
Linkage disequilibrium (LD) is one of those unfortu-
nate terms that does not reveal its meaning. As every 
instructor of population genetics knows, the term is a 
barrier not an aid to understanding. LD means simply 
a nonrandom association of alleles at two or more loci, 
and detecting LD does not ensure either linkage or a 
lack of equilibrium. The term was first used in 1960 by 
Lewontin and Kojima1 and it persists because LD was 
initially the concern of population geneticists who were 
not picky about terminology as long as the mathematical 
definition was clear. At first, there were few data with 
which to study LD, and its importance to evolutionary 
biology and human genetics was unrecognized outside 
of population genetics. However, interest in LD grew 
rapidly in the 1980s once the usefulness of LD for gene 
mapping became evident and large-scale surveys of 
closely linked loci became feasible. By then, the term 
was too well established to be replaced.

LD is of importance in evolutionary biology and 
human genetics because so many factors affect it and are 
affected by it. LD provides information about past events 
and it constrains the potential response to both natu-
ral and artificial selection. LD throughout the genome 
reflects the population history, the breeding system 
and the pattern of geographic subdivision, whereas LD 
in each genomic region reflects the history of natural 
selection, gene conversion, mutation and other forces 

that cause gene-frequency evolution. How these fac-
tors affect LD between a particular pair of loci or in a 
genomic region depends on local recombination rates. 
The population genetics theory of LD is well developed 
and is being widely used to provide insight into evolu-
tionary history and as the basis for mapping genes in 
humans and in other species.

In this article, I will review the definitions of LD and 
the problems with assessing it, then outline the basic 
population genetics of LD that tells us how natural 
selection, genetic drift, recombination and mutation all 
affect levels of LD, and finally discuss some recent appli-
cations of LD to mapping genes, inferring the intensity of  
selection in the genome and estimating allele age.

Definitions
One pair of loci. LD between alleles at two loci has been 
defined in many ways (BOX 1), but all definitions depend 
on the quantity:

DAB = pAB – pApB        (1)

which is the difference between the frequency of gametes 
carrying the pair of alleles A and B at two loci (pAB) and 
the product of the frequencies of those alleles (pA and pB).  
Originally, the definition was in terms of gamete fre-
quencies because that allows for the possibility that the 
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loci are on different chromosomes. The usual application 
now is to loci on the same chromosome, in which case 
the allele pair AB is called a haplotype and pAB is the 
haplotype frequency. As defined, DAB characterizes a 
population; in practice, DAB is estimated from allele and 
haplotype frequencies in a sample. Standard sampling 
theory has to be applied to find the confidence intervals 
of estimated values2.

The quantity DAB is the coefficient of linkage disequi-
librium. It is defined for a specific pair of alleles, A and B, 
and does not depend on how many other alleles are at the 
two loci — each pair of alleles has its own D. The values 
for different pairs of alleles are constrained by the fact 
that the allele frequencies at both loci and the haplotype 
frequencies have to add up to 1. If both loci are diallelic, as 
is the case with virtually all SNPs, the constraint is strong 
enough that only one value of D is needed to characterize 
LD between those loci. In fact, DAB = –DAb = –DaB = Dab, 
where a and b are the other alleles. In this case, the D is 
used without a subscript. The sign of D is arbitrary and 
depends on which pair of alleles one starts with.

If either locus has more than two alleles, no single sta-
tistic quantifies the overall LD between them. Although 
several have been suggested3,4, none has gained wide 
acceptance. Such a statistic is needed when both loci 
have numerous alleles, as is the case for many loci in the 
major histocompatibility complex in vertebrates, which 
have dozens or even hundreds of alleles, or for micros-
atellite loci, which often have 10 to 20 alleles. If there is 
no one pair of alleles of particular interest, the question 
is often whether there is more LD between one pair of 
loci than another pair, or more LD between a pair of loci 
in one species than in another5,6.

Linkage equilibrium. If D = 0 there is linkage equilibrium 
(LE), which has similarities to the Hardy–Weinberg 

equilibrium (HWE) in implying statistical independ-
ence. When genotypes at a single locus are at HWE, 
whether an allele is present on one chromosome is 
independent of whether it is present on the homologue. 
Consequently, the frequency of the AA homozygote is 
the square of the frequency of A (pAA = pA2) and the fre-
quency of the Aa heterozygote is twice the product of pA 
and pa, the two being necessary to allow for both Aa and 
aA. The essential feature of HWE is that, regardless of 
the initial genotype frequencies, HWE is established in 
one generation of random mating. Any initial deviation 
from HWE disappears immediately. Significant depar-
tures from HWE indicate something interesting is going 
on, for example, extensive inbreeding, strong selection 
or genotyping error.

LE is similar to HWE because it implies that alleles at 
different loci are randomly associated. The frequency of 
the AB haplotype is the product of the allele frequencies 
(pApB). LE differs from HWE, however, because it is not 
established in one generation of random mating. Instead, 
D decreases at a rate that depends on the recombination 
frequency, c, between the two loci:

DAB (t + 1) = (1 – c) DAB (t)       (2)

where t is time in generations. Even for unlinked loci  
(c = 0.5), D decreases only by a factor of a half each gen-
eration, something proved by Weinberg7 in 1909. The 
general formula was obtained first by Jennings8.

Although LE will eventually be reached, it will occur 
slowly for closely linked loci. That is the basis for the 
uses of LD discussed in later sections. Other population 
genetic forces, including selection, gene flow, genetic 
drift and mutation, all affect D, so substantial LD will 
persist under many conditions. Now that very large 
numbers of polymorphic loci can be surveyed, the extent 
of LD in a genome can be quantified with great preci-
sion, allowing a fine-scale analysis of forces governing 
genomic variation.

The coefficient of LD and related quantities are 
descriptive statistics. Their magnitude does not indicate 
whether or not there is a statistically significant associa-
tion between alleles in haplotypes. Standard statistical 
tests, including the chi squared and Fisher’s exact test, 
are commonly used to test for significance2.

Haplotype phase
D and related statistics implicitly assume that haploid 
individuals or gametes can be typed. But often, only 
diploid genotypes and not haplotypes can be deter-
mined. That is the case with all SNP surveys, other than 
those of the X chromosome in males (assuming males 
are the heterogametic sex) or when haploids can be 
typed. The problem is sketched in BOX 2. The extent of 
LD in genotypic data2,9 can be quantified, but the lack 
of information about the haplotype phase weakens the 
signal of nonrandom association sufficiently that this 
approach is not often taken. It is more common to use a 
statistical method based on population genetics theory 
(BOX 2) to infer haplotype phase from genotypic data and 
then to treat the inferred haplotypes as if they were data. 

 Box 1 | Definitions of LD

Different definitions of linkage disequilibrium (LD) have been proposed because they 
capture different features of nonrandom association. All of them are related to D, 
which is defined in equation 1 in the text. Although D completely characterizes  
the extent to which two alleles, A and B, are nonrandomly associated, it is often not the 
best statistic to use when comparing LD at different pairs of loci because the range  
of possible values of D for each pair is constrained by the allele frequencies. The 
smallest possible value, Dmin, is the less negative value of –pApB and –(1 – pA)(1 – pB), 
where p is the frequency of the allele. The largest possible value, Dmax, is the smaller 
of pA(1 – pB) and pB(1 – pA). Lewontin119 defined D  to be the ratio of D to its maximum 
possible absolute value, given the allele frequencies. This definition has the 
convenient property that when D  = 1 it indicates that at least one of the four 
possible haplotypes is absent, regardless of the allele frequencies (BOX 2), a situation 
commonly described as a ‘perfect’ disequilibrium.

Another commonly used way to quantify LD is with r2:

r2 = D2

pA (1 – pA)pB(1 – pB)

which is a correlation coefficient of 1/0 (all or none) indicator variables indicating 
the presence of A and B. In general, r2 is similar to D  in that it can be nearly one even 
if one or both alleles are in low frequency.

Still another measure is A, defined to be pA + D/pB. It is the conditional  
probability that a chromosome carries an A allele, given that it carries a B allele.  
It is useful for characterizing the extent to which a particular allele is associated 
with a genetic diease120.
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Although this procedure is intuitively appealing and usu-
ally leads to reasonable results, especially for common 
haplotypes, it ignores the uncertainty that is inherent in 
the inference step and that might be important in some 
cases. Often, genotypes can be resolved into several pos-
sible haplotypes, and inferred frequencies of rare hap-
lotypes can be quite wrong10. It is preferable, although 
sometimes difficult, to use methods that account for the 
uncertainly in the inferred haplotype frequencies, as is 
done in likelihood analysis with Metropolis algorithm 
using random coalescence (LAMARC)11 and some other 
computer program packages.

LD at more than two loci
When more than two loci are considered together, a 
common practice is to distinguish graphically those 
pairs that have high levels of LD from those that do not3. 
The result is a graph of the type introduced by Miyashita 
and Langley12 to describe patterns of LD in Drosophila 
melanogaster. A more recent example is shown in FIG. 1. 
This figure indicates that a 216 kb segment in the class II  
region of the major histocompatibility complex in 
humans is made up of non-overlapping sets of loci  
in strong LD with each other. Each group is called a ‘hap-
lotype block’ and boundaries were shown to be associated 
with hot spots of recombination. Similar patterns were 
found in other genomic regions in humans13,14, leading 
to the hypothesis that most of the human genome had 
a block-like pattern of LD. Haplotype blocks in humans 
vary in size from a few kb to more than 100 kb15.

Haplotype blocks were a surprising discovery 
that was of great practical importance for the map-
ping of inherited diseases. Before their discovery, the 
prevailing view of LD in humans was represented by 
results from the simulation study of Kruglyak16, which 
showed that, under assumptions that were intended 
to approximate the history of modern humans, little 
LD would be expected beyond 3 kb. The discovery of 
haplotype blocks showed that LD usually extended 
over much longer chromosomal distances and sug-
gested that testing one SNP within each block for sig-
nificant association with a disease might be sufficient 
to indicate association with every SNP in that block, 
thus reducing the number of SNPs that need to be 
tested in case–control studies of disease association17. 
The situation turned out to be more complex both 
because some genomic regions were found to not have 
a block-like structure18 and because different ways of 
defining haplotype blocks resulted in different block 
boundaries19. Nevertheless, the observation that LD in 
humans extended over relatively large chromosomal 
distances provided a major part of the impetus for the 
International HapMap Project, which in its first gen-
eration identified over 1 million SNPs in humans and 
characterized the LD in 269 individuals in four ethni-
cally different populations (European, Han Chinese, 
Japanese and Yoruban)20. The second generation 
HapMap published recently characterized 3.1 million 
SNPs in the same group of individuals21.

Haplotype blocks vary somewhat among human 
populations — they tend to be somewhat shorter in 
African populations15,20,21. Haplotype blocks have been 
studied in other species as well, both model organ-
isms, including the mouse and rat22, and domesticated 
species, including cows23 and dogs24. The isolation of 
strains and breeds in these species results in much 
longer block lengths than are found in humans.

Variance in heterozygosity. A simple and often use-
ful statistic describing the overall extent of LD in a 
genomic region is the variance in heterozygosity 
across loci, which increases as a linear function of 
D–2 (REF. 25). This statistic is useful when the density 
of polymorphic loci is low and the goal is to obtain 
a general idea of the importance of recombination. 
Maynard Smith et al.26 used this statistic to assess 
the overall degree of clonality of various pathogenic 
bacteria.

Higher-order disequilibria. When considering more 
than two loci, equation 1 can be generalized to define 
higher-order coefficients of LD. For alleles at three 
loci (A, B, and C) the third-order coefficient is:

DABC = pABC – pADBC – pBDAC – pCDAB – pApB pC     (3)

where DAB, DBC and DAC are the pairwise disequilib-
rium coefficients. DABC is analogous to the three-way 
interaction term in an analysis of variance and can 
be interpreted as the non-independence among 
these alleles that is not accounted for by the pairwise  

 Box 2 | Genotype data and haplotype phase

When the genotype of a dipoid individual is determined, the result is a list of genotypes 
for each locus surveyed. If three diallelic loci are surveyed, the genotypes of four 
individuals might be AA bb CC, Aa BB cc, aa Bb Cc and Aa Bb Cc. The haplotypes of the 
first two individuals are immediately apparent. Individual 1 has two copies of AbC and 
individual 2 has ABc and aBc. There is no uncertainty if no more than one locus is 
heterozygous. Otherwise, haplotypes cannot be determined without further 
information. Individual 3 could have haplotypes aBC/abc or aBc/abC. The number of 
possible resolutions increases exponentially with the number of heterozygous loci. 
Individual 4 could have haplotypes ABC/abc, ABc/abC, aBc/AbC or aBC/Abc.

There are several ways to determine haplotyes from genotypes; this is commonly 
referred to as resolving haplotype phase. If the parental genotypes are known, the 
haplotype phase of the offspring can usually, but not always, be determined. If  
the parents of individual 3 have genotypes Aa BB Cc and Aa Bb cc, then the individual’s 
haplotype phase has to be aBC/abc. However, if instead the parents’ genotypes are Aa 
Bb Cc and Aa Bb cc, then the haplotype phase still cannot be resolved.

Another way to resolve haplotype phase is to use a biochemical method that 
separately amplifies each chromosome, allowing direct determination of haplotype 
phase121. Although such methods exist, they are currently too slow and costly to be 
used in large genomic surveys.

It is much more common to use a statistical method based on the assumption that 
haplotypes are randomly joined into genotypes. The basic idea is that individuals 
that are homozygous at all loci or all but one locus provide some information about 
haplotype frequencies that can then be used to infer the haplotype phase of the 
other individuals. Various methods — including those based on maximum 
likelihood122, parsimony123, combinatorial theory124 and a priori distribution derived 
from coalescent theory125 — have been developed. The last method is the basis for 
the program PHASE, which has performed the best in extensive simulation 
studies126. The emerging view of this problem is that inferring haplotype phase is 
similar to other cases in which missing data (in this case the haplotype phase of a 
diploid genotype) has to be imputed127.
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coefficients. The decay of these higher-order coef-
ficients under random mating was studied by 
Geiringer27 and has been worked out in some detail 
by later authors. Little practical use of these higher-
order coefficients has been made, other than in the 
analysis of variation of human leukocyte antigen loci 
in humans, which suggested that two loci that are 
closely linked to a selected locus would display unu-
sual patterns of LD28. It is worth considering whether 
higher-order disequilibrium coefficients can help to 
understand the patterns found in the HapMap and 
other large data sets.

LD within and between populations
When data for more than one population are avail-
able, LD between a pair of loci can be partitioned into 
contributions within and between populations. This 
partitioning, first suggested by Ohta29,30, is similar 
to Wright’s31 partitioning of deviations from HWE 
frequencies into FIS, the average deviation within 
populations, and FST, the average deviation that is 
attributable to differences in allele frequency among 
populations31. Ohta30 partitioned DT, the total disequi-
librium in a subdivided population, into DIS, the aver-
age disequilibrium within subpopulations, and DST, 
the contribution to the overall disequilibrium caused 
by differences in allele frequencies among subpopu-
lations. Computer programs such as Genepop32 are 
available to calculate DIS and DST.

These statistics are used widely in the analysis of 
data from non-human populations but only rarely for 
human populations, probably because the focus in  
humans is on each population whereas the focus  
in other species is often on the overall pattern of 
LD. Natural selection favouring adaptations to local 
conditions will increase DST whenever alleles at dif-
ferent loci are favoured. Partitioning overall LD is 
an appropriate first step when trying to determine 
whether differences in LD result only from differ-
ences in allele frequency or from other factors that 
vary among populations.

Bypassing LD
Both D and measures based on D are descriptive 
statistics that quantify deviations from random asso-
ciation of alleles. The statistics themselves provide 
no information about why alleles at different loci 
are nonrandomly associated. There is no agreement 
about which is the best or most useful statistic2,33,34, 
in part because different statistics are sensitive to 
different population genetic processes that can cause 
nonrandom association. An alternative to using one 
or even several statistics is to ignore the coefficient of 
LD altogether and estimate parameters of the popu-
lation genetic models as discussed in the following 
sections. Several methods to estimate recombination 
rates directly from haplotypes have been proposed35–39 
and they have been used successfully to estimate local 
rates of recombination in the human genome and to 
identify DNA sequence motifs associated with hot 
spots of recombination40.

Bypassing descriptive statistics has the advantage 
of not having to decide which statistic best captures 
the underlying signal that is sought, but it has dis-
advantage of not providing a summary of the data 
independently of the model used.

Population genetics of LD
Natural selection. Initial interest in LD arose from 
questions about the operation of natural selection. 
If alleles at two loci are in LD and they both affect 
reproductive fitness, the response to selection on one 
locus might be accelerated or impeded by selection 
affecting the other.
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Figure 1 | Haplotype blocks. This graph provides  
some of the first evidence of haplotype blocks and  
their association with recombination hot spots.  
The figure shows the pattern of pairwise linkage 
disequilibrium (LD) in a 216 kb region of the class II 
region of the major histocompatibility complex in 
humans for all pairs of SNPs in the region for which the 
frequency (q) of the minor (that is, less common) allele 
exceeded 0.15. The region above the diagonal shows 
levels of L obtained when using D  = 0 as the null 
hypothesis (L is the likelihood ratio from the test of 
linkage equilibrium). D  is the ratio of D (a measure  
of LD) to its maximum possible absolute value, given  
the allele frequencies. This figure is reproduced, with 
permission, from Nature Genetics REF. 130  (2001) 
Macmillan Publishers Ltd.
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One line of research in this area concerns the effect 
of LD on long-term trends in evolution. Kimura41, 
Nagylaki42,43 and others showed that unless interacting 
loci are very closely linked or selection is very strong, 
recombination dominates and, to a good approxima-
tion, LD can be ignored. This theory supports Fisher’s44 
depiction of natural selection steadily increasing the 
average fitness of a population. This theory also shows 
that when selection is strong and fitness interactions 
among loci are complex, average fitness might not 
increase every generation because LD constrains the way 
in which haplotype frequencies respond to selection. In 
that case, linkage must be accounted for explicitly before 
even qualitative predictions can be made.

In some cases, selection alone can increase LD. 
This occurs when fitnesses are more than multiplica-
tive, meaning that the average fitness of an individual 
carrying the AB haplotype exceeds the product of the 
average fitnesses of individuals carrying A alone or B 
alone45. The pattern is easiest to see with diallelic loci in 
haploid organisms. If the relative fitness (w) of the ab, 
Ab, and aB haplotypes are 1, wAb and waB, then selection 
will increase LD if wAB > wAbwaB.

If both A and B are maintained by balancing selec-
tion, then LD can persist indefinitely1,46,47. Furthermore, 
when more than two loci interact in this way, large 
blocks of LD can be maintained by selection, leading to 
the suggestion that an individual locus is not the appro-
priate unit of selection48,49. Interest in this kind of theory 
diminished in the 1970s when it was discovered that LD 
could not be detected between alleles that are distin-
guishable by protein electrophoresis50,51. This theory will 
become popular again or perhaps be reinvented as stud-
ies find increasing evidence of intragenic interactions  
that can create strong epistasis in fitness52.

Genetic drift. Genetic drift alone can create LD between 
closely linked loci — the effect is similar to taking a 
small sample from a large population. Even if two loci 
are in LE, sampling only a few individuals will create 
some LD. Results first obtained in the late 1960s sug-
gested that genetic drift balanced by mutation and 
recombination would maintain only low levels of LD, 
and the expectation of D2 is small even if there is no 
recombination53,54 because the flux of mutations at 
both loci tends to eliminate most LD. For that reason, 
drift was largely ignored as a cause of LD. However, the 
expectation of D2 does not tell the whole story because 
it includes cases in which one or both loci are mono-
morphic (when D is necessarily 0). The expectation of 
D2 when both loci are polymorphic cannot be calculated 
analytically, but simulations show that much larger  
values are seen35,55,56.

Genetic drift interacts with selection in a surpris-
ing way. Selection affecting closely linked loci becomes 
slightly weakened because drift creates small amounts 
of LD that, on average, reduces the response to selec-
tion57. This effect, called the Hill–Robertson effect, is 
relatively weak when only two loci are considered but 
is much stronger per locus when many selected loci are 
closely linked58.

Felsenstein59 showed that the Hill–Robertson effect 
might have a crucial role in the evolution of recombi-
nation and sexual reproduction. The basic idea is that 
the Hill–Robertson effect causes selection to be inef-
ficient in purging deleterious mutations in a species 
with a low recombination rate. Hence, natural selec-
tion will favour any mutation that increases recom-
bination rates. This early result has been confirmed 
and extended by many others60,61. As interactions 
among intragenic SNPs become better understood, 
the Hill–Robertson effect will have to be taken into 
account when considering the evolution of gene func-
tion, especially in the first few generations of a new 
selective regime.

Population subdivision and population bottlenecks. 
Natural selection affects only one or a small number 
of loci. By contrast, population subdivision, changes 
in population size and the exchange of individu-
als among populations all affect LD throughout the 
genome. Consequently, genome-wide patterns of 
LD can help us understand the history of changes in 
population size and the patterns of gene exchange.

The intentional or unintentional mixing of indi-
viduals from subpopulations that have different allele 
frequencies creates LD62,63. The effect is obvious in an 
extreme case. Suppose that one subpopulation is fixed 
for A and B whereas another is fixed for a and b. Any 
mixture of individuals from the two subpopulations 
would contain only the AB and ab haplotypes, imply-
ing that there is perfect LD (D  = 1; D  is the ratio 
of D to its maximum possible absolute value, given 
the allele frequencies), when in fact there is no LD 
in either subpopulation. This effect is similar to the 
Wahlund effect — the inbreeding coefficient at a locus 
when subpopulations with different allele frequen-
cies are mixed. The reason is the same: the inbreed-
ing coefficient measures the covariance between 
alleles at a locus just as D measures the covariance 
between alleles at different loci2. Differences in allele 
frequencies among subpopulations create additional  
covariance in both cases.

The movement of individuals or gametes among 
subpopulations causes gene flow, which increases 
LD in each subpopulation whenever allele frequen-
cies differ among subpopulations. The decay of LD 
under recombination alone can be greatly retarded62. 
If selection maintains differences in allele frequencies 
at two or more loci among subpopulations, LD in each 
subpopulation will persist64,65.

Changes in population size, particularly an 
extreme reduction in size (a population bottleneck), 
can increase LD. Colonizing species undergo repeated 
bottlenecks in size, and many models of the history of 
hominids assume a bottleneck occurred when mod-
ern humans first left Africa66. After a bottleneck, some 
haplotypes will be lost, generally resulting in increased 
LD. A subsequent period of small population size will 
augment LD by increasing the effect of genetic drift. 
Several studies of humans have argued that long-
distance LD in humans is the results of a bottleneck 
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early in human history67–69. Detecting higher levels of 
genome-wide LD in one population than in another 
can then indicate a past bottleneck68.

Inbreeding, inversions and gene conversion. Other 
forces create LD as well. Inbreeding creates LD for 
the same reason as population subdivision. Because 
of recent common ancestry, inbreeding augments 
the covariance between alleles at different loci70,71. 
Theory predicts that this effect is largest in selfing 
species, but the expected pattern is not evident in the 
most thoroughly studied selfing species, Arabidopsis 
thaliana72,73.

Genomic inversions greatly reduce recombination 
between the inverted and non-inverted segments 
because recombination produces aneuploid gametes. 
Consequently, the inverted and original segments 
become equivalent to almost completely isolated 
subpopulations between which LD accumulates. 
This fact has long been appreciated by Drosophila 
geneticists50.

Gene conversion affects LD at a pair of loci in 
the same way that reciprocal recombination does. 
The equivalence can be seen by considering a pair of 
diallelic loci A/a and B/b. Gene conversion at the B/b 
locus will result in an individual with haplotype phase 
AB/ab who will produce Ab or aB gametes depending 
on whether B converts b or the reverse. However, gene 
conversion differs from recombination when more 
than two loci are considered together. Reciprocal 
crossing over affects LD between all pairs of loci on 
opposite sides of where the crossing over took place. 
By contrast, gene conversion affects loci only within 
the conversion track, which is generally quite short. 
Loci that are not within the track are unaffected. For 
example, if three loci, A/a, B/b and C/c, are on a chro-
mosome in that order and only B/b is within a conver-
sion track, LD between A/a and B/b and between B/b 
and C/c is affected by conversion but the LD between 
A/a and C/c is not. Several methods for inferring the 
relative rates of gene conversion and recombination 
have been based on this idea74–78.

Applications of LD
Mutation and gene mapping. Mutation has a unique role 
in creating LD. When a mutant allele, M, first appears 
on a chromosome, it is in low frequency, pM = 1/(2N)  

(N is the population size) and is in perfect LD with 
the alleles at other loci that are on the chromosome 
carrying the first copy of M; perfect LD means that 
D  = 1 (BOX 1). If D  = 1, only three of the four pos-
sible haplotypes are present in the population (BOX 3). 
Perfect LD will persist until recombination involving 
an M-bearing chromosome creates a non-ancestral 
haplotype. Consequently, loci that are closely linked 
to M will remain in perfect LD for a long time and in 
strong LD for even longer.

The persistence of strong LD between a mutant 
allele and the loci closely linked to it has many practi-
cal implications. Rare marker alleles in strong LD with 
a monogenic disease locus have to be closely linked 
to the causative locus. Relatively simple mathematical 
theory indicates just how close. The resulting method, 
called LD mapping, has been successfully used with 
several diseases (BOX 4).

The same idea underlies association mapping of 
complex diseases. Closely linked polymorphic SNPs 
tend to be in strong LD with one another. The fine-
scale pattern of LD in humans confirms that the human 
genome is comprised of haplotype blocks within which 
most or all SNPs are in high LD21. These high levels 
of LD among SNPs are assumed to be true for alleles 
that increase the risk of complex inherited diseases. 
This idea, combined with the development of efficient 
methods for surveying large numbers of SNPs, has led 
to the many recent genome-wide association (GWA) 
studies that have detected SNPs that are significantly 
associated with breast cancer79,80, colorectal cancer81,82, 
type 2 diabetes83–86 and heart disease87,88, among  
other diseases.

However, one potential problem in GWA studies is 
that, as mentioned above, LD can be created by unrec-
ognized population subdivision. Several methods have 
been proposed to account for such LD89,90.

Although GWA studies have been successful in 
finding new causative alleles, the overall proportion 
of risk that is accounted for is often low. For exam-
ple, Easton et al.79 found five new variants associated 
with familial breast cancer, but only 3.6% of familial 
breast cancer is accounted for by those alleles. Seventy 
percent of the genetic basis of familial breast cancer 
remains unaccounted for. Alleles accounting for a 
greater proportion of risk might be found in even 
larger studies, but it is unclear whether most causative 
variants will ultimately be found this way. The reason 
is that GWA studies are more effective in finding caus-
ative alleles that are in relative high frequency. Other 
methods might be needed for low-frequency causative  
alleles.

Detecting natural selection. Strong positive selection 
quickly increases the frequency of an advantageous 
allele, with the result that linked loci remain in unusu-
ally strong LD with that allele. This idea originated 
with Maynard Smith and Haigh91, who called it genetic 
hitch-hiking. Their paper focused on an advantageous 
allele that goes to fixation and causes a substantial 
reduction of heterozygosity at closely linked neutral 

 Box 3 | Four-haplotype test

If, initially, a locus is polymorphic for two alleles, A and a, and a linked locus is 
fixed for b, there are only two haplotypes present in the population — Ab and ab. 
When a new allele, B, appears by mutation, there are three haplotypes, the new 
one being AB or aB depending on which copy of b mutated. In both cases, D  = 1 
(D  is the ratio of D (a measure of linkage disequilibrium) to its maximum possible 
absolute value, given the allele frequencies). If there is no recombination and no 
additional copy of B is created by mutation, the fourth haplotype will never 
appear. Therefore, if all four haplotypes are detected, there has to have been 
either recombination or recurrent mutation36. The four-haplotype test or 
equivalently detecting D  < 1 provides a simple way to determine whether 
recombination has occurred, provided that recurrent mutation can be ignored.
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loci. Recently, methods have been developed for 
detecting regions of unusually low heterozygosity that 
are indications of past hitch-hiking events92–94.

If an advantageous allele has not gone to fixa-
tion, variability at linked markers will be lower on 
chromosomes bearing that allele than on other chro-
mosomes. Several tests of neutrality have been based  
on this idea. One class of methods assumes that a 
potentially advantageous allele at a locus has been 
identified and tests whether there is significantly more 
LD with that allele than with other alleles at the same 
locus95,96. A second class of methods assumes only 
that the potentially selected locus has been identified 
and tests whether patterns of haplotype variation at 
that locus are consistent with neutrality97,98. Recently, 
Sabeti et al.99,100 and Voight et al.101 developed com-
putationally efficient methods for detecting evidence 
of selection in whole genomes and have applied those 
methods to the HapMap populations. These studies 
found several regions in the human genome that 
were previously not suspected to harbour selected 
variants.

Estimating allele age. Strong LD with an allele in a rel-
atively large region indicates that not much time has 
passed since the allele arose by mutation. If the mutant 
allele has reached a relatively high frequency in a 
short time, it is likely to have done so under the effect 
of positive selection. This tendency provides the basis  
for the various tests of selection mentioned in the 
previous section. In addition to testing for selection, 
LD can indicate the point in time that the allele arose 
by mutation, that is, the allele age. The idea is based 
on equation 2 above. From an observed level of LD, 
allele age is estimate by solving for t (REFS 95,102). 
This approach is straightforward and leads to rea-
sonable estimates of allele age, but it does not take 
account of the stochastic nature of recombination and 
genetic drift, and hence exaggerates the accuracy of 
the resulting estimates. Various statistical methods 
have been developed that provide more realistic  
confidence intervals of estimated ages103–106.

The future of LD studies
In human population genetics, the future of LD is now. 
Very large-scale GWA studies have already been carried 
out and many more are in progress. The technologi-
cal problem of efficiently genotyping 500,000 or more 
SNPs has been solved, and costs of genotyping will  
continue to decline. And soon new technologies  
will allow large resequencing studies, including the 
1000 Genomes Project107, to take place. The limiting 
factor will be the availability of people who are will-
ing to participate in GWA studies and the resources 
needed for accurate clinical assessment.

The methods currently used for association map-
ping will be used even more extensively in the future 
to study the history of human populations. At present, 
most analysis is done on the four HapMap popula-
tions, but large-scale surveys of SNPs and resequenc-
ing studies will be complete for a much broader range 
of populations. Advances in understanding human 
history will be increasingly limited by people’s will-
ingness to participate in genetic studies, something 
that is influenced by political and ethical concerns in 
addition to scientific ones108–110.

With the increased resolution of LD patterns, 
the study of human history will shift in focus from 
understanding the average history of populations 
to understanding the history of different genomic 
regions. Unusually large variation in LD within the 
human genome already suggests that ancient human 
populations were subdivided111,112 and that some 
genomic regions of modern humans were brought 
by introgression from an extinct ancestor, possibly 
Neanderthals113.

In model organisms, large SNP and resequencing 
studies on the scale of human studies are now being 
done73,114. Other species will have to wait a technologi-
cal generation or two before such large-scale surveys 
will be possible, in part because of the lower levels 
of funding available for studying non-model species. 
The range of possible selective regimes and popula-
tion histories is vastly greater for non-humans than 
for humans, and new theoretical methods will no 
doubt be needed. Extensive studies of variation and 
examination of LD patterns will probably reveal levels 
of complexity not seen in humans. In some groups, 
widespread trans-species polymorphism and evidence 
of inter-specific gene transfer will be so apparent 
that some higher organisms might come to resemble  
bacteria in their genetic promiscuity.

At present, the emphasis is on LD between SNPs, 
which are diallelic and which mutate at such low rates 
that current patterns of LD are nearly unaffected 
by recent mutation. Less attention has been paid to 
studying LD between other kinds of genetic variants, 
including microsatellites, insertions, deletions and 
inversions. The relatively high rate of mutation in mic-
rosatellites makes possible the assessment of LD that 
was created recently115,116. The potential selective effect 
of indels and inversions, combined with more efficient 
means of their detection117,118, will provide additional 
rich sources of LD in humans and other species.

 Box 4 | LD mapping

Linkage disequilibrium (LD) mapping of a disease-associated allele is based  
on the slow decay of LD with closely linked markers. One of the first  
successful examples of LD mapping was by Hästbacka et al.128, who mapped  
the locus associated with diastrophic dysplasia (DTD) in Finland. In this 
population a majority of cases seemed to be caused by a dominant mutation that 
had been mapped by conventional methods to 5q31–5q34. Hästbacka et al. 
surveyed several restriction site polymorphisms in that region and found two  
that showed strong LD with DTD. They found that on a sample of non-DTD 
chromosomes, the numbers of the four possible haplotypes (labelled 11, 12, 21 
and 22) were 4, 28, 7, and 84, whereas on a sample of DTD chromosomes the 
numbers were 144, 1, 0, 2. These data indicated that the mutation causing DTD in 
Finland arose on a chromosome with haplotype 11, and that LD had decayed 
little in the 2,000 years (roughly 100 generations) since the founding of the 
Finnish population. Hästbacka et al. applied the Luria–Delbrück theory to 
approximate the history of the DTD mutation and concluded that the mutation 
was approximately 0.06 cM or 60 kb from these marker loci. It was later found  
at a distance of 70 kb129.
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