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Abstract

During the last two decades, DNA-based molecular markers have been extensively utilized for a variety
of studies in both plant and animal systems. One of the major uses of these markers is the construction
of genome-wide molecular maps and the genetic analysis of simple and complex traits. However, these
studies are generally based on linkage analysis in mapping populations, thus placing serious limitations
in using molecular markers for genetic analysis in a variety of plant systems. Therefore, alternative
approaches have been suggested, and one of these approaches makes use of linkage disequilibrium
(LD)-based association analysis. Although this approach of association analysis has already been used
for studies on genetics of complex traits (including different diseases) in humans, its use in plants has
just started. In the present review, we first define and distinguish between LD and association mapping,
and then briefly describe various measures of LD and the two methods of its depiction. We then give a
list of different factors that affect LD without discussing them, and also discuss the current issues of
LD research in plants. Later, we also describe the various uses of LD in plant genomics research and
summarize the present status of LD research in different plant genomes. In the end, we discuss briefly
the future prospects of LD research in plants, and give a list of softwares that are useful in LD
research, which is available as electronic supplementary material (ESM).

Introduction

The development and use of molecular markers
for the detection and exploitation of DNA poly-
morphism in plant and animal systems is one of
the most significant developments in the field of
molecular biology and biotechnology. This led to
major advances in plant genomics research during
the last quarter of a century, and made the use of
molecular markers a thrust area of research in
plant genetics. Two major phenomena involved in
the generation of DNA polymorphism detected by
molecular markers are mutation and recombina-
tion. Therefore, detection of linkage and tracing

the history of a DNA polymorphism have been
central to the use of molecular markers for a
variety of studies (Terwilliger and Weiss, 1998;
Nordborg and Tavaré, 2002; Gupta and Rustgi,
2004). However, for the study of linkage, one
needs to perform suitably designed crosses, some-
times leading to the development of mapping
populations or near-isogenic lines (NILs). This is a
serious limitation on the use of molecular markers
in some cases, because the desired crosses cannot
be made in all cases (e.g. in forest trees), and/or the
mapping populations that are examined for this
purpose are sometimes too small, with only two
alleles at a locus sampled. In view of this, alter-

Plant Molecular Biology (2005) 57:461–485 � Springer 2005
DOI 10.1007/s11103-005-0257-z



native methods have been developed and used to
study the phenomenon of linkage and recombi-
nation on the one hand, and for the study of
mutational history of a population on the other.
One such method is linkage disequilibrium (LD)
-based association analysis that has received
increased attention of plant geneticists during the
last few years. This approach has the potential not
only to identify and map QTLs (Meuwissen and
Goddard, 2000), but also to identify causal poly-
morphism within a gene that is responsible for the
difference in two alternative phenotypes (Palaisa
et al., 2003, 2004). This also allows the identifica-
tion of haplotype blocks and haplotypes repre-
senting different alleles of a gene. In using this
approach, an idea of the length of a region over
which LD persists is also possible, so that one can
plan and design studies for association analysis.
The techniques/methods used for estimation of the
level of LD, the factors that influence these esti-
mates, and the uses and limitations of this
approach have been widely discussed in recent
years; some reviews on LD exclusively devoted to
the studies in plants also appeared recently (Flint-
Garcia et al., 2003; Gaut and Long, 2003; Rafalski
and Morgante, 2004). In this review, we have tried
to summarize LD studies conducted in plants, with
major emphasis on newer aspects including LD
among multiple loci and among loci with multiple
alleles, and the effects of selection (including
hitchhiking and epistasis) and gene conversion
on LD.

What is linkage disequilibrium/association

mapping?

The terms linkage disequilibrium and association
mapping have often been used interchangeably in
literature. However, we feel that while association
mapping refers to significant association of a
molecular marker with a phenotypic trait, LD re-
fers to non-random association between two
markers or two genes/QTLs or between a gene/
QTL and a marker locus. Thus, association map-
ping is actually one of the several uses of LD. In
statistical sense, association refers to covariance of
a marker polymorphism and a trait of interest,
while LD represents covariance of polymorphisms
exhibited by two molecular markers/genes. How-

ever, for the above association, the term LD has
been considered by some to be inappropriate
(Jannink and Walsh, 2002), since LD in the sense
discussed above may also be caused due to factors
other than linkage (see later). This non-random
association is, therefore, more appropriately also
termed ‘gametic phase disequilibrium’ (GPD), or
simply ‘gametic disequilibrium’ (Hedrick, 1987)
and is examined within populations of unrelated
individuals (although they may be related through
distant ancestry). However, LD due to linkage is
the net result of all the recombination events that
occurred since the origin of an allele by mutation,
thus providing higher opportunity for recombi-
nation to take place between any two closely
linked loci.

How to measure LD and test its statistical

significance?

The different measures (indices) for estimating the
level of LD in plants have largely been described in
recent reviews on LD in plants (Flint-Garcia et al.,
2003; Gaut and Long, 2003). Here, we list and
only briefly describe the methods available for the
measurement of LD; the statistical tests that are
available for testing the significance of these mea-
sures are also briefly described. The LD involving
multiallelic loci and multilocus conditions will be
dealt in a relatively greater detail, since in the past
this aspect did not receive the treatment, which it
deserved. Details of these methods are available
elsewhere in the published literature (Jorde, 2000;
Liang et al., 2001; Gorelick and Laubichler, 2004).

Two-locus methods

Linkage disequilibrium is often quantified using
statistics of association between allelic states at
pairs of loci. However, the loci involved may be
biallelic (e.g. SNPs, AFLPs) or multiallelic (e.g.
SSRs, RFLPs), although sometimes even multi-
allelic loci are treated as biallelic, since only two
alleles are sampled in a mapping population.
However, when natural populations or germplasm
collections are used for estimation of LD, multiple
alleles at each of the two loci can be sampled and
used for estimation of LD. Furthermore, although
there are measures, which can be used for both
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biallelic and multiallelic conditions; the measures
that are frequently used for biallelic condition need
to be modified for measuring LD under multiall-
elic condition (Hedrick, 1987; see below). The
power of LD mapping under the two conditions
may also differ under certain conditions (Czika
and Weir, 2004).

Biallelic loci

The different available measures for estimation
of LD between any two biallelic loci mainly in-
clude D, D¢, r2, R, D2, D*, Q*, F¢, X(2), d, etc.
Some of these measures can also be used for
multiallelic situations (see next paragraph). The
details of these different indices, the formulae
used for their calculation, and the relative merits
of each of these indices have been discussed in a
number of earlier reviews (Jorde, 2000; Ardlie
et al., 2002; Flint-Garcia et al., 2003; Gaut and
Long, 2003), so that their description here will
be repetitive. However, a caution need to be
exercised against an indiscriminate use of any of
these measures, because all of these measures
except D¢ are strongly dependent on allele fre-
quencies (Hedrick, 1987); even D¢ is sometimes
dependent on allele frequencies (Lewontin, 1988).
Most of these measures are also sensitive to
small sample size, and some of them even give
negative values of LD under conditions of
maximum disequilibrium (Hedrick, 1987).

Of all the above measures of LD, D¢ and r2 are
the preferred measures of LD, although d, which is
similar to Pexcess proposed by Lehesjoki et al.
(1993) and k proposed by Terwilliger (1995), has
been considered by some to be as good as D¢, be-
cause it is also directly proportional to the
recombination fraction. Among these two pre-
ferred measures (r2 and D¢), while D¢ measures
only recombination differences; r2 summarizes
recombination and mutation history. Also r2 is
indicative of how markers might be correlated
with QTL of interest, so that for association
studies, often r2 is preferred (Abdallah et al.,
2003). Therefore, the choice between D¢ and r2 for
a measure of LD may also depend on the objective
of the study. In some recent reviews, the differ-
ences between different measures of LD have been
explained using a figure (Rafalski, 2002 [only D¢
was calculated in this study]; Flint-Garcia et al.,
2003; Gaut and Long, 2003), which has been

modified by us incorporating the index d, and
showing the effect of allele frequency on D, D¢, r, 2,
and d (Figure 1).

Multiallelic loci and phase information
in heterozygotes

In addition to the biallelic markers like SNPs,
multiallelic markers like SSRs, are also often used
for association studies. These SSR markers have
already been used for a study of population
structure in maize and rice (Remington et al.,
2001; Garris et al., 2003) and for LD-based asso-
ciation studies in wheat and barley (Kruger et al.,
2004; Mather et al., 2004). For LD between two
multiallelic loci also, D¢ (in a modified form) is the
most widely used measure of LD for each pair of
alleles, or even for overall LD between all the al-
leles at two loci. It has been shown that the range
of D¢ is largely independent of allele frequencies
and other conditions, more often than was previ-
ously thought, and that standardization of D¢
(suggested in the past) is not necessary (Zapata,
2000). D¢ can also be computed from maximum
likelihood (ML) estimates using an expectation-
maximization (EM) algorithm (Slatkin and Ex-
coffier, 1996), and strategies have been developed
to map quantitative trait loci (QTLs) using D¢,
when the QTL and marker loci are both multiall-
elic (Abdallah et al., 2003).

The problem of estimating LD among pairs of
loci, each with multiple alleles becomes particu-
larly difficult, when individuals are heterozygous at
more than one locus and many loci are considered
(for multilocus methods, see next section). Under
this condition, haplotype phase information is
missing, so that s heterozygous loci can be resolved
into haplotypes in as many as 2s)1 different ways,
making inference about haplotype phase difficult.
In the past, efforts were made to resolve this
haplotype phase problem either through pedigree
analysis (Eaves et al., 2000) or through charac-
terization of gametes (Taillon-Miller et al., 2000),
through haploid storage tissue of seeds (megaga-
metophyte) (Neale and Savolainen, 2004), through
asymmetric PCR or through isolation of single
chromosomes for PCR amplification; an improved
algorithm based on Hardy-Weinberg equilibrium
was also introduced to infer the haplotype phase
from PCR-amplified DNA (Clark, 1990). How-
ever, there were problems associated with each of
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these approaches that were proposed and used in
the past. Therefore, more recently, an approach
was suggested, where using an EM algorithm, ML
estimates of gametic frequencies could be obtained
and used for estimation of LD (Kalinowski and
Hedrick, 2001). This approach has been success-
fully applied in some animal systems (e.g. sheep)
and a modified form of EM algorithm (optimal
step length EM; OSLEM; Zhang et al., 2003) has
been successfully applied in some plant systems
(e.g. tetraploid potato). In future, it will certainly
be improved further and then used in other plants
also (for details, see Kalinowski and Hedrick,
2001; Simko, 2004; Neale and Savolainen, 2004).

Multilocus methods

In recent years, there has also been emphasis on
developing methods for using data from multiple
loci for LD mapping, since LD data involving
multiple loci will eventually be needed for pre-
paring whole genome LD maps, in the same
manner as the whole genome linkage maps were
prepared in the past. The approaches for multilo-

cus methods can be broadly classified into (i)
‘bottom–up approaches’, where we start with
individual loci and measure multilocus LD, and
(ii) ‘top–down approaches’, where we start with
higher order LD coefficients and then decompose
them into lower order LD-terms.

Bottom–up approaches

One of the earliest bottom–up approaches for
multilocus measures of LD was k (Terwilliger,
1995), which is very similar to d described above.
Several other bottom–up multilocus methods
proposed later generally make use of covariance
structure of marker loci for estimation of LD, and
can be classified into the following: (i) composite
likelihood methods (Devlin et al., 1996; Xiong and
Guo, 1997); (ii) least square methods (Lazzeroni,
1998), and (iii) haplotype segment sharing methods
(Service et al., 1999). These methods and their
relative merits and demerits have been discussed
by Jorde (2000). More recently, an entropy based
method, described as Normalized Entropy Differ-
ence (NED), and symbolized by e has also become

Figure 1. Diagrammatic representation of linkage disequilibrium (LD) between two SNPs showing behavior of D, D¢, r2 and d
statistics under following conditions: (A) No recombination (mutations at two linked loci not separated in time); (B) Independent

assortment (mutations at two loci not separated in time); (C) No recombination (only mutations separated in time); (D) Low

recombination (mutations at two loci not separated in time).
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available for multilocus LD (Nothnagel et al.,
2002, 2004). These multilocus methods for LD
estimates as above can be either ‘single point
methods’ (using information from one marker at a
time), or ‘multipoint methods’ (using information
from multilocus allele frequencies simultaneously).
The multipoint methods, in their turn, may be
based either on haplotypes (Lou et al., 2003) or on
frequencies of individual alleles at many marker
loci (Johnson, 2004). The haplotype-based multi-
point method has also been specifically used for
mapping QTL with epistasis (for more about
epistasis and LD, see later). These multipoint
methods for multilocus LD are still being devel-
oped and would be increasingly used in future in
both animal and plant systems.

Multilocus methods can also be used for fine
mapping of QTLs identified through interval
mapping, since several polymorphic loci/genes
may be present in an interval carrying a QTL/gene
of interest. Similarly at the level of whole genome,
a number of biallelic/multiallelic marker loci may
occur with a number of biallelic/multiallelic QTLs
for a trait. In this case, one can calculate all digenic
and higher order (e.g., trigenic and quadrigenic,
etc.) LD coefficients and utilize this information
for fine mapping of QTLs. However, within the
region of high LD, one would like to identify
causal polymorphisms, excluding most of the other
irrelevant markers/genes that are present. This has
been achieved using several multilocus methods,
where haplotypes and haplotype blocks, each with
a number of loci, are used for study of LD (e.g.,
Morris et al., 2003).

Since multilocus methods would require
genotyping data for many marker loci, we may
collect data on allele frequencies either by using
DNA pools (to reduce cost) or by typing every
individual separately for each marker locus. If
we use single point method, haplotype phase
information is not important, and we can use
pooled DNA, even though the method is
imprecise, since allele frequencies are determined
by peak heights only.

Top–down approaches

We know that co-adapted gene complexes pro-
vide a typical example of multilocus LD.
Although, an algorithm for computing higher
order LD among these gene complexes was

provided rather early in a well-cited article
(Geiringer, 1944), higher-order LD of these co-
adapted complexes could not be quantified and
decomposed into lower-order LD till recently
(for related references, see Gorelick and Laub-
ichler, 2004). These top–down approaches will
also be increasingly used in future for LD
studies in both plant and animal systems.

Statistical significance of LD

The association between the allelic states at two
different loci can be tested using 2 · 2 contingency
table for v2 test. Probability of <5% would sug-
gest lack of independence of alleles at two loci,
thus indicating association. From a 2 · 2 contin-
gency table, probability (P) of the independence of
alleles at the two loci is generally also calculated
through a Fisher’s exact test (Fisher, 1935).

Statistical significance (P-value) for LD is also
calculated using a multifactorial permutation
analysis to compare sites with more than two
alleles at either or both the loci (Weir, 1996). One
should however, recognize that LD can be found
even between unlinked loci, which may be due to
the use of a structured population resulting due to
selection (including epistasis), genetic drift,
migration, mutation, etc. Methods are however,
available to deal with this problem (see later for
structured populations).

Two ways to visualize or depict the extent of LD

Since D¢ or r2 are pair-wise measurements be-
tween polymorphic sites, it is difficult to obtain a
summary statistics of LD across a region. Fol-
lowing two methods have been suggested to
visualize or depict the extent of LD between
pairs of loci across a genomic region: (i) LD
decay plots, and (ii) Disequilibrium matrices.
These two methods have been widely used, and
the readers are referred to earlier reviews for
details of these two methods (Flint-Garcia et al.,
2003; Gaut and Long, 2003). The two methods,
when used in specific cases give an idea about
the pattern of LD decay in each case, and sug-
gest that variation in LD depends on a variety
of factors (see Figures 2, 3 for the two methods,
and the next section for factors affecting LD).
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Factors affecting LD

There are several factors that influence LD. The
factors, which lead to an increase in LD, include
inbreeding, small population size, genetic isolation
between lineages, population subdivision, low

recombination rate, population admixture, natural
and artificial selection, balancing selection, etc.
Some other factors, which lead to a decrease/dis-
ruption in LD, include outcrossing, high recom-
bination rate, high mutation rate, etc. There are
other factors, which may lead to either increase or
decrease in LD, or may increase LD between some
pairs of alleles and decrease LD between other
pairs. For instance, mutations will disrupt LD
between pairs involving wild alleles, and will pro-
mote LD between pairs involving mutant alleles.
Similarly, genomic rearrangements may disrupt
LD between genes separated due to rearrange-
ment, but LD may increase between new gene
combinations in the vicinity of breakpoints due to
suppression of local recombination. Other factors
affecting LD include population structure, epista-
sis, gene conversion and ascertainment bias. Since
these other factors did not receive the desired
attention in earlier reviews, and since they make
the current issues of LD research in plants, these
are separately discussed later in this review. The
study of factors affecting LD as above is particu-
larly relevant, if LD estimates need to be used to
study linkage-based association, because one needs
to rule out the possibility of factors other than

Figure 3. Disequilibrium matrix for polymorphic sites within shrunken 1 (sh1). Polymorphic sites are plotted on both the X–axis and

Y-axis. Pair-wise calculations of LD (r2) are displayed above the diagonal with the corresponding P-values for Fisher’s exact test

displayed below the diagonal (reproduced with permission from Flint-Garcia et al., 2003).

Figure 2. Linkage disequilibrium (LD) decay plot of shrunken 1

(sh1) locus in maize. LD, measured as r2, between pairs of

polymorphic sites is plotted against the distance between the

sites (reproduced with permission from Flint-Garcia et al.,

2003).
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linkage causing LD. These factors have been dis-
cussed elsewhere in greater detail (Ardlie et al.,
2002; Jannink and Walsh, 2002; Weiss and Clark,
2002; Flint-Garcia et al., 2003; Gaut and Long,
2003) and were also recently listed by Rafalski and
Morgante (2004).

Uses of LD in plant genomics

Linkage disequilibrium can be used for a variety
of purposes in plant genomics research. One of
the major current and future uses of LD in
plants would be to study marker-trait association
(without the use of a mapping population) fol-
lowed by marker-assisted selection (MAS). An-
other important use is the study of genetic
diversity in natural populations and germplasm
collections and its use in the study of population
genetics and in crop improvement programmes
respectively. Some of these uses will be briefly
discussed in this section.

Marker-trait association and MAS in plants

Marker-trait association in crop plants is generally
worked out through linkage analysis, utilizing
methods like t-test, simple regression analysis and
QTL interval mapping, which have been widely
discussed (see Melchinger, 1996; Hackett, 2002).
Limitations of these methods have also been
widely discussed (Darvasi et al., 1993; Hästbacka
et al., 1994; Mackay, 2001; Hackett, 2002). These
limitations have largely been overcome in LD-
based approach of association mapping, which is
going to be used extensively in plant systems, as
and when the genome-wide sequences and/or SNP
maps become available.

For a study of marker–trait association using
LD, the methods may differ for discrete traits
and quantitative traits, although sometimes
quantitative traits may also be treated as discrete
traits. Two methods that have been commonly
used for discrete traits in human beings for
mapping disease genes are (i) case–control (CC)
and (ii) transmission/ disequilibrium test (TDT)
(Spielman et al., 1993). Similar (but not identi-
cal) approaches have also been used in plant
systems (Table 1). For instance, one such study
involving discrete traits in plants was recently
conducted in maize (Palaisa et al., 2003), in

which 78 out of 81 informative SNP and InDel
polymorphisms in Y1 gene were found associated
with endosperm color when genotyped over a set
of 41 yellow/orange endosperm lines and 34
white endosperm lines. The methodology used in
this study is comparable to that used in CC
studies in humans. In another study conducted
in radiata pine, 200 full sib families were used to
study the marker–trait associations. In this
study, the parental genotypes were also consid-
ered during analyses (Kumar et al., 2004), so
that the method can be compared with TDT in
humans.

The use of LD for mapping of QTLs for a
quantitative trait is more problematic, but is also
more rewarding, because it allows more precise
location of the position of a QTL that controls the
trait of interest. When comparing linkage analysis
and LD mapping for QTL detection, it has been
shown that linkage mapping is more useful for
genome-wide scan for QTL, while LD mapping
gives more precise location of an individual QTL.
One may therefore like to use linkage analysis for
preliminary location of QTLs and then use LD for
more precise location (Mackay, 2001; Glazier
et al., 2002; also see later for joint linkage/LD
studies). LD between a single marker and a QTL
can be measured by regression analysis, where the
data on the trait is regressed on the individual
marker genotypes, so that significant regressions
will identify the markers associated with the phe-
notype (Remington et al., 2001). However, since
this association of marker can sometimes be due to
reasons other than linkage, we need to conduct
further analysis to select markers that are really
associated with the trait due to close linkage. This
regression of the trait on the marker genotype
therefore is sometimes examined by testing two
adjacent markers for their association with the
trait. In still other cases, we estimate the effect of
marker haplotypes on the trait through regression
analysis. Haplotypes having similar marker alleles
(identical by descent), and associated with similar
phenotypic effect should carry a QTL (Meuwissen
and Goddard, 2000). Location of such a precise
position within a very small chromosome region is
possible through LD, but not through linkage
analysis, since through linkage analysis, recombi-
nation within such a small region may not be
available in a finite population that is examined
(Mackay, 2001).
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p
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v
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p
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b
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L
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h
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d
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b
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b
le

v
a
ri
a
ti
o
n
s

in
th
e
g
en
o
m
e.

D
eu

a
n
d

G
la
sz
m
a
n
n
(2
0
0
4
)

S
eq
u
en
ce

v
a
ri
a
ti
o
n

a
n
d

L
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b
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b
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b
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v
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b
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b
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b
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b
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b
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b
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p
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p
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d
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w
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p
ed

n
ea
r
tw

o
Q
T
L
s
fo
r
h
ea
d
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b
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p
la
sm

p
o
o
l.
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p
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ra
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ra
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b
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b
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d
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b
il
o
cu
s
a
ss
o
ci
a
ti
o
n
s
in
v
o
lv
ed

3
3
lo
ci
,
m
o
st

se
p
a
ra
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b
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d
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b
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b
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p
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p
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p
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a
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v
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b
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d
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.
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b
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b
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h
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p
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p
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b
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L
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b
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h
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L
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p
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b
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p
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L
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L
D

in
2
5
d
iv
er
se

g
en
o
ty
p
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p
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w
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p
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d
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p
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.
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.
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b
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p
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b
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p
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p
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a
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b
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b
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Population genetics and evolutionary studies
in plants

The neutral theory of evolution holds that
majority of polymorphisms observed within and
among species are selectively neutral or at least
nearly so (Tajima, 1989). Neutrality makes math-
ematical modeling easy giving a natural null
model. Features, like selection, migration and
demographic history can then be viewed as
perturbation of a standard neutral model.

Natural selection and domestication

In any organism, LD can be used for identifying
genomic regions, which have been the targets of
natural selection (both directional selection and
balancing selection) during evolutionary process.
Adaptive selection can leave one of two signa-
tures on a gene region through genetic hitch-
hiking. Directional selection can reduce levels of
polymorphism through the rapid fixation of a
new adaptive mutation. Balancing selection can
increase levels of polymorphism when two or
more alleles are maintained longer than expected
under a neutral model. For instance, if a poly-
morphism maintained by balancing selection is
old, it will have enhanced sequence variability in
the flanking regions, which may be used as a
‘signature of selection’. Due to difficulties inher-
ent in such studies, only very few such studies
have been conducted in the past, but more such
studies will certainly be conducted in future. One
of the difficulties in such studies is due to similar
pattern of genetic variation expected due to
natural selection on the one hand and popula-
tion demographic history (size, structure and
mating pattern) on the other, although selection
affects specific sites, while demography affects
the entire genome. Despite these difficulties, the
data on human genome sequences and the
available SNPs in these sequences made it pos-
sible to identify genome-wide signatures of
selection in humans (Akey et al., 2002;
Schlotterer, 2003). In one study in humans, 174
candidate genes were inferred to have been the
target of selection (Akey et al., 2002). Similar
studies have been conducted in Arabidopsis,
where genomic regions containing the genes
RPM1 and RPS5 were shown to be the target of
selection (Stahl et al., 1999; Tian et al., 2002;

Mauricio et al., 2003). More such genomic re-
gions, which have been the targets of selection,
are likely to be identified in future, so that we
will have a complete set of genes with long lived
polymorphisms, each with a region that has been
a target of natural selection.

In crop plants, efforts have also been made to
identify genomic regions or genes, which were the
targets of selection during domestication and
subsequent selective breeding. For instance, QTLs
for agronomic traits that were selected during
domestication were identified through QTL inter-
val mapping (Paterson et al., 1995; Peng et al.,
2003; for a review, see Pozzi et al., 2004), even
when functions of these genomic regions are un-
known. For instance, in a study in maize, as many
as 501 genes were screened using 75 EST-SSRs, to
obtain signatures of selection. Fifteen of these 75
EST-SSRs gave some evidence of selection
(Vigouroux et al., 2002). In another study in
maize, variability seems to have been reduced in a
short regulatory region that lies 5¢ upstream of the
teosinte branched1 (tb1) locus (Clark et al., 2004).
Large differences in the pattern of polymorphism
between genomic regions are also seen in barley
(Lin et al., 2001).

Demographic history

It is also possible to infer demographic history
of a population from the pattern of DNA
polymorphism, if data from a number of inde-
pendent (unlinked) loci is used and it is assumed
that the demographic history affects the entire
genome in the same way. Furthermore, it is
shown that for a study of demographic history,
a large number of loci spread over the whole
genome should be used, since it was shown that
study involving single locus (or non-recombining
genomes represented by mtDNA or cpDNA)
may lead to erroneous conclusions. For instance,
in A. thaliana early studies of recombination at
the Adh locus indicated extreme population
subdivision (Innan et al., 1996), but this pattern
was not observed in the entire genome in sub-
sequent studies, where a survey of genome-wide
AFLPs in Arabidopsis suggested a weak isolation
by distance and a relatively recent population
expansion, indicating ancient subdivision and
recent expansion (Miyashita et al., 1999; Innan
et al., 1999).
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LD studies conducted in higher plants

Linkage disequilibrium studies have now been
conducted in more than a dozen plant systems,
both at the individual gene level and at the level of
whole genome. In individual species, these studies
included (i) estimation of the extent of LD in dif-
ferent plant genomes or in different parts of the
genome of an individual species (see Table 2), (ii)
measure of nucleotide diversity/haplotype struc-
ture, (iii) assessment of the effect of selection/
domestication, (iv) identification of marker-trait
associations, etc. Results of all these studies are
summarized in Table 1 and will not be discussed
any further.

Current issues in LD research in plants

As discussed above, there are several limitations in
using LD in plant systems despite its demonstrated
benefits. These limitations have become the cur-
rent issues of LD research both in animal and
plant systems. Among these limitations, effects of
structured populations, epistasis, gene conversion
and ascertainment bias on LD estimates have la-
tely become the issues of current interest and are
therefore briefly discussed.

Association mapping in structured populations

A population is described as a structured popula-
tion, when frequencies of a disease or a trait varies
across subpopulations, thus increasing the proba-
bility of sampling a trait from one subpopulation
relative to that of sampling it from another.
‘Transmission/disequilibrium test’ (TDT) was
suggested as one solution to this problem (Spiel-
man et al., 1993; Spielman and Ewens, 1996;
Allison, 1997), but one generally prefers to con-
duct case–control studies, since these have several
advantages (Cardon and Bell, 2001) and are
cheaper. Therefore methods, employing case–
control studies, have been developed for associa-
tion mapping in structured populations.

Pritchard et al. (2000) proposed a population-
based method that can detect associations between
marker alleles and phenotypes in structured pop-
ulations. The essential idea of the method is to
decompose a sample drawn from a mixed popu-
lation into several unstructured subpopulations
and test the association in the homogeneous sub-
populations. The methods have been applied to
association analyses in humans (Rosenberg et al.,
2002) and crop plants, with modified test statistics
being used to deal with quantitative traits
(Thornsberry et al., 2001).

Table 2. Linkage disequilibrium (LD) in different plant species.

Species Mating system LD range Reference

Maize Outcrossing 0.5–7.0 kb Remington et al. (2001), Ching et al. (2002),

Palaisa et al. (2003)

Outcrossing 0.4–1.0 kb Tenaillon et al. (2001)

Barley Selfing 10–20 cM Stracke et al. (2003), Kraakman et al. (2004)

Tetraploid wheat Selfing 10–20 cM Maccaferri et al. (2004)

Rice Selfing 100 kb Garris et al. (2003)

Sorghum Selfing <4 cM Deu and Glaszmann (2004)

Selfing £10 kb Hamblin et al. (2004)

Sugarcane Outcrossing/Vegetative

propagation

10 cM Jannoo et al. (1999)

Arabidopsis Selfing 250 kb Nordborg et al. (2002)

Soybean Selfing >50 kb Zhu et al. (2003)

Sugar beet Outcrossing <3 cM Kraft et al. (2000)

Potato Selfing 0.3–1.0 cM Gebhardt et al. (2004), Simko (2004)

Lettuce Selfing �200 kb van der Voort et al. (2004)

Grape Vegetative propagation >500 bp Rafalski and Morgante (2004)

Norway spruce Outcrossing �100–200 bp Rafalski and Morgante (2004)

Loblolly pine Outcrossing 100–150 bp González-Martı́nez (2004)

Loblolly pine Outcrossing �1500 bp Neale and Savolainen (2004)
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Epistasis and G · E interactions

Epistasis and G · E interactions are ubiquitous in
the genetic control of complex traits and can be
studied using a variety of approaches including
LD. This aspect has only recently attracted the
attention of those using LD for genetic dissection
of quantitative traits. It should be recognized that
epistatic interactions will lead to LD between loci
involved in these interactions, since selection for
the trait will allow these loci to stay together even
when they are not linked (inter- and intra-chro-
mosomal); these associated loci can be identified
through LD and epistatic interactions between
them can be identified. In most of the QTL studies
involving estimation of epistatic effects, QTLs
having main effects are identified first, and then
they are tested for interactions. In recent years,
methods have been developed and utilized in
plants to find such QTLs, which do not have their
main effect, but are involved in epistasis (Yu et al.,
1997; Wang et al., 1999; Xing et al., 2002; Kulwal
et al., 2004; for a recent review, see Carlborg and
Haley, 2004). In most of these studies involving
study of epistasis, however, mapping populations
are used, but the approach of LD can be applied
for the study of epistasis even in natural popula-
tions like those of forest trees, and in diverse
germplasm collections relevant to crop improve-
ment.

It was actually shown that in some cases,
adjacent genes had low levels of interlocus LD and
loosely linked genes had high levels of interlocus
LD, suggesting strong epistatic selection. This as-
pect of the effect of selection of epistatic loci on
LD has been particularly studied using inversions
heterozygotes in Drosophila pseudoobscura
(Schaeffer et al., 2003), where inversions act as
suppressors of recombination to maintain positive
epistatic relationships among loci within inverted
regions that provided adaptation to a heteroge-
neous environment. A haplotype-based algorithm
has also been proposed for multilocus analysis of
LD mapping of QTLs involved in epistasis. The
application of this method was validated using a
case study, where QTL affecting human body
height were successfully detected. In this study,
modeling was done for epistatic QTL with gene
effects including additive, dominant, addi-
tive · additive, additive · dominant and domi-
nant · dominant effects (Lou et al., 2003).

Gene conversion and LD

Gene conversion can also be an important factor
in shaping fine-scale patterns of LD and haplotype
structure of a population. Attempts, therefore, are
being made to understand the effects of high rates
of gene conversion upon LD maps. Two loci sep-
arated by a short distance will generally exhibit
low recombination, and therefore, are expected to
show almost complete LD and complete linkage.
Contrary to this expectation, in several recent
studies, a significant fraction of closely placed loci
were found to show incomplete LD. This unex-
pected result has often been found to be due to
gene conversion, which can be distinguished from
crossing over due to non-availability of all the four
possible combinations involving two pairs of al-
leles. Further, the new combinations obtained due
to gene conversion, are not associated with chan-
ges in loci downstream of the recombination break
point, as is the case with reciprocal recombinants
resulting due to crossing over.

It has also been shown that the rate of recom-
bination between nearby loci often increases due
to gene conversion, which may often assume
alarming levels, its rate in different regions of a
genome being as high as 1.5–10 times the rates of
crossing over, as exemplified by chromosome 21 in
humans (Padhukasahasram et al., 2004). This high
rate of gene conversion will often lead to break-
down of allelic associations across short distances,
thus reducing the magnitude of LD between clo-
sely linked adjacent loci. Gene conversion hot
spots have also been found to be coincident with
the previously identified crossover hot spots, sug-
gesting that in many cases high recombination
rates were erroneously attributed to crossing over.

Among plant systems, in order to study the
effect of gene conversion (relative to that of
crossing over) on LD, Haubold et al. (2002) sam-
pled genetic diversity at 14 loci (500 bp each) in
chromosome V of Arabidopsis thaliana. These 14
loci were distributed across 170 kb of genomic
sequence centered on a QTL for resistance to
herbivory. It was shown that in this particular
genomic region, LD decays with distance (negative
correlation). However, when only those pairs of
loci were considered, where all the four possible
haplotypes (these can result only due to crossing
over and not due to gene conversion) were avail-
able, this negative correlation between LD and
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genetic distance disappeared; and sometimes even
became positive. When a test for the relative rates
of gene conversion and reciprocal recombination
(crossing over) was applied in this study, 90% of
the recombination events in the region surveyed
were found to have been produced by gene con-
version. This strongly suggested that (epistatic)
selection together with gene conversion must have
produced this pattern.

Ascertainment bias and LD

Ascertainment bias (AB) is the bias introduced by
the criteria used to select individuals and/or loci in
which genetic variation is assayed, so that it leads
to inaccurate estimates of LD. Ascertainment is
the way individuals with a trait are selected or
found for genetic studies and bias is a difference
between the estimated and true value of LD in a
statistical sample. Understanding and correcting
this AB is essential for a useful quantitative
assessment of the landscape of LD across any
genome. Specifically, the magnitude of this AB is a
function of several factors (Akey et al., 2003). A
particular problem of AB arises when SNPs iden-
tified in small heterogeneous panels are subse-
quently typed in larger population samples. LD
estimates may also be biased depending on the
means by which SNPs are first identified to be used
in further studies, where genotyping is done using
entirely different methods. For instance, SNPs
may be first identified by re-sequencing in one
population and may be later scored in other pop-
ulations by genotyping using methods other than
re-sequencing. It is important to realize, that SNPs
are often identified by in silico methods that
ascertained SNPs from a small number of chro-
mosomes in a limited number of populations
(Taillon-Miller et al., 1998; Mullikin et al., 2000
for related references, see Akey et al., 2003;
Kreitman and Rienzo, 2004). Inferences drawn
from studies using such SNPs may be influenced
by AB.

Rapid progress has been made in quantifying
the pattern of LD and haplotypes across entire
human genome, and similar efforts are being made
in plant systems. The quality and utility of such a
proposed LD-based resource could be seriously
compromised, if important sampling and analyti-
cal factors as above are overlooked. To date, the
effect of AB on estimates of background LD has

not been rigorously investigated, although Weiss
and Clark (2002) pointed out the problem of AB in
results of an earlier study aimed towards charac-
terizing the pattern of LD in human genome
(Reich et al., 2001).

Ascertainment bias can be quantified as the
mean absolute fractional error (MAFE), which
varies from 0 to 1. Using this measure of AB, it
was also shown that the magnitude of AB was
higher in the hierarchical approach (when number
of chromosomes from a single population are
sampled) relative to that in a balanced approach.
Therefore, the use of a sample of large number of
chromosomes from multiple subpopulations was
recommended for future large-scale SNP discovery
for estimations of LD (Akey et al., 2003).

Future prospects

Association studies and MAS

One of the major uses of LD-based association
analysis in future will be the study of marker-trait
associations, leading to MAS, which has already
been discussed earlier in this review. The approach
will be particularly useful in forest trees, where
mapping populations can not be easily generated,
but MAS will prove extremely useful. For this
purpose, LD will also facilitate development of
functional markers (FMs), which are the perfect
markers for marker-trait association (see Andersen
and Lübberstedt, 2003; Gupta and Rustgi, 2004;
Simko et al., 2004b).

Mapping of QTLs jointly using linkage and LD

In plant genetic studies, different QTL mapping
methods, which were developed and extensively
used in the past, have been very successful for
mapping QTLs within genetic distances that
measured only up to 10-30 cM (Alpert and
Tanksley, 1996; Stuber et al., 1999). However, to
utilize QTL in selective breeding or to identify
functional genes, a higher level of resolution of
position estimates is required. Association studies
based on LD may allow mapping at much finer
resolution (Remington et al., 2001). More
recently, it was realized that linkage analysis (LA)
and LD mapping both have their own limitations
when used alone. The limitations of LA have been
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discussed elsewhere (Darvasi et al., 1993;
Hästbacka et al., 1994; Mackay, 2001; Hackett,
2002). However, the major limitation of LD
mapping is that it provides little insight into the
mechanistic basis of LD detected (e.g., LD may
not be due to linkage in all cases), so that, genomic
localization and cloning of genes based on LD
may not always be successful. This is because a
strong LD may sometimes be due to recent
occurrence of LD rather than a close physical
linkage between the two loci, exhibiting LD.
Therefore, a new joint linkage and LD mapping
strategy has been devised for genetic mapping,
taking advantage of each approach (Wu and Zeng,
2001; Wu et al., 2002). The strategy has the power
to simultaneously capture the information about
the linkage of the markers (as measured by
recombination fraction) and the degree of LD
created at a historic time. In this approach, a
random sample from a natural population and the
open pollinated progeny of the sample are ana-
lyzed jointly. The approach is based on the prin-
ciple that during the transmission of genes from
parents to progeny, linkage between marker and
QTL is broken down due to meiotic recombina-
tion. Therefore, it was proposed to have a com-
posite measure of LD involving the following two
components: (i) linkage between marker and QTL
and (ii) LD created at a historic time. With the
measurement of these two components, one can
clearly determine the basis of a significant LD
between marker and QTL, thus increasing the
feasibility of fine mapping and map based cloning
of QTLs affecting a QT. Thus, by combining the
information about linkage and LD, the joint
mapping method displays increased power to de-
tect LD compared to traditional methods of LD
analyses. Using this strategy a QTL with major
effect on milk fat content was successfully fine-
mapped in a 3 cM marker interval on bovine
chromosome 14 following multipoint maximum
likelihood approach (Farnir et al., 2002).

The approach of combined LA and LD for
QTL analysis has been extended for multitrait fine
mapping of QTLs (Lund et al., 2003; Meuwissen
and Goddard, 2004). Multitrait QTL mapping has
also been recommended for correlated traits, thus
increasing the statistical power of detection, and
resolving whether the two traits are correlated due
to pleiotropic effect of one QTL or due to linkage
between QTLs affecting these traits (Jiang and

Zeng, 1995; Korol et al., 2001). Lou et al. (2003)
also suggested that if their haplotype-based algo-
rithm for multilocus LD mapping of QTLs is
integrated with Wu and Zeng’s (2001) model, the
relationship between linkage and linkage disequi-
librium can be tested, and LD mapping can be
made a more predictable and powerful approach.
The approach of joint LA and LD has already
received considerable attention in studies on ani-
mals, and in future the method will certainly be
used in plants also.

Haplotype blocks and tagging SNPs

As the number of known SNP markers in a gen-
ome increases, genotyping individuals with all the
available SNPs will become a formidable task.
Several approaches are being suggested to deal
with this problem. For instance, patterns of LD
(haplotype blocks) are being used for identification
of minimum informative subsets of SNPs, also
known as tagging SNPs (tSNPs) or haplotype
tagging SNPs (htSNPs) (Goldstein et al., 2003;
Tishkoff and Verrelli, 2003; Halldorsson et al.,
2004). To identify a minimum set of SNPs (tSNPs/
htSNPs), distributed throughout the genome for
association testing is one of the major goal of
haplotype map (HapMap) project in human
(Clark, 2003; The International HapMap Con-
sortium, 2003). Similar studies have been initiated
in A. thaliana in USA. Other similar studies, at the
level of genes were conducted in maize (Ching
et al., 2002; Palaisa et al., 2003; see Rafalski and
Morgante, 2004), rice (Garris et al., 2003), soy-
bean (Zhu et al., 2003), potato (Simko et al.,
2004b), etc. The efficiency of SNP haplotype
analysis may also be increased by DNA pooling
and use of microarrays, which can dramatically
reduce the number of genotyping assays (Yang
et al., 2003; Butcher et al., 2004).

Linkage disequilibrium maps in plants

Genetic and physical maps of genomes, based on
molecularmarkers have now been constructed in all
major crops. The work on the construction of LD
maps in humans has already started, but that of the
construction of LDmaps for plant genomes has yet
to start. In humans, LDmaps of small regions of the
genome or those involvingmapping of disease genes
relative tomolecularmarkers havebeen constructed
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successfully. In due course of time such mapping
will be attempted in plants also. These LDmaps will
make use of molecular markers that flank marker
intervals delimited on the basis of estimations of
LD, the distances being represented as LD units
(LDU; Zhang et al., 2002). LD mapping theory
extends the estimationof covarianceD for a random
sample of haplotypes or diplotypes (disomic geno-
types) to the association probability q ¼ D/Q
(1)R), where D is an estimation of LD (see above),
Q is the frequency of the rarest and therefore puta-
tively the youngest allele, and R is the frequency of
the associated marker allele (Maniatis et al., 2002).
The estimates of these three parametersD,Q and R
will be utilized for LD mapping. The softwares
ALLASS (allele association) and LDMAP VER-
SION 0.1, March 2002 (both developed by Andrew
Collins from University of Southampton, UK) are
recommended for use in constructing LD maps.

Appropriate statistical models

Although significant progress has been made in the
methods for estimation and interpretation of LD,
thesemethods each suffers fromone of the following
limitations: (a) They are based on computing some
measure of LD defined only for pairs of sites, rather
than considering all sites simultaneously. (b) They
assume a ‘block like’ structure for patterns of LD,
which may not be appropriate for all loci. (c) They
do not directly relate patterns of LD to biological
mechanisms of interest, such as recombination rate.
Statistical models have also been proposed to
overcome these limitations, by relating genetic
variation in a population sample to the underlying
recombination rate (Li and Stephens, 2003).

Softwares for LD studies

It is apparent from the above discussion that any
LD study would be computationally demanding.
For this purpose, newer datamining tools and other
web resources are being regularly developed. Some
of the tools, relevant for estimating LD are listed in
electronic supplementary material (ESM, Table 1).

Conclusions

Linkage disequilibrium has been extensively uti-
lized for a variety of purposes including mapping

of disease QTLs in humans, but its use in plants
has just begun. With the availability of high-
density maps in a number of crop plants, the
whole genome sequences in model plants like
Arabidopsis and rice, and the sequences of gene-
rich regions in crops like sorghum, maize and
wheat, we are at the threshold of utilizing the
approach of LD and association mapping in
crop plants in a big way. The approach will be
used in several plant genomes for construction of
LD maps, for study of marker-trait association
both independently and in combination with
linkage analysis and for the study of population
genetics and evolution both in nature and under
domestication. Future studies of LD in crop
plants will also elucidate further the structures of
plant genomes and will also facilitate the use of
MAS and map based cloning of genes for diffi-
cult traits.
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