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What is linkage disequilibrium? 

lant breeding and genetics rely on genetic

maps. These are made by analysis of

segregating plant populations derived by crossing

parents with contrasting characteristics. The hybrid

resulting from such a cross is then allowed to

produce offspring by selfing, and it is in this

segregating family that genetic variation, causing

different physical attributes (known as the

phenotype), can be assessed. Regions of the plant

chromosomes that contain important genetic

information governing interesting and heritable

phenotypic traits are identified by co-inheritance

with molecular DNA markers. Molecular markers

are basically different length DNA fragments that are

all inherited in a simple Mendelian manner (Figure

2.1). 

During the reproductive phase, recombination, or

cross-over, occurs between the corresponding

chromosomes from the two parents in the cross. This

leads to reshuffling of the genes from each parent so

that the chromosomes in the offspring will consist of

mixtures, some parts of which are derived from one

parent, and some from the other. The closer two

positions on the chromosome (loci) are together, the

less likely it is that a cross-over point is located

between them. The closeness of the linkage between

two loci can therefore be measured in a segregating

family by observing the inheritance of molecular

markers, which can then be ordered on the genetic

map. The association or linkage of particular

molecular marker variants (alleles) with an heritable

phenotypic trait enables us to identify which region

of a particular chromosome is important for the
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Figure 2.1. Molecular marker analysis of DNA samples extracted from four perennial ryegrass individuals. Each peak represents a genetic
locus, and the arrows identify loci where there is polymorphism, i.e. the peak is present in some individuals, but not others.

Iger-2003  26/6/2003  8:54 AM  Page 14



phenotype. This is important for plant variety

development because it means that plant breeders

can use markers to test for the presence of important

traits rather than testing for the traits themselves.

This is called marker assisted selection (MAS).

Genetic linkage between two loci (genes or

molecular markers) on a genome is revealed by the

fact that they are associated, or in Linkage

Disequilibrium (LD). This is a genetic term meaning

that the two loci are very closely associated and are

located very close together on the chromosome (see

Box 1).

Natural populations as a tool for gene

mapping

Genetic linkage maps developed on the basis of

segregating families as described above have served

plant geneticists and breeders well. However, there

are three limitations to this method:

• It requires the growth of three generations before

linkage analysis is possible.

• Very large segregating populations are needed to

achieve a high resolution map.

• The molecular markers may be specific

(polymorphic) to only one particular crossing

family.

The net result is that this takes a long time and

requires considerable effort, and the map has a

relatively low resolution. A high resolution is

necessary for MAS and other purposes such as

cloning a gene close to the marker. 

A complementary approach is to analyse Linkage

Disequilibrium in natural populations. This has been

done successfully in humans where large mapping

families do not exist. LD between two loci in natural

populations is affected by all the recombination

events that have happened since the two alleles

appeared in some individuals of the population.
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L I N K A G E  A N D  A S S O C I A T I O N

Both linkage analysis and association studies rely on co-inheritance of neighbouring DNA variants. In both

analyses, recombination is the main force eliminating linkage over generations. The difference is that in linkage

analysis (Panel a), there have been only few opportunities for recombination to occur (one or two generations),

resulting in comparatively low resolution of the map (i.e. markers may not be very closely linked with genes of

interest). In association analysis with populations (Panel b), recombination events over many generations has

eliminated linkage between a mutated gene (yellow diamond-shape) and molecular markers, except over

very short distances. Only

very close markers are in

LD with the mutated

gene, and form the basis

for association mapping.

LD measures the

closeness of the genetic

association between

markers and a particular

trait, and may be used to

identify markers in close

proximity to the gene(s)

responsible for the trait.

many
generations

a b

B O X  1
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Thus, LD declines as the number of generations

increases, so that in old populations, LD is limited to

small distances (Box 1). This is desirable, since a

marker very close to a mutation responsible for a

disease makes it easier to reach the mutated gene.

In the human genome there are now more than 2

million molecular markers available in the form of

single nucleotide polymorphisms (SNPs). This

density should be sufficient to identify genes that

have an effect on traits governed by a large number

of genes (known as quantitative trait loci, QTL),

each one contributing a relatively small percentage

to the phenotype. With such a dense coverage of the

genome, there is a high probability of at least one

marker being in close proximity to any particular

gene of interest.  

In plants, little work has been done with regard to

LD mapping using natural populations, but there is a

growing realisation that this approach may allow

higher resolution mapping of QTL, and even

identification of specific genes in plants. At IGER

we have just begun a project in which we explore LD

in perennial ryegrass (Lolium perenne). This forage

species has a number of useful features  for this

purpose:

• It is an obligate out-breeder (as are humans),

which increases the map resolution compared to

conventional mapping families.

• Natural populations and commercial varieties

freely interbreed, simplifying comparisons.

• Recent domestication allows us to answer

important questions about differences in

population structure between varieties and natural

populations.

• It has a well-characterised, multi-allelic self-

incompatibility system which has an important

influence on breeding strategies.

Furthermore, IGER has a large collection of ryegrass

germplasm allowing us to use a wide range of well-

characterised European populations. We are

evaluating and comparing the genome-wide patterns
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L I N K A G E  D I S E Q U I L I B R I U M
M A P P I N G

1. Screen plant populations for presence
or absence of a trait controlled by one
gene  (simply inherited). Seedling root
fluorescence (SRF) is an example of
such a trait in ryegrass. It is detected by
exposing seedling roots to an ultraviolet
source (see image below). Plants with
SRF have a fluorescent zone around the
roots due to secretion of a flavonoid
compound (arrows). 

2. Molecular marker analysis of SRF+ and
SRF- populations.

3. Identify markers that are associated (i.e.
in LD) with the SRF+ population by
statistical analysis.

4. Linkage mapping analysis (if trait not
already on map) to confirm that the
molecular marker is linked to the SRF
locus.

5. Marker alleles in strong LD with the trait
can be used in MAS. If the purpose is to
find the gene controlling the trait, then
further LD analysis can be performed
with more markers to narrow down the
length of DNA containing the gene,
using the markers already identified as
starting points. 
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of LD in both natural and synthetic (varieties)

populations in ryegrass, using molecular markers.

More specifically, we are using LD mapping for

locating the position of loci controlling two simply

(Mendelian) inherited traits, namely seedling root

fluorescence and self-incompatibility (Box 2). We

are also using the method to find loci controlling

flowering time, a complex trait of high importance

for both forage quality and grassland management

regimes. 

Our strategy for finding markers associated with

flowering time is to select a number of populations

with widely differing flowering time from IGERs

germplasm collection (Figure 2.2). Our assumption

is that phenotypic differences between populations

are reflected in differences in their content of

molecular marker alleles. We have already identified

four markers occurring with high frequency in early

flowering populations, and very infrequently in late

flowering populations. Two of them are in highly

significant LD with each other, and we have shown

by linkage analysis that they are located very close to

each other on Linkage Group (chromosome) 7 of

perennial ryegrass (Figure 2.3). This location

coincides with a region of that chromosome already

known to contain genes of importance for flowering

time (a QTL). The other two markers are also in

significant LD with each other, and they have been

mapped to Linkage Group 2, near a second QTL for

flowering time (Figure 2.3).

Conclusion

Linkage Disequilibrium or association mapping is a

novel approach in plants, presenting opportunities to

exploit the genetic variation in natural populations

for high-resolution mapping of simple and complex

traits in crop plants. The knowledge gained from this

will not only benefit forage grass breeders by

providing molecular markers, but also has generic

value in its potential to improve our understanding of

the genes underlying complex genetic traits.

Contact: leif.skot@bbsrc.ac.uk
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Figure 2.2. Map indicating the geographical origin of ryegrass
populations used in association mapping of the flowering time
trait.

Figure 2.3. Map positions of molecular markers associated with
flowering time in ryegrass (highlighted in bold). Two of the
markers are located on Linkage group 7, and two on Linkage
group 2. The green bars indicate QTL for flowering time or
heading date.
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