb+D
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Numerous additional measures of LD have been pro-
posed, especially within the context of mapping loci
associated with disease (see, e.g. Devlin and Risch, 1995;
Morton et al., 2001). The conditional probability dA that a
haplotype carries an allele A, given that it carries allele B at
another locus, is sometimes used in disease association
mapping (Bengtsson and Thomson, 1981):

dA¼ pA þD=pB ½3�

It is important to note that all of these measures depend
uponD, which is defined for a specific pair of alleles. When
only two alleles exist at each of a pair of loci, all haplotype
specific values of |D| are equivalent. When more than two
alleles are present then D must be considered with respect
to particular pairs of alleles. See also: Single Nucleotide
Polymorphism (SNP)

Sources of LD

Populations are not finite. Random drift generates LD
because not all haplotypes are sampled proportionately
from generation to generation. Consequently, population
history (e.g. bottlenecks and founder effects) can generate
marked differences in the extent of LD between popu-
lations. Long-distance LD in Caucasian and Asian popu-
lations is elevated relative to many African populations
presumably as a result of a bottleneck when these popu-
lations left Africa (Schmegner et al., 2005). See also:
Genetic Drift in Human Populations; Genetic Load;
Genetic Variation: Polymorphisms and Mutations; Popu-
lation Genetics: Historical Aspects; Population History
and Linkage Disequilibrium
Frequently, LD exists between loci simply because an

insufficient number of generations have passed to allow
recombination to randomise the haplotypes in the popu-
lation. When a new mutation arises on a chromosome it
will initially be in completeLDwith one of the alleles of any
neighbouring polymorphism (the four-gamete test, above).
See also: Recombination and Human Genetic Diversity
LD can be generated by selection. If a particular com-

bination of alleles at two loci is more advantageous than
carrying one or other of the alleles alone then that haplo-
typic combination will increase in frequency and hence
increase LD (Felsenstein, 1965). In addition, epistatic
effects, where the fitness of an allele at one locus depends on
that at another locus, can lead to the preferential selection
of certain haplotypes and therefore themaintenance ofLD.
The human leucocyte antigen (HLA) genes may be one
example maintained by balancing selection. See also:
Disease Associations: Human Leukocyte Antigen (HLA)
and Apolipoprotein E (APOE) Gene; Epistasis; Genetic
Variation: Polymorphisms and Mutations; Histocompat-
ibility Antigen Complex of Man; Identifying Regions of
the Human Genome that Exhibit Evidence for Positive
Selection; Major Histocompatibility Complex (MHC);

MajorHistocompatibility Complex: Disease Associations;
Population Genetics: Multilocus; Population History and
Linkage Disequilibrium
LD also results when differentiated populations (i.e. the

allele frequencies at loci differ) merge (admixture), when
individuals with different genotypes mate nonrandomly
(inbreeding) or where chromosomal inversions occur.
See also: Chromosome Rearrangement Patterns in Mam-
malian Evolution; Gene Flow, Haplotype Patterns and
Modern Human Origins; Population History and Linkage
Disequilibrium

Multilocus Models and Interaction

The HLA system represents a multilocus system of highly
variable, tightly linked genes involved in immune defence
and self-recognition. Many haplotypes are over-
represented and this high level of LD may be the result of
selection for heterozygote advantage (e.g. Hraber et al.,
2007). The HLA is a classical, albeit complex, example of a
coadapted gene complex. Much current attention focuses
on measures of LD for multiple-locus (and to a smaller
extent multiple-allele) systems. Many two-locus measures
can be extended to multilocus measures, e.g. D and D’
(Ayres and Balding, 2001; Weir, 1996). However, most
approaches donot account for the higher-orderLDpresent
in multiple-locus systems and little practical use has been
made of higher-order LD coefficients (Slatkin, 2008). Some
novel measures such as the haplotype-based normalised
entropy difference (Nothnagel et al., 2002), together with
‘top-down’ mathematical decomposition (Gorelick and
Laubichler, 2004), attempt to incorporate these difficulties.
Rather than utilise multilocus LD coefficients, pairwise

LD coefficients among multiple loci are more commonly
visualised graphically using software such as Haploview
(Barrett et al., 2005; see Figure 1) or GOLD (Abecasis and
Cookson, 2000). The development of a fine-scale map of
human LD by the International HapMap Consortium
(2007) confirmed that the humangenome consists of blocks
or regions of high LD which are delineated by areas of
higher recombination (‘hotspots’). Tools such as Haplo-
view were specifically designed to enable the visualisation
of these blocks (see Figure 1). The block structure suggested
that genotyping only ‘haplotype-tagging’ variants within
these blocks could be used as ameans to reduce genotyping
costs in disease association studies; however, the need for
this approach is now dimished with ultra-high-throughput
genotyping technologies. See also: Blocks of Limited
Haplotype Diversity; Disease Associations: Human
Leukocyte Antigen (HLA) and Apolipoprotein E
(APOE)Gene; Epistasis; Genome-Wide Association Stud-
ies; HapMap Project; Histocompatibility Antigen Com-
plex of Man; Major Histocompatibility Complex: Disease
Associations; Microarrays and Single Nucleotide Poly-
morphism (SNP) Genotyping; Multilocus Linkage Analy-
sis; Population Genetics: Multilocus; Recombination and
Human Genetic Diversity
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Although LD is typically considered among physically
linkedmarkers, loci that are separated by large distances or
are on different chromosomes may also exhibit ‘LD’ or
allelic association, for instance, because of higher-level
interactions or epistasis. Consequently, the term gametic
phase disequilibrium is still sometimes used to specify that
physically linked markers are being examined. See also:
Epistasis; Population Genetics: Multilocus

Decay as a Function of Age

Given an infinite population and no selection, recombin-
ation will act over successive generations to reduce the
amount of LD between two physically linked markers. LD
decays exponentially at a rate that depends on the linkage
distance or recombination fraction, r, such that from one
generation to the next Dn+1=(1–r)Dn. If the loci are
unlinked (r=0.5) thenDwill halve each generation, but if r
is small, as it may be for closely linked markers, then sub-
stantial levels of LD can remain for hundreds of gener-
ations. The persistence of LD between closely spaced
markers is frequently exploited in attempts to map disease-
causing mutations. Projects, such as the International
HapMap Project (The International HapMap Con-
sortium, 2007), attempt to maximise this potential and
have revealed that local patterns of LD and recombination
are typically block like (see ‘Multilocus Models and
Interaction’). The dependency of LDon the recombination
fraction can be used to date mutations based upon their
allele frequencies (Slatkin and Rannala, 2000; see also
Keinan and Clark, 2012). See also: Blocks of Limited
Haplotype Diversity; Human Variation Databases; Link-
ageAnalysis; Linkage andAssociation Studies; Population
Genetics: Multilocus; Population History and Linkage

Disequilibrium; Recombination and Human Genetic
Diversity; Susceptibility Genes: Detection
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