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Abstract

DNA-based molecular markers have been extensively utilized for a variety of studies in both plant and animal sys-
tems. 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 popu-
lations. Therefore, alternative approach has been suggested, linkage disequilibrium-based association analysis
which detects and locates quantitative trait loci (QTL) by the strength of the correlation between a trait and a marker.
Although association analysis has already been used for studies on genetics of complex traits in humans, its use in
plants has newly started. In the present review, we describe what is known about variation in linkage disequilibrium
(LD) and summarize published results on association studies in crop plant species. We give a list of different factors
affecting LD, and discuss the current issues of LD research in plants. Later, we also describe the various uses of LD
in crop plants research and summarize the present status of LD researches in different plant genomes. Finally, future
key issues about the application of these studies on the localization of genes in these crop plants have been also dis-
cussed.
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Introduction

Linkage disequilibrium (LD) is defined as a non-
random association of alleles at separate loci located on the
same chromosome (Mackay and Powell, 2007). The pres-
ence of LD is a prerequisite for association mapping where
the LD extent or the physical size of LD blocks, that is chro-
mosomal regions across which all pairs of adjacent loci are
in LD (Stich, 2006), determines the marker density re-
quired for association mapping. Genome-wide association
studies are currently exploited for mapping of disease
genes in human genetics (see, for example, The Wellcome
Trust Case Control Consortium, 2007). In crop plants, the
potential of exploiting LD to detect marker-trait associa-
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tions was recently investigated for maize (reviewed by Yu
and Buckler, 2006; Belo ef al., 2008), wheat (Ravel et al.,
2006; Rhone et al., 2007; Tommasini et al., 2007), barley
(Kraakman et al., 2004; Kraakman et al., 2006, Maly-
sheva-Otto and Roder, 2006; Rostoks et al., 2006), sor-
ghum (Hamblin et al., 2004), ryegrass (Sket et al., 2005;
Xing et al., 2007), soybean (Hyten et al., 2007) and rice
(Garris et al., 2003). The published results suggest that as-
sociation mapping is a valuable additional tool in the search
for the detection of novel genes or QTLs for important ag-
ronomic characteristics. The extensive application of this
approach in crop plants is to be expected in the long term as
a result of establishing of the novel high-throughput geno-
typing and sequencing technologies (Mackay and Powell,
2007; Oraguzie et al., 2007).

In contrast to QTL mapping, where typically bi-
parental crosses with contrasting genotypes are used, in the
case of association studies a collection of cultivars, lines, or
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landraces are genotyped with densely spaced markers. In
plant genetics, using a collection of cultivars has a number
of advantages over the use of a bi-parental cross. Firstly, in
the population a broader genetic variation in a more repre-
sentative genetic background will be available. This im-
plies that one is not limited to the marker and trait loci that
happen to differ between two parents (Kraakman et al.
2006). Secondly, LD mapping may attain a higher resolu-
tion, because of the use of all meioses accumulated in the
breeding history. Thirdly, historic phenotypic data on culti-
vars can be used to link markers to traits, without the need
for new trials with special mapping populations. The meth-
odology for associating markers and traits in a collection of
cultivars is still under development (Jannink and Walsh,
2002; Yu and Buckler, 2006; Mackay and Powell, 2007).

In order to identify marker-trait associations, LD has
to occur in the plant germplasm. LD may increase due to se-
lection in a population, for instance when an important trait
is regulated by multiple loci, or due to recent introductions
of genotypes. Factors contributing to the increase of LD
include also small population size, inbreeding, genetic iso-
lation between lineages, population subdivision, low re-
combination rate, population admixture, genetic drift and
epistasis. While factors like outcrossing, high recombina-
tion rate, high mutation rate, gene conversion, etc., lead to a
decrease/disruption in LD. The factors affecting LD have
been extensively discussed in a number of papers (Ardlie et
al., 2002; Jannink and Walsh, 2002; Weiss and Clark,
2002; Flint-Garcia et al., 2003; Gaut and Long, 2003;
Gupta et al.,2005; Kim et al., 2007), and were also recently
listed by Rafalski and Morgante (2004).

LD will tend to decay with genetic distance between
the loci under consideration, because genetically distant
loci are more likely to have recombined in the past than
tightly linked loci. In populations, for any pair of linked
polymorphic loci LD decreases over generations, because
of accumulation of recombinations. Finally the loci will be
in linkage equilibrium (LE), i.e. alleles are not preferen-
tially paired anymore. The process of decrease of LD to
reach LE depends on the opportunities of genetic recombi-
nation between the allele pairs of the loci under consider-
ation. For effective recombination double heterozygotes
are required, and these are much more common in allo-
gamous than in autogamous plant species. Therefore, LD
will tend to be more obvious after repeated inbreeding, as in
autogamous species, than in out-crossing species. [f LD es-
timates are supposed to be used for association analysis, the
understanding of the factors affecting LD is particularly
relevant, because one needs to rule out the possibility of LD
caused by factors other than linkage.

Association studies based on correlations between al-
leles at different sites or LD can provide high resolution for
the identification of genes that contribute to phenotypic
variation in natural populations. This approach has a poten-
tial to identify a single polymorphism within a gene that is
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responsible for the difference in phenotype. In addition,
many plant species have high levels of diversity for which
association approaches are well suited to evaluate the nu-
merous alleles available. LD plays a central role in associa-
tion analysis. The distance over which LD persists will
determine the number and density of markers, and experi-
mental design needed to perform an association analysis.
Therefore it is important to understand LD and to determine
the extent of LD in the species under investigation.

In this review we describe what is known about varia-
tion in Linkage Disequilibrium in crop plant species and
summarize published results on genetic association map-
ping studies. Future key issues about the application of
these studies on the localization of genes in these crop
plants will also be discussed.

Linkage Disequilibrium Measurement,
Visualization and Scope of Variation

The different measures for estimating the level of LD
including the statistical tests for the significance of these
measures have largely been described in recent reviews on
LD in plants (Flint-Garcia et al., 2003; Gaut and Long, 2003;
Gupta et al., 2005). The basic component of all LD statistics
is the difference between the observed and expected haplo-
type frequencies at polymorphic loci, and the mathematical
formulas for calculations can be found in Flint-Garcia ef al.
(2003). Briefly LD is calculated pairwise between two poly-
morphic sites; and the most frequently used LD measures are
D’ and /%, The D’ is the standardized disequilibrium coeffi-
cient which mainly measures recombinational history and is
therefore useful to assess the probability of historical recom-
bination in a given population. The /* is essentially the corre-
lation between the alleles at two loci; it summarizes both
recombinational and mutational history and is useful in the
context of association studies. Both parameters vary in the
interval from O to the value of 1.

Most LD calculations stand the linkage disequilib-
rium coefficient D, for which the layout and notation are
shown in Table 1. Consider two loci A and B, each locus
having two possible alleles: A; and A, at locus A, and B,
and B, at locus B. The allele frequencies are denoted as p
and naturally represent only sample estimates of some un-
derlying population parameters, which are mostly un-
known unless the total populations have been scored. There
are four possible allele combinations between these two
loci, which could represent the four possible types of ga-
metes in a sexually reproducing organism. If the two loci
are physically linked on the same chromosome, this array
specifically represents the four haplotypes, but this does not
have to be the case. If the two loci assort completely inde-
pendently (i.e. linkage equilibrium) the gametic frequen-
cies are calculated by the products of the allele frequencies;
for example, the frequency of a haplotype carrying allele A,
at the first locus, and allele B, at the second locus is given
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Table 1 - Association between two alleles at each of two loci, showing the
actual gametic frequencies and the expected gametic frequencies when the
loci are in linkage disequilibrium. The marginal frequencies represent the
allele frequencies (Mueller and Andrioli, 2004).

Alleles at locus B
B1 BZ
A, AB, AB;y
Actual Paipi Paigz Pai
Alleles at Expected PAIPBI PAIPBZ
locus A
A, AyB, A;By
Actual PA,B, PAB; Py,
Expected PA,PB, PA,PB,
Py, Pg, 1

by the product Ps; Pg;. A simple and basic component of
many disequilibrium measures is the difference (D) be-
tween the actual gametic frequency and the expected ga-
metic frequency when the loci are independent (see review
Mueller 2004).

To visualize or depict the extent of LD one can pres-
ent a plot of LD decay which shows how LD declines with
genetic (centiMorgans, cM) or physical (base pairs, bp) dis-
tance (Figure 1). Alternatively it is possible to construct the
Disequilibrium Matrix which shows all loci in LD with cor-
responding probabilities (Figure 2). The matrix can cover
the whole genome or distinct genomic locus. Nowadays
quite a few software packages are available to calculate LD
and to visualize its variation across the selected chromo-
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some region or across the genome. These allow to calculate
multilocus LD for bi-allelic as well as for multiallelic loci.
In plant studies the most widely used programmes are
TASSEL, HAPLOVIEW as well as statistical programmes
developed within research groups (Kraakman et al., 2004;
Melchinger, 1996).

During the last five years the information about the LD
pattern variation in different crop plant species was gradu-
ally accumulated. Most of the studies described LD in maize,
wheat and barley, besides single reports on rice, ryegrass,
soybean, sugarcane and sorghum. The extent of genome
coverage in these studies varied from short distances as a few
hundred base pairs up to genetic regions as huge as tens of
centiMorgans (cM) or genome-wide. In general, the extent
of LD varies greatly along the genome, so averages, while
useful to know, may not reflect the local extent of LD. This
makes the estimates of the number of markers needed more
problematic. In addition, there are large variations in recom-
bination frequency along the genome (lower near centro-
meres) which will affect LD in these regions.

Evaluation of LD in the maize genome revealed for
diverse maize inbred lines rapid decay within 1 ¢cM up to
values of * < 0.05 when assessed with intragenic SNPs, but
a much higher genome-wide LD levels when assessed with
SSRs (Remington et al., 2001). For the commercial elite in-
bred lines LD blocks as long as 100 kb were detected
(Ching et al., 2002). At the physical distance level LD de-
tected with SNPs, persisted over only 1 kb for PSY2 locus
(a putative phytonene synthase), but extended up to 600 kb
in the region surrounding the maize phytonene synthase
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Figure 1 - The pattern of LD for 48 SSR loci in dependence on the population structure. Plots of LD represented by r* against genetic distance (in
centiMorgan) in the global population of 953 accessions (a), 565 European accessions (b), 207 European 2-rowed spring accessions (¢), and in the random
set of 200 accessions (d). Pairs of loci mapped to different chromosomes were assigned to 200 ¢cM (reproduced from Malysheva-Otto et al., 2006a).
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Figure 2 - Haplotype frequencies of Bmy! in barley accessions originating from various geographic regions worldwide. EU - Europe, AS - Asia, AF - Af-
rica, NE - Near East, AM - America (reproduced from Malysheva-Otto and Réder, 2006b).

gene Y/ (Palaisa et al., 2004). In the other study LD across
800 kb around Y/ and across 500 kb for maize alcohol
dehydrogenase gene adhl was reported (Jung et al., 2004).
Persistent high levels of LD (#*>0.2) were also shown over
the whole genomic loci about 3.5 kb long of the maize PAL
gene (Andersen et al., 2007).

In wheat, genome-wide studies revealed LD extended
up to 10 cM with mean #* = 0.18 (evaluated with SSRs,
Maccaferri et al., 2004) or mean with »* = 0.133 (Brese-
ghello and Sorrells, 2006). However, intrachromosomal
LD was much higher with #* = 0.551 (chromosome 2D) or
#*=0.909 (chromosome 5A) and decayed within a distance
of <1cM (2D) and <5 cM (5A) (Breseghello and Sorrells,
2006). In the study of the bread and durum wheat cultivars
Somers et al. (2007) observed that only a small fraction of
the locus pairs approximately 2-3 ¢cM apart showed 7 val-
ues > 0.2, but few loci at longer distances showed high lev-

els of LD with 72 =0.7 and 1.0 at 25.5 and 41.2 ¢cM, respec-
tively. In subpopulations LD extended for longer distances
and even higher /* values were detected (Somers et al.,
2007). Studies of LD across specific genomic regions were
carried out for the region surrounding the yellow rust resis-
tance gene Yrl7 (Rhone ef al., 2007) and for the region of
QSng.sfr-3BS, a major QTL for resistance to Stagonospora
nodorum glume blotch on chromosome 3B (Tommasini et
al., 2007). In the experimental wheat populations main-
tained under dynamic management conditions a strong LD
(#* > 0.6) was preserved over several generations in the
zone surrounding Yr17 gene for a distance of 20 cM (Rho-
ne et al.,2007). In the study of LD across the QSng.sfr-3BS
region (Tommasini et al., 2007), LD dropped to > < 0.2
within less than 0.5 ¢cM in 44 diverse varieties, while it ex-
tended about 30 cM with 7 > 0.2 in 240 RILs (LD was
based on SSR and STS markers).
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In cultivated barley genome-wide LD extended from
10 ¢cM to 15 cM when evaluated with SSRs (Malysheva-
Otto et al., 2006), AFLP markers (Kraakman et al., 2004)
or SNPs (Rostoks ef al., 2006), and the pattern of LD was
extremely population dependent. Substantial intralocus LD
in barley was measured across a contiguous 212 kb region
of four gene loci surrounding the hardness locus (Caldwell
etal.,2006), and within the 132 kb-long physical contiguity
of barley gene Hv-eIF4E and flanking region, which con-
fers resistance to the barley yellow mosaic virus (BYMV)
complex (Stracke ef al., 2003). In the region surrounding
the hardness locus, mean LD values of 7 > 0.2 (Caldwell e
al., 2006) were detected, while over the physical contiguity
of BYMV resistance locus the mean value of 7> was > 0.4
(Stracke et al., 2003). However, LD varied abruptly within
the region, and at the genetic level dropped to #* = 0.3
within 1 ¢cM. In wild barley an excess of interlocus LD was
observed by analysing 18 genes in 25 accessions, and LD
levels were lower than in maize (Morrell et al., 2005).

Single reports are available about genome-wide or
intralocus LD in other crops. Genome-wide scans with
RFLP loci showed a decay of LD to values of > < 0.05
within 10 ¢cM in sugarcane (Flint-Garcia ef al., 2003) and
within 50 ¢cM in sorghum (Hamblin et al., 2004). In the nat-
ural populations of perennial ryegrass at a genome-wide
scale using AFLP genetic markers, the majority of the
linked pairs were in significant LD within genetic distance
of 4.37 ¢cM with #* values not exceeding * = 0.12, but two
pairs were more than 20 cM apart (Sket et al., 2005).

The evaluation of the intragenic LD was performed in
ryegrass (Xing et al., 2007), soybean (Hyten et al., 2007)
and rice (Garris et al. 2003). In ryegrass nucleotide poly-
morphism analysis for 11 expressed disease resistance can-
didate (R) genes using about 1 kb genomic fragments for
each of the genes revealed low intragenic LD with 7* < 0.2
for most R genes, and rapid LD decay within 500 bp (Xing
et al., 2007).

The structure of LD in soybean germplasm was ana-
lyzed across three genomic regions up to 574 kb long which
were located in different linkage groups (Hyten et al., 2007).
In the wild ancestor of soybean, G. soja, LD did not extend
past 100 kb, with #* values slightly over 0.1; however, in the
three cultivated G. max groups, LD extended up to 574 kb
and higher /* values were detected (Hyten ez al., 2007).

Finally, in the case of fruit crops references about LD
variation are very scarce. One of the first approach is the
work of Aranzana et al. (2007) in peach using SSR markers
indicating an estimated LD over 125 kb.

Application of Linkage-Disequilibrium Based
Genetic Association Mapping in Crop Plants

Linkage disequilibrium can be used for a variety of
purposes in crop plant genomics research. One of the major
current and future uses of LD in plants would be to study

809

marker-trait association (without the use of a mapping
population) followed by marker-assisted selection (MAS).
Another important application is its use in the studies of
population genetics and genetic diversity in natural popula-
tions and germplasm collections and in crop improvement
programmes.

Marker-trait association in crop plants is generally
conducted through linkage analysis, utilizing methods like
t-test, simple regression analysis and QTL interval map-
ping (for a discussion of these methods see, Hackett, 2002).
Limitations of these methods have also been widely dis-
cussed (Darvasi ef al., 1993; Hastbacka et al., 1994; Mel-
chinger, 1996; Mackay, 2001; Hackett, 2002). The
limitations of linkage analysis approach imposed by the
availability of mapping populations have largely been
overcome in LD-based association mapping, which can be
applied to germplasm bank collections, synthetic popula-
tions, and elite germplasm. Genetic association mapping or
linkage disequilibrium mapping is a method that relies on
linkage disequilibrium to study the relationship between
phenotypic variation and genetic polymorphisms (Brese-
ghello and Sorrells, 2006).

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 procedures that have been
commonly used for mapping of discrete traits (disease
genes) in humans are (i) case-control (CC) and (ii) trans-
mission/disequilibrium test (TDT) (Spielman and Ewens,
1996; Allison, 1997). Similar (but not identical) ap-
proaches have also been used in crop plants (see review
Gupta et al., 2005). 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 Y/ gene were found as-
sociated with endosperm color when genotyped over a set
of 41 yellow/orange endosperm lines and 34 white endo-
sperm lines. The methodology used in this study is compa-
rable to that used in CC studies in humans. In the research
of Kumar et al. (2004) conducted in radiata pine, 200 full
sib families were used to study the marker-trait associa-
tions. 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 challenging, but is also more rewarding, be-
cause it allows more precise locating of the position of a
QTL controlling the trait of interest. When comparing link-
age analysis and LD mapping for QTL detection, it is re-
vealed that linkage mapping is more useful for genome-
wide scan for QTLs, 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; Gla-
zier et al., 2002). LD between a single marker and a QTL
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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 associ-
ated with the phenotype (Remington et al., 2001).

However, since this association of marker can some-
times be due to reasons other than linkage, further analysis
is needed to select markers that are really associated with
the trait due to close linkage. Therefore this regression of
the trait on the marker genotype is sometimes examined by
testing two adjacent markers for their association with the
trait. In other cases, the effect of marker haplotypes on the
trait through regression analysis can be estimated. Haplo-
types having similar marker alleles (identical by descent),
and associated with similar phenotypic effect should carry
a QTL (Meuwissen and Goddard, 2000). Locating of a pre-
cise position within a very small chromosome region is
possible through LD, but not through linkage analysis,
since recombination within such a small region may not be
available in an examined finite population (Mackay, 2001).
The neutral theory of evolution holds that the majority of
polymorphisms observed within and among species are
selectively neutral or at least nearly so (Tajima, 1989).
Neutrality makes mathematical modelling easy, giving a
natural null model. Features, like selection, migration and
demographic history can then be viewed as perturbation of
a standard neutral model.

Genetic association mapping is a new approach
which takes into account thousands of polymorphisms to
evaluate for QTL effect and is more efficient as compared
to linkage analysis because it does not require generation of
segregating populations/large numbers of progeny (Ora-
guzie et al., 2007; Belo et al., 2008). However, association
mapping is only capable of identifying phenotypic effects
of alleles with reasonably high frequency in the population
under investigation. Rare alleles usually cannot be evalu-
ated because of lack of power (not enough individuals car-
rying this allele). So, for such alleles classical biparental
mapping can be more appropriate.

The efficiency of association mapping is significantly
influenced by the population structure. The presence of
population stratification and an unequal distribution of al-
leles facilitate mapping and identification of the underlying
causes of quantitative trait variation in plants. Subgroups
can result in non-functional, spurious associations. Highly
significant LD between polymorphisms on different chro-
mosomes may produce associations between a marker and
a phenotype, even though the marker is not physically
linked to the locus responsible for the phenotypic variation
(Pritchard and Rosenberg, 1999).

The complex breeding history of many important
crops and the limited gene flow in most wild plants have
created complex stratification within the germplasm, which
complicates association studies (Sharbel et al., 2000). As-
sociation tests that do not attempt to account for the effects
of population structure must be viewed with skepticism.

Sorkheh et al.

However, recent developments in statistical methodologies
make it possible to properly interpret the results of associa-
tion tests. All of these methods assume that population
structure has similar effects on all loci and rely on the use of
independent marker loci to detect stratified populations and
to correct for them (Pritchard and Rosenberg, 1999). Prit-
chard ef al. (2000) have developed an approach that incor-
porates estimates of population structure directly into the
association test statistic. The essential idea of the method is
to decompose a sample drawn from a mixed population into
several unstructured subpopulations and test the associa-
tion in the homogeneous subpopulations. The methods
have been applied to association analyses in humans (Ro-
senberg et al., 2002; Cardon and Bell, 2001) and crop
plants, with modified test statistics being used to deal with
quantitative traits (Thornsberry et al., 2001; Belo et al.,
2008). In the study of flowering time locus in maize a suite
of polymorphisms in the maize dwarf8 gene was signifi-
cantly associated with variation in flowering time (Thorns-
berry et al., 2001). The incidence of false positives created
by population structure was reduced by up to 8% as a result
of the Pritchard method. Using these statistical methods in
an association test allowed researchers to improve their res-
olution from the level of a 20-cM region to that of an indi-
vidual gene. In the other research whole genome scan
association mapping was used to identify loci with major
effect on oleic acid content in maize kernels, and molecular
marker at about 2 kb from a fatty acid desaturase, fad2, was
associated with the differences in the phenotype (Belo et
al., 2008). The methodological advances that estimate the
effects of population structure-induced linkage disequi-
libria should allow the use of association testing in a much
wider context, enabling the use of this very powerful tech-
nique.

The other method developed by Reich and Goldstein
(2001) examines the association of a moderate number of
unlinked genetic markers with a given phenotype. The
strength of these associations is then compared with the as-
sociation of a candidate gene.

Nowadays there exists a handful of published soft-
ware to assess the association of marker loci with traits. The
most commonly used statistics include logistic regression
with the possibility of structured associations implemented
in TASSEL General Linear Model (Yu and Buckler, 2006;
TASSEL: http://www.maizegenetics.net), a multiple re-
gression model combined with the estimates for the false
discovery rate suggested by Kraakman et al. (2006), and an
unified mixed-model approach described by Yu et al.
(2006) and implemented in TASSEL Mixed Linear Model
or in SAS v9.1.2 (Ehrenreich et al., 2007).

In addition, in any organism, LD can be used for iden-
tifying genomic regions, which have been regarded as the
targets of natural selection (both directional selection and
balancing selection), during evolutionary process (Gupta et
al., 2005; Ross-Ibarra et al., 2007). Adaptive selection can
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leave one of two signatures on a gene region through ge-
netic hitchhiking (Ross-Ibarra ef al., 2007). Directional se-
lection can reduce levels of polymorphism through the
rapid fixation of a new adaptive mutation. Balancing selec-
tion can increase levels of polymorphism when two or more
alleles are maintained longer than expected under a neutral
model. For example, if a polymorphism maintained by bal-
ancing selection is old, it will have enhanced sequence vari-
ability in the flanking regions, which may be used as a
‘signature of selection’. Due to inherent difficulties, only
very few such studies have been conducted in the past, but
more studies will certainly be conducted in future. One of
the difficulties in such studies is caused by similar pattern
of genetic variation expected due to natural selection on
one hand and population demographic history (size, struc-
ture and mating pattern) on the other, while selection af-
fects specific sites, demography affects the entire genome
(Zhang et al., 2002; Somers et al., 2007).

In crop plants, efforts have also been made to identify
genomic regions or genes, which were the targets of selec-
tion during domestication and subsequent selective breed-
ing. For instance, QTLs for agronomic traits that were
selected during domestication were identified through QTL
interval mapping (Paterson et al., 1995; Peng et al., 2003,
Pozzi et al., 2004), even when functions of these genomic
regions are unknown. 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° up-
stream of the teosinte branched1 (tbl) locus (Clark ef al.,
2004). Large differences in the pattern of polymorphism
between genomic regions are also seen in barley (Lin et al.,
2001).

Linkage Disequilibrium and The Future of
Genome Dissection

Association approaches have been the main applica-
tion of LD, but the nature of LD in the population deter-
mines what type of association approach can be conducted.
The rate of LD decay determines whether genome scans
versus candidate gene-based association approaches can be
used. In genome scans, markers are distributed across the
genome to evaluate all genes simultaneously. For example,
the human genome may require 70,000 markers,
Arabidopsis 2,000 markers, diverse maize landraces
750,000 markers, but only 50,000 markers for elite maize
lines. For species other than Arabidopsis, this is an un-
wieldy number of markers, although technological im-
provements in the foreseeable future will likely enable the
scoring of the necessary number of markers. However,
more problematic than the genotyping is the large number
of resources needed for phenotyping and statistical issues.
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When scoring 50,000 SNPs across the genome, there is a
large multiple-test problem, as different independent tests
are being conducted. Correcting these multiple tests would
require extremely low P-values for each independent test.
Statistical significance in a genome scan could only be ob-
tained with large sample sizes of thousands of individuals
for QTL that explain modest amounts of variation.

There are two ways to circumvent this problem: either
populations with greater levels of LD can be chosen, or the
analysis can be restricted to candidate gene regions. By
choosing a bottlenecked population, one can substantially
increase genome-wide LD. Many human geneticists have
used this approach, focusing on bottlenecked human popu-
lations (Héstbacka et al., 1992). The limitation of this
approach is that the appropriate populations must be identi-
fied, and by their nature, these bottlenecked populations
will only contain a subset of the total variation. This ap-
proach of finding bottlenecked populations could work
well in high diversity/low LD species such as maize, where
Rafalski (2002) suggested that elite germplasm with its
high levels of LD would be ideal for low-resolution associ-
ation approaches. Again, it is necessary to point out that
novel alleles outside the elite germplasm will not be identi-
fied.

The candidate gene-association approaches rely on
combining multiple lines of evidence to restrict the num-
bers of genes that are evaluated. Genome sequencing, com-
parative genomics, transcript profiling, low-resolution
QTL analysis, and large scale knockouts all provide oppor-
tunities to develop and refine candidate gene lists. These
approaches are powerful at identifying candidate genes, but
not at evaluating allelic affects. The candidate gene ap-
proach can substantially reduce the amount of genotyping
required, but most importantly, it can reduce the multiple
issues created by testing thousands of sites across the ge-
nome. The statistical issues in combining these disparate
types of evidence have not been resolved.

In plants, another way to conduct a genomic scan is to
use Fl-derived mapping populations. These populations
are efficient for doing a genome scan, as often only a few
hundred markers are needed. Because only two alleles are
being evaluated, these populations will have more statisti-
cal power to evaluate the effect of a chromosomal region in
comparison to association mapping. Additionally, there is
more statistical power to evaluate epistasis. The advantages
of association mapping in terms of resolution, speed, and
allelic range are complementary to the strengths of F2-
based QTL mapping, namely, marker efficiency and statis-
tical power.

One of the major uses of LD-based association analy-
sis in future will be the study of marker-trait associations,
leading to MAS, which was 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
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will also facilitate development of functional markers
(FMs), which are the perfect markers for marker-trait asso-
ciation (see Andersen and Liibberstedt, 2003; Gupta ef al.,
2005; Simko et al. 2004).

Genetic and physical maps of genomes, based on mo-
lecular markers have now been constructed in all major
crops. The work on the construction of LD maps in humans
has already started, but the construction of LD maps for plant
genomes has yet to start. In humans, LD maps of small re-
gions of the genome or those involving mapping of disease
genes relative to molecular markers have been constructed
successfully. In due course of time such mapping will be at-
tempted in plants too. These LD maps will make use of mo-
lecular markers that flank marker intervals delimited on the
basis of estimations of LD, the distances being represented
as LD units (Zhang et al., 2002). LD mapping theory extends
the estimation of covariance D for a random sample of
haplotypes or diplotypes (disomic genotypes) to the associa-
tion probability p = D/Q (1-R), where D is an estimation of
LD (see above), Q is the frequency of the rarest and therefore
putatively the youngest allele, and R is the frequency of the
associated marker allele (Maniatis et al., 2002). The esti-
mates of these three parameters will be utilized for LD map-
ping. The software’s ALLASS (allele association) and
LDMAP VERSION 0.1, March 2002 (both developed by
Andrew Collins at the University of Southampton, UK) are
recommended for use in constructing LD maps.

Concluding Remarks

Linkage disequilibrium has been extensively utilized
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,
as well as whole genome sequencing in model plants like
Arabidopsis and rice, and the sequencing of gene rich re-
gions in crops like sorghum, maize, barley and wheat, we are
at the threshold of utilizing the LD based genetic association
mapping in crop plants in a wide range. Facilitate mapping
and identification of the underlying causes of quantitative
trait variation in plants. This approach will be used in various
plant genomes for construction of LD maps, for study of
marker-trait association both independently and in combina-
tion with linkage analysis and for the study of population ge-
netics and evolution in nature as well as under domestica-
tion. Association mapping will facilitate gene mapping and
identification of the underlying causes of quantitative trait
variation in plants. Future studies of LD in crop plants will
also elucidate further the structures of plant genomes and
will also facilitate the use of marker-assisted selection
(MAS) and map-based cloning of genes for difficult traits.
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