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ABSTRACT 

DNA-based molecular markers have been extensively utilized for mapping of genes and 
quantitative trait loci (QTL) of interest based on linkage analysis in mapping populations. This is in 
contrast to human genetics that use of linkage disequilibrium (LD)-based mapping for fine mapping 
of QTLs using single nucleotide polymorphisms.  LD based association mapping (AM) has promise 
to be used in plants. Possible use of such approach may be for fine mapping of genes / QTLs, 
identifying favorable alleles for marker aided selection and cross validation of results from linkage 
mapping for precise location of genes / QTLs of interest.  In the present review, we discuss 
different mapping populations, approaches, prospects and limitations of using association mapping 
in plant breeding populations. This is expected to create awareness in plant breeders in use of AM 
in crop improvement activities.   
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INTRODUCTION 

 
The development and use of molecular 

markers for the detection and exploitation of 

DNA polymorphism in plant and animal 

systems is one of the most significant 

developments in the field of molecular biology 

and biotechnology. Of mapping techniques, 

linkage based mapping is popular in mapping 

genes in self and cross pollinated crop species. 

The objective of such genetic mapping is to 

identify simply inherited markers in close 

proximity to genetic factors affecting  

 

 

 

quantitative traits (quantitative trait loci, or 

QTL). This localization relies on processes 

that create a statistical association between 

marker and QTL alleles and processes that 

selectively reduce that association as a 

function of the marker distance from the QTL. 

When using crosses between inbred parents to 

map QTL, we create in the F1 hybrid complete 

association between all marker and QTL 

alleles that derive from the same parent.  
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Recombination in the meioses that lead to 

doubled haploid, F2, or recombinant inbred 

lines reduces the association between a given 

QTL and markers distant from it. 

Unfortunately, arriving at these generations of 

progeny requires relatively few meioses such 

that even markers that are far from the QTL 

(e.g. 10 cM) remain strongly associated with 

it. Such long-distance associations hamper 

precise localization of the QTL. One approach 

for fine mapping is to expand the genetic map, 

for example through the use of advanced 

intercross lines, such as F6 or higher 

generational lines derived by continual 

generations of outcrossing the F2 [1]. In such 

lines, sufficient meioses have occurred to 

reduce disequilibrium between moderately 

linked markers.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

When these advance generation lines are 

created by selfing, the reduction in 

disequilibrium is not nearly as great as that 

under random mating. The central problem 

with any of the above approaches for fine 

mapping is the limited number of meioses that 

have occurred and (in the case of advanced 

intercross lines) the cost of propagating lines 

to allow for a sufficient number of meioses. 

An alternative approach is association 

mapping (AM), taking advantage of events 

that created association in the relatively distant 

past. Assuming many generations, and 

therefore meioses, have elapsed since these 

events, recombination will have removed 

association between a QTL and any marker not 

tightly linked to it. 
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Fig.1: Schematic comparison of various methods for identifying nucleotide polymorphism trait association in terms of 
resolution, research time and allele number. BC, backcross.  
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AM, also known as association analysis (AA) 

or linkage disequilibrium mapping is a method 

that relies on linkage disequilibrium to study 

the relationship between phenotypic variation 

and genetic polymorphisms [2]. Thus Linkage 

mapping counts recombination between 

markers and the unknown genes whereas 

association mapping measure correlation 

between marker alleles and trait allele in a 

population (linkage disequilibrium).  

Association mapping allows for much finer 

mapping than standard bi-parental cross 

approaches. Time requirement and resolution 

of association mapping is compared with other 

types of mapping approaches (Figure 1).  

 
Linkage Disequilibrium  

 
Linkage disequilibrium (LD) is the nonrandom 

combination of alleles at two genetic loci, 

which in random mating populations is mostly 

generated by mutation and genetic drift, and 

decays by recombination. The trend of LD 

decay is shown in graphs with different 

recombination fractions (Figure 2). Therefore, 

LD will be observed between two loci if they 

are in tight linkage or if the haplotype is recent 

(Hedrick, 2005). Mutations are rare events 

hence, it is expected that most mutations 

happened many generations ago and should be 

in linkage equilibrium with other loci, unless 

they are very closely linked. While significant 

LD in random mating populations is evidence 

of tight linkage, population perturbations like 

migration, inbreeding, and selection can build 

up LD among loosely linked or even unlinked 

loci. Therefore, the characteristics of the 

population under study must be recognized 

when conducting AA or AM and interpreting 

its results.  

 
Studies have shown that LD levels vary both 

within and between species (for detail, [2]. For 

example, LD extends less than 1000 bp [3] for 

maize landraces and roughly 2000 bp for 

diverse maize inbred lines [4], but can be as 

high as 100 kb for commercial elite inbred 

lines [5]. LD decay can also vary considerably 

from locus to locus. For example, significant 

LD was observed up to 4 kb for the Y1 locus 

(encoding phytonene synthase), but was seen 

at only 1 kb for PSY2 (a putative phytonene 

synthase) in the same maize population [6]. 

Beside the outbred maize, many LD studies 

have also been carried out in other plant 

species [7-12]. 

 
A variety of mechanisms generate linkage 

disequilibrium, and several of these can 

operate simultaneously. The two most 

common mechanisms include populations 

expanding from a small number of founders 

and through admixture. The haplotypes present 

in the founders will be more frequent than 

expected under equilibrium. Three special 

cases are noteworthy. First, genetic drift 

affects gametic phase disequilibrium (GPD) by 

this mechanism in that a population 
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experiencing drift derives from fewer 

individuals than its present size. Second, by 

considering an individual with a new mutation 

as a founder, we see that its descendants will 

predominantly receive the mutation and loci 

linked to it in the same phase. Linked marker 

alleles will therefore be in GPD with the 

mutant allele. Finally, an extreme case arises 

in the F2 population derived from the cross of 

two inbred lines. Here, all individuals derive 

from a single F1 founder genotype and 

association between loci can be predicted 

based on their mapping distance. Second, 

gametic phase disequilibrium arises in 

structured populations when allelic frequencies 

differ at two loci across subpopulations, 

irrespective of the linkage status of the loci. 

Admixed populations, formed by the union of 

previously separate populations into a single 

panmictic one, can be considered a case of a 

structured population where sub-structuring 

has recently ceased. 

 

 
Fig. 2. Decay of linkage disequilibrium with time for four 
different recombination fractions (θ).  
For unlinked loci, θ = 0.5 and LD decays rapidly 
within a small number of generations. For 
closely linked loci, the decay in LD is extremely 
slow. D, Coefficient of linkage disequilibrium 
(Source: [13]). 

METHODS FOR ASSOCIATION 

MAPPING 

 
Multi-parent Advanced Generation 

Intercross 

 
In the advanced intercross [1], F2 individuals 

are intermated for several generations before 

mapping. The successive rounds of 

recombination cause LD to decay and the 

precision of QTL location to increase. This 

approach has now been extended to include 

populations with multiple parents, to take into 

account information from multiple linked 

markers [14, 15] and to prioritize candidate 

polymorphisms [16, 17]. The multiparent 

advanced generation intercross (MAGIC) was 

first proposed and applied to mice [14] and is 

described as heterogenous stock. Recently 

more successes are described [18]. In both 

crops and animals, an advantage of the method 

is that a population can be established 

containing lines that capture the majority of 

the variation available in the gene pool. 

Although it might take several years before 

these populations are suitable for fine 

mapping, they are cheap to set up and their 

value as mapping resources increases with 

each generation. In plants, MAGIC can be 

used to combine coarse mapping with low 

marker densities on lines derived from an early 

generation, with fine mapping using lines 

derived from a more advanced generation of 

crossing and a higher marker density. If such 
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populations were established now, they would 

be well placed to exploit the advances in 

genomics technology and reduction in 

genotyping and sequencing costs predicted to 

occur in the next few years [16, 19, 20]. 

 
The Transmission Disequilibrium Test  

 
The ability to map QTL in collections of 

breeders’ lines, old landraces or samples from 

natural populations has great potential. In these 

populations, LD often decays more rapidly 

than in controlled crosses. Furthermore, 

phenotypic data often already exist, saving 

time and money. The challenge is to 

distinguish QTL–marker associations arising 

from LD between closely linked markers from 

spurious background associations. The first 

and most robust method of achieving this was 

the transmission disequilibrium test (TDT) 

introduced by Richard Spielman and 

colleagues in 1993 [21]. The TDT provides a 

way of detecting linkage in the presence of 

disequilibrium [21]. Neither linkage alone nor 

disequilibrium alone (i.e. between unlinked 

markers) will generate a positive result so the 

TDT is an extremely robust way of controlling 

for false positives. At its simplest, multiple 

families consisting of two parents and a single 

progeny are collected, as shown in Figure 3. 

Starting from such trios, different models have 

been evolved since then and some new models 

allow nuclear families [22] to extended family 

[23] for quantitative trait analysis in addition 

to qualitative traits. The test of association for 

extended families allows use of available 

genotypic and phenotypic data from family of 

any size and structure. Different possible types 

of families that can be analyzed are shown in 

Figure 4.  

 

Figure 3. The transmission disequilibrium test 

In the simplest case, progeny are selected for 

an extreme phenotype and transmissions to the 

progeny from heterozygous parents counted. 

In the case shown, The A allele is transmitted 

to affected offspring four times out of five 

The single progeny in each family is usually 

selected for an extreme phenotype. In human 

genetics this typically means they are affected 

by the disease under study. Parents and 

progeny are genotyped, but only parents 

heterozygous at the marker locus are included 

in the analysis. From each parent, one allele 

must be transmitted to the progeny and one is 

not transmitted. Over all families, a count is 

made of the number of transmissions and non-

transmissions. In the absence of linkage 

between QTL and marker, the expected ratio 

of transmission to nontransmission is 1:1. In 

the presence of linkage it is distorted to an 

extent that depends on the strength of LD  
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between the marker and QTL. The distortion is 

tested in a chi-squared test. Power depends on 

the strength of LD and on the effectiveness of 

selection of extreme progeny in driving 

segregation away from expectation. This 

elegant test is extremely robust to the effects 

of population structure, but is susceptible to an 

increase in false positive results generated by 

genotype error and biased allele calling [24].  

This risk can be reduced by modeling 

genotype errors and missing data in the 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

analysis [25-27] or by comparing the 

transmission ratio for extreme phenotypes 

with that for control individuals or for the 

opposite extreme. The TDT has been 

extended to study haplotype transmissions, 

quantitative traits, the use of sib pairs rather 

than parents and progeny, and information 

from extended pedigrees. TDT and other 

family-based association tests are reviewed 

elsewhere [28].  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4. Different type of families for association mapping elite inbred lines 
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In crops, parental and progeny lines are 

usually separated by several generations of 

gametogenesis rather than by one. In this case, 

the TDT is still valid, but might no longer be 

so robust, the process of breeding might itself 

distort segregation patterns. A family-based 

association test that is applicable to plant 

breeding programs has recently been proposed 

[29]. The authors point out that for candidate 

gene studies, this method is more cost 

effective than the alternative methods 

described below given that no additional 

control markers are required. However, some 

power will be lost because only progeny 

derived from F1s known to have a 

heterozygous marker genotype are 

informative.  

 
Genomic Control 

Population structure arising from recent 

migration and population admixture will 

generate LD between a trait and markers 

distributed over the whole genome. This can 

be detected by studying whether the 

distribution of the test statistic for association, 

estimated empirically from a set of genome-

wide distributed markers, differs from the 

expected null distribution. This is the basis of 

genomic control (GC) [30, 31]. To estimate the 

empirical distribution accurately would require 

many markers. However, all that is required is 

to estimate the mean test statistic and compare 

it with its expected value (1.0 for a 1 degree of 

freedom chi-squared test) for which only ~50 

markers are needed [32]. If the average chi-

squared at a set of 50 control markers is much 

greater than 1.0, population structure is 

indicated. For any candidate marker, the null-

hypothesis is now no longer absence of 

association between it and the trait. Rather, it 

is that there is no association above the 

background level resulting from population 

structure. To test for this, we simply divide the 

observed chi-squared between the candidate 

and trait by the average chisquared at the 

control markers and look up the p-value of the 

adjusted chi-squared in the usual manner. 

 
GC is valid for any single degree of freedom 

test. Preferably, the control markers should 

loosely match the test marker in allele 

frequency, but this is not crucial [31]. For 

quantitative traits, the difference between trait 

means for each marker class is usually tested 

in a t test. Provided the number of observations 

is reasonably large, t2 is distributed as a 1 

degree of freedom chi-squared and GC can 

still be carried out. More recent work has 

suggested that greater accuracy is achieved by 

treating the test statistic as an F test with one 

degree of freedom (df) in the numerator and 

degrees of freedom in the denominator equal 

to the number of control loci [33]. More 

sophisticated versions of GC are available. 

With large numbers of candidate 

polymorphisms to test, the majority are not 

expected to be genuinely associated with the 

trait. In this case, procedures and software are 
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available in which, in effect, the candidate 

markers act as their own controls. GC has also 

been extended to control for bias in accuracy 

of genotyping between DNA samples from 

different origins [34] and to tests with >1 df 

[35]. GC also corrects for unknown kinship 

among collections of lines [30]. The presence 

of related lines can greatly increase the 

frequency of false positives. For many crop 

datasets this will be the greatest source of bias. 

The correction of the false positive rate using 

GC comes at a cost: power is always 

decreased. This loss of power can be great in 

cases of extreme population subdivision. 

Furthermore, because loci can vary in their 

differentiation between populations, the 

uniform adjustment of GC might be 

insufficient for some candidate polymorphisms 

and overcorrect at others. 

 
Structured Association 

 
Structured association (SA) provides a 

sophisticated approach to detecting and 

controlling population structure [36-38]. 

Again, additional markers are required, 

randomly distributed across the genome. Just 

as for GC, recent migration and population 

admixture are assumed to generate LD among 

unlinked and loosely linked markers that have 

yet to decay fully. However, we expect the 

parental populations themselves to be in 

linkage equilibrium. By trial and error one 

could allocate the individuals in our sample to 

parental populations such that disequilibrium 

within populations was minimized. One could 

then include information on population 

membership in the test of association. This is 

the approach taken for SA. First individuals 

are allocated to populations, then this 

information is used to control for population 

membership in the test of association [36-38]. 

To allocate individuals to populations we need 

to know in advance how many populations 

there are. If unknown, this can be estimated: 

the allocation process is repeated for different 

possible numbers and the best fitting selected. 

Nevertheless, deciding on population number 

can be problematic. The computer program 

STRUCTURE [37] uses computationally 

intensive methods to partition individuals into 

populations. Many individuals or lines will not 

belong uniquely to one, but will be the 

descendents of crosses between two or more 

ancestral populations. STRUCTURE also 

estimates the proportion of ancestry 

attributable to each population. Following 

allocation of individuals to populations, the 

test for association is carried out in a model 

fitting exercise. Here, the principle is that 

variation attributable to population 

membership is accounted for first, using 

estimates of population membership from 

STRUCTURE, and then the presence of any 

residual association between the marker and 

phenotype is tested. For example, to test for 

association between a quantitative trait and a 

microsatellite, the trait is first regressed on the 
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estimated coefficients of population 

membership and then on the marker – coded as 

a factor as if in an analysis of variance [39]. 

SA is effective in detecting and adjusting for 

the presence of population structure, but does 

not deal with consanguinity within 

populations. Recently, Ed Buckler’s group 

introduced a method in which population 

membership is estimated using STRUCTURE 

and kinship among varieties is estimated 

empirically from a second set of control 

markers [40]. The analysis takes into account 

both population structure and the correlation 

between individuals that results from their 

relationships. This method is implemented in 

the software TASSEL. 

 
ASSOCIATION MAPPING IN PLANT 

BREEDING POPULATIONS 

 
Scientific plant breeding is a recent activity 

that normally involves a narrow genetic pool, 

such that breeding populations can be traced 

back to relatively few original parents, 

normally landraces, within a relatively small 

number of generations (e.g. [41, 42]. Under 

this scenario, mutations play a minor role and 

most of the observed LD is expected to reflect 

the haplotypes of the original parents. 

Moreover, because there were few 

opportunities for recombination between the 

time of introduction of a parent and the 

present, LD in some plant breeding 

populations may not reliably indicate tight 

linkage. Between unlinked loci, LD can be 

caused by simultaneous selection of 

combinations of alleles at different genes, 

including epistasis, and by population structure 

[43]. Both phenomena should be common in 

plant breeding populations. 

 
Selection should affect LD in parts of the 

genome related to traits that are relevant for 

the breeding program. This source of distortion 

should be taken into consideration in the 

interpretation of results of AA in a case-

specific manner. In contrast, population 

structure is expected to affect the pattern of LD 

over the whole genome and must be controlled 

a priori for correct association analysis [38]. 

Most of the literature on AA refers to human 

populations or theoretical panmitic 

populations. There is limited information and 

discussion about applications of this technique 

to plant breeding. As the information 

generated by QTL studies accumulates, a 

method is needed to convert efficiently that 

information into practical tools for plant 

selection. Association analysis can be an 

effective approach for closing the gap between 

QTL analysis and marker-assisted selection. 

 
The objective of this review paper is to discuss 

potential applications of association mapping 

for plant breeding populations.  Plant breeding 

populations include basically three types - 

germplasm bank collections, synthetic 

populations, and elite lines.  
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Choice of Populations for AM in Plant 

Breeding Programs 

 
In a plant breeding program, three main types 

of populations could be considered for 

implementation of AM: germplasm bank 

collections, elite breeding materials, and 

synthetic populations. The application of AA 

differs among those populations in several 

aspects (Table 1). For efficient integration of 

AM with other methods currently in use, 

material that is routinely generated and 

evaluated should be used for both purposes. In 

the case of germplasm banks, core collections 

are expected to represent most of the genetic 

variability with a manageable number of 

accessions [44], and thus are suitable for 

genetic studies. In the case of elite materials, 

the sample could be composed by lines and 

checks evaluated in regional trials. For 

synthetic populations, the evaluation unit 

should be also the association unit (or closely 

related to it), whether it is an individual or a 

family. 

 
Germplasm Bank Core Collections 

 
Samples representing the genetic diversity of a 

species are attractive for AM because of the 

wide allele diversity encompassed. Methods of 

selection of core collections often involve 

genotyping unlinked markers to compute 

genetic distances, thus providing information 

about population structure. The process of 

selection of a minimum sample with maximum 

variation has a normalizing effect that is 

expected to reduce population structure and 

LD between unlinked loci, thus creating a 

situation favorable for association analysis 

[45]. A difficulty likely to occur in this type of 

material is related to genetic heterogeneity 

within samples. Landraces and natural 

populations often consist of open-pollinated 

varieties or mixtures of genotypes, and the 

DNA extraction, genotyping, and phenotyping 

schemes must account for this variability.  

 

Core collections are useful materials for AM 

of qualitative traits, such as disease resistance 

or special quality characteristics (color, aroma, 

etc). Studies focusing on domestication-related 

traits such as seed dormancy, shattering, or 

inflorescence type also could require wide 

phenotypic variation, beyond the limits of 

cultivated germplasm [46]. Conversely, the 

broad genetic variability of those collections 

normally make them unsuitable for analysis of 

quantitative traits because part of the 

accessions would be unadapted to growing 

conditions and prevalent diseases, resulting in 

poor precision of trait measurement.  

Common ancestors of distantly related 

individuals occurred many generations ago; 

therefore, LD is expected to have decayed to 

short genetic distances. For this reason, AM in 

core collections will probably require 

candidate genes or major QTL mapped within 

narrow confidence intervals [47]. Compared 

with linkage-based fine mapping and 
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Table 1. Comparison of different types of populations for association analysis. Depends on the collection, conservation and 
sampling schemes 
 
Aspects of 
association mapping 

Germplasm bank 
 

Elite material 
 

Synthetic populations 
 

Samples Entries of a core 
collection 

Inbred lines and 
cultivars 

Individual plants or 
progenies 

Sample turnover Static Gradually substituted Ephemeral 
Source of 
phenotypic data 

Phenotypic 
screenings 

Replicated yield trials Evaluation for recurrent 
selection 

Type of traits High heritability and 
domestication traits 

Low heritability, 
yield 

Depends on the 
evaluation scheme 

Level of LD Low High Intermediate 
Population 
structuring 

Medium High Low 

Allele diversity 
among samples 

High Low Intermediate 

Allele diversity 
within samples 

Variable  1 allele 1 or 2 alleles  

Resolution of AM High Low Intermediate and 
increasing 

Power of AM Low High Intermediate and 
decreasing 

Application of 
significant markers 

Marker-assisted 
backcross 

Marker-assisted 
selection 

Incorporation in selection 
index 

 
Depends on the collection, conservation and  sampling schemes. For diploid species. (Source: [45]. 

 

positional cloning [48] the AM approach 

would offer the advantage of simultaneously 

detecting the effect and screening the 

germplasm for useful alleles. Significant 

markers would be useful for introgression of 

the new variation into elite germplasm through 

marker-assisted backcrossing [49], while 

markers used for population structure inference 

could be used to speed up the recovery of the 

recurrent parent genome. Theoretical 

projections indicate that the use of two markers 

per chromosome for selection against the 

donor genotype could shorten the transfer by 

about two generations [50]  

 
 

Elite Lines and Cultivars 

 
Maximum relative efficiency of marker-

assisted selection compared with phenotypic 

selection is expected when heritability is low 

and markers capture a significant portion of  

the variation for the trait [51].  

Elite lines are desirable materials for AM of 

low heritability traits, including yield, yield 

components, and tolerance to abiotic stresses 

because elite lines are genetically stable and 

are well adapted to normal growing conditions.  

 
In plant breeding programs, there is normally a 

large body of phenotypic data accumulated for 
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elite lines and cultivars from replicated field 

experiments over locations and years. Use of 

those data for AM requires statistical models 

accounting for covariances introduced both by 

experimental design (years, locations, 

replicates) and polygenic effects. Moreover, 

those data are often unbalanced because new 

lines are included in field trials each year, 

while other lines are discarded. Maximum 

likelihood solutions of mixed-effects models 

yield minimum-variance unbiased estimates of 

allele effects from unbalanced data, taking into 

account the correlation structure of the data 

[52]. Mixed-effects models were used to 

analyze plant height, disease resistance, and 

grain moisture in maize [53] and grain size and 

milling quality in wheat [45].  

 
Population structure can be prominent in elite 

material because it is common for closely 

related lines to be admitted to advanced trials. 

If pedigrees are known, the relationships 

among the lines can be determined [41] and 

used to control for polygenic effects [54]. In 

this case, it is not essential to estimate 

population structure through unlinked markers, 

although there may still be interest in marker 

data as a genetic fingerprint for variety 

protection [55] and for purity control of seed 

production.  

 
A typical elite plant breeding pool is derived 

from few founders in the recent past, and is 

submitted to intense selection. For those 

reasons, LD is expected to be high in this 

material, and the first experimental results 

confirm this expectation [3, 5]. Although AM 

in elite lines may not offer much improved 

resolution compared with QTL analysis in 

biparental mapping populations, there are at 

least two important advantages: a substantially 

higher level of polymorphism and detection of 

favorable alleles directly in the target 

population. Elite lines are natural candidates 

for crossing to generate the next round of 

breeding, and significant markers could be 

used for marker-assisted selection in the 

progeny.  

 
Synthetic Populations 

 
Although the potential of synthetic populations 

for AM is largely unknown, they might be the 

plant breeding materials that best approximate 

the assumption of random mating because 

synthetics are normally designed and 

maintained to minimize inbreeding. Population 

structure is expected to be mild or absent, 

which is an important advantage of synthetics 

for AM. If the experimental material represents 

a single intermating population, the power of 

AM is maximized and the risk of false 

associations is minimized [56]. Nevertheless, 

population structure can still occur because of 

differences in flowering time, plant height, and 

other traits that may lead to assortative mating. 

 
Genotypic information could be useful in all 

phases of population breeding. In the choice of 
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parents to form the population, knowledge of 

the genetic distance among lines would be 

useful to achieve a compromise between high 

means for agronomic traits and high allelic 

variability. By genotyping samples of 

subsequent cycles with unlinked markers, 

breeders can monitor changes in allele 

diversity, effective population size, and 

population structure [57, 58]. The allele 

diversity of synthetic populations depends on 

the number and divergence of parents and the 

intensity of selection applied. The level of LD 

in synthetic populations is expected to be high 

in the initial generations, such that a genome 

scan could detect large chromosome segments 

associated with traits, and trace them back to 

parental haplotypes. In subsequent 

generations, the decay of LD by recombination 

would favor increasingly refined mapping. 

However, synthetic populations are often 

submitted to recurrent selection, a breeding 

scheme consisting of successive cycles of 

evaluation, selection, and recombination [59]. 

Intense selection could build up LD by 

favoring allelic combinations or by promoting 

genetic drift [6]. For this reason, populations 

subjected to mild or no selection would be 

preferred for AM. [60] developed a population 

for association analysis from the Illinois 

high/low oil populations, with 10 generations 

of recombination without selection.  

 

A short time frame is a fundamental 

characteristic of plant breeding populations for 

AM, compared with natural populations. 

Therefore, in plant breeding populations, the 

most significant association does not 

necessarily indicate the position of the gene 

[45]. In the long term, linkage becomes the 

major factor defining the association between 

QTL or gene and marker, and only closely 

linked markers remain in high LD; however, 

the time required to achieve this situation is 

longer than most breeding programs have been 

in existence. For this reason, AM in plant 

breeding programs should be considered a 

method of detection of markers for indirect 

selection, rather than a method for fine-

mapping QTL [45]. To alleviate this problem, 

the breeder should use methods like recurrent 

selection, which maximizes the heterozygosity 

and the opportunities for recombination.  

 
The resolving power of LD mapping depends 

on how rapidly LD decays with genetic 

distance. This varies between populations of 

landraces, wild progenitors and modern 

cultivars as a result of the diverse history to 

which crop plants have been subjected since 

their domestication [61]. In some populations, 

LD will decay so rapidly that they are best 

suited for fine mapping, whereas in others the 

decay might be so slow that whole genome 

scans are practical. In crops where collections 

of contemporary, historical and wild material 

exist, selection of different sets of lines might 

permit both fine and coarse mapping [61]. 

However, in most crops, marker density is 
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currently too low for genome scans. Before 

attempting these, power calculations should 

demonstrate that, given the rate of decay of LD 

in the population to be studied, the density of 

markers and their allele frequency distribution 

are adequate to detect linked QTL accounting 

for specified proportions of the phenotypic 

variation. Population size is also important. An 

LD mapping experiment will almost always 

have lower power than a family based linkage 

mapping experiment of equivalent size: if 100 

lines are just sufficient for a family based 

linkage mapping study, they will be too few 

for LD mapping. For these reasons this is 

believed that the best use of LD mapping is to 

refine the location of QTL identified in family 

based linkage mapping and candidate gene 

studies. While linkage mapping methods offer 

a high power to detect QTL in genome-wide 

approaches, association mapping methods 

have the merit of a high resolution to detect 

QTL [4]. Linkage and association analysis are 

thought to be complementary to each other in 

terms of providing prior knowledge, cross-

validation, and statistical power [62]. So if 

both analyses are done this is expected to help 

in proper location of QTLs.  Longer term, 

prospects for high-throughput genotyping and 

sequencing might make whole-genome scans 

by LD mapping more feasible. The challenge 

is to identify and create the appropriate 

populations so that computational, analytical 

and profiling advances can be rapidly 

harnessed by the crop science community. For 

plant breeding application, at current situation 

AM could be useful for validating location of 

QTL of interest and identifying favorable 

allele for marker aided selection. Once a 

genetic marker has been demonstrated to be 

associated with a phenotypic trait of interest, it 

can be used as a selection target to obtain an 

indirect response in the trait. In recurrent 

selection, markers could be used to store 

information acquired from phenotypic 

evaluations, which can be used for selection in 

later cycles. Likewise, in pedigree breeding, 

markers could carry information about yield 

potential from the phase of replicated field 

trials to the phase of single-plant selection, 

when evaluation of yield cannot be made with 

reasonable precision.  

 
CONCLUSION 

 
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 the association mapping tool have future 

for increasing applications. Even though most 

of plant breeders’ populations could not be 

used for fine mapping as such the association 

mapping could be helpful in identification of 

favorable alleles for marker aided selection 

and cross validation of results of linkage based 

mapping.  
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