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Abstract 

Association mapping is a powerful tool for the dissection of complex agronomic traits and for the identification of alleles. It is 

a very efficient and effective method for confirming candidate genes or for identifying new genes. Association mapping is a 

useful alternative to standard QTL mapping approaches which involves the correlation of molecular polymorphisms with 

phenotypic variation in a diverse assemblage of individuals. The comparatively high-resolution provided by association 

mapping is based on the structure of linkage disequilibrium (LD) across the genome. Many factors adversly affects association 

mapping, including population structure, small sample size, and low frequency of specific alleles that may increase the 

detection of a false positive associations. Association mapping offers great potential to enhance crop genetic improvement. Still 

extensive research is needed to understand the expansive application of association mapping. This review describes association 

mapping in detail along with its principles, techniques and application. 
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1. Background 

Quantitative trait locus (QTL) mapping is a powerful and 

well-established tool for studying the genetic basis of 

complex quantitative traits in plants and animals (Yan et al., 

2011). The recent advances in the development of unbiased 

association mapping approaches with its successful 

applications in dissecting a number of simple to complex 

traits in many crop species demonstrate powerful gene 

tagging tool for crops in the plant genomics era of 21st 

century. 

2. Association Mapping 

Association mapping is a high-resolution method for 

mapping quantitative trait loci based on principle of linkage 

disequilibrium that holds a great promise for the dissection of 

complex genetic traits (Buckler, 2002). It is a powerful tool 

for the dissection of complex agronomic traits and for the 

identification of alleles that can contribute to the 

enhancement of a target trait. The power of association 

studies is determined by the size of the experimental 

population, the magnitude of the target allele effect, the 

density of markers used, and the rate of LD decay between 

marker and target allele as well as errors in phenotyping and 

genotyping data and the desired resultant statistical 

significance level (Gordon and Finch, 2005). 

Association mapping is a very efficient and effective method 
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for confirming candidate genes or for identifying new genes 

(Altshuler et al., 2008; Hunter and Crawford, 2008). It is now 

being increasingly used in a wide range of plants (Rafalski, 

2010), where it appears to be more powerful than in humans 

or animals (Zhu et al., 2008). Though association mapping is 

widely used, it has a lower power to detect rare alleles in a 

population, even those with large effects, than linkage 

mapping (Visscher, 2008). Association mapping is a useful 

alternative to standard QTL mapping approaches which 

involves the correlation of molecular polymorphisms with 

phenotypic variation in a diverse assemblage of individuals. 

The comparatively high-resolution provided by association 

mapping is dependent upon the structure of linkage 

disequilibrium (LD) across the genome. Association studies 

can be divided into two broad categories: 

(i) Candidate gene association mapping 

Variation in a gene of interest is tested and correlated with 

the phenotypic trait of interest. 

(ii) Genome Wide Association mapping 

Here, genetic variation is explored within the whole genome, 

aiming to find signals of association with the complex trait. 

GWA mapping is a promising method to identify novel loci 

involved in complex phenotypic traits. However, GWA 

mapping should not be regarded as a replacement of 

traditional QTL mapping. In fact, GWA mapping and QTL 

mapping have complementary advantages and disadvantages, 

which can lead to a better understanding of causal genetic 

polymorphism when these approaches are combined (Yu et al 

2006). 

Table 1. Comparison of family based (QTL) and population based (association mapping) methods that aim to unravel the genetic basis of complex trait in 

plants. 

 QTL mapping Candidate gene association mapping Genome wide association mapping 

Main 

advantage 

No population structure effects, 

identification of rare alleles, few genetic 

markers required 

Allow fine mapping, relatively low costs 

Allows untargeted fine mapping 

(blind approach), detection of 

common alleles 

Main 

disadvantage 

Limited genetic diversity, not always 

possible to create crosses, can not 

distinguish between pleiortopic and 

physically close genes 

Detailed functional knowledge of trait is 

required, no novel trait will be found 

Confounding effect due to population 

structure, will miss rare and weak 

effect alleles 

General 

requirements 

Small original population size, low number 

of genetic markers, many replicates needed 

generated mapping materials e.g F2 

population,  (Al)RILs, MAGIC Lines, 

NILs, HIFs etc. 

Large population size, small number of genetic 

markers, the bigger the population size, the less 

replicates needed, Prior genetic and biochemical 

knowledge on trait of interest, Prior knowledge 

on LD, nucleotide polymorphism, breeding 

system and population structure 

Large population size, many genetic 

markers, The bigger the population 

size, the fewer replicates needed, Prior 

knowledge on LD, nucleotide 

polymorphism, breeding system and 

population structure 
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2.1. Candidate Gene Strategy 

The candidate gene method of association analysis is a 

hypothesis-driven approach for complex trait dissection that 

aims to identify the most important alleles. It involves 

genotyping or resequencing the genes considered to have a 

high probability of association with the phenotype(s) of 

interest within the germplasm being tested. There are a 

number of different approaches for implementing this 

strategy depending on the method used to identify the 

candidate gene and the level of confidence, the researcher 

has the belief that a given gene is important for the target 

trait. Earlier, it was common to sequence the gene of 

interest as fully as possible across a limited number of 

diverse lines (typically 24 to 48) to identify possible causal 

polymorphisms, such as SNPs causing amino acid changes 

or translated regions. The selected polymorphisms were 

then screened across a larger germplasm collection (of 

hundreds or thousands of genotypes) using inexpensive 

PCR-based SNP and/or indel genotyping assays (rather than 

sequencing) to confirm the associations between genotype 

and phenotype. In another method, the partial or entire gene 

is sequenced in all individuals of a germplasm panel (of 

several hundred genotypes) to identify significant 

associations, either with the causal polymorphism(s) or a 

polymorphism that is within LD distance to a causal 

polymorphism. 

Although this is a more expensive approach, it may 

identify rare polymorphisms that can be missed by the 

first strategy. Determining which method to use has 

generally been based on the level of funding and the 

amount of time available for each study. However, 

resequencing of the entire gene has the added advantage 

that it can directly identify the best haplotype for each 

target breeding purpose. 

2.2. Genome Wide Association Mapping 

Genome Wide Association Studies (GWAS) have been 

recently used to dissect complex quantitative traits and to 

identify candidate genes affecting phenotype variation of 

polygenic traits. With the recent development of high-

throughput genotyping technologies, genetic variation in 

many model organisms such as mice, arabidopsis, and 

maize is being discovered on a genome wide scale (Flint-

Garcia et al 2005). Genome wide association mapping in 

model organisms has great potential to identify risk 

factors for complex traits related to human diseases. 

Quantitative trait locus (QTL) mapping (Brotman et al 

2011, Dobon et al 2011 and Balasubramanian et al., 2009) 

and association mapping are the most commonly used 

tools for dissecting the genetic basis of phenotypic trait 

variation. In QTL mapping only a limited number of 

recombination events that have occurred within families 

and pedigrees can be studied, whereas with association 

mapping the recombination events that have accumulated 

over thousands of generations can be exploited (Zhu et al., 

2008). Since the 1980s, QTL mapping has been used most 

frequently, but association mapping is a promising 

alternative method for dissecting complex traits (Chan et 

al., 2010; Chan et al., 2011). Increased mapping 

resolution, reduced research time and larger allele 

numbers have been put forward as main advantages over 

traditional QTL mapping (Chan et al., 2010, Chan et al., 

2011). 

3. Factors Affecting 
Association Mapping 

Many factors adversly affects association mapping, including 

population structure, small sample size, and low frequency of 

specific alleles that may increase the detection of a false 

positive associations. 

Population structure significantly influences the efficiency 

of association mapping. The presence of population 

stratification and an unequal distribution of alleles 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 chromosomes 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. 

Association tests that do not attempt to account for the 

effects of population structure that must be viewed with 

skepticism. 

Besides physical distance on the chromosome, many factors 

affect the breakdown of LD, including genetic drift, natural 

and artificial selection, mating system, and admixture of 

different populations (Flint-Garcia et al., 2003; Gaut and 

Long 2003; Yu and Buckler, 2006). 
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Figure 1. Schematic comparison of various methods for identifying nucleotide polymorphism trait association in terms of resolution, research time and allele 

number. BC, backcross traits (Yu and Buckler, 2006). 

Population structure can cause some allele frequencies to 

differ significantly between subpopulations, which can create 

unexpected LD between unlinked loci across the genome 

(Ersoz et al., 2009). Neutral markers can be used to estimate 

population structure using traditional finger-printing and 

diversity analyses. Several statistical methods have been used 

to control the effect of population structure in association 

analyses including genomic control (Devlin and Roeder 

1999; Mackay and Powell, 2007), structured association 

(Pritchard et al., 2000), principal components analysis (PCA) 

(Patterson et al., 2006, Price et al., 2006), non metricmulti 

dimensional scaling (nMDS) (Zhu and Yu, 2009), and the 

unified mixed-model approach (Flint-Garcia et al.,2005). A 

two stage dimension determination approach using both PCA 

and nMDS has been demonstrated to be the best approach to 

capture the major structure of association panels to maximize 

the rejection of false positives while maximizing the 

statistical power to identify real associations (Zhu and Yu, 

2009). 

Precise phenotyping is another key constraint for any 

marker–trait association analysis (Rafalski, 2010). In animal 

systems it is very difficult to obtain replicated phenotypic 

measurements for each genotype, but in plants it is relative 

easy to gener-ate pure breeding or homogenous lines for 

phenotyping in replicated trials across multiple environments 

and seasons. 

Once markers have been identified that have been shown to 

be tightly and robustly linked to the target trait, they provide 

several magnitudes of return on investment through increased 

speed and cost efficiency of breeding programs. 

4. General Procedure of 
Association Mapping 

The exact details of the procedure depend on the chosen 

study design and the population structure (Singh and Singh 

2016). The general procedure for genome-wide association 

mapping in plants is briefly outlined here based on 

Abdurakhmonov and Abdukarimov (2008). 

4.1. Association Mapping Population 

A large random sample from a natural population, a 

collection of breeding lines including cultivars, or a 

population derived from multi parent crosses of the 

concerned species use for association mapping. The sample 

should include as much genetic diversity present in the 

population collection as is practically feasible. This sample 

constitutes the association mapping population, association 

mapping panel, or association panel. 

4.2. Phenotyping 

The selected sample grows in field and morphologically 

evaluates the various traits of interest; this is called 

phenotyping. Phenotyping should preferably based on 

replicated trials conducted over locations and years to 

minimize environmental effects. The trials should conduct 

using a suitable experimental design like randomized block 

design, augmented design, nested design, etc. A precise and 

reliable phenotyping is critical to any mapping effort. 
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4.3. Genotyping for Population Structure 

Analysis 

The sample then, goes for genotyping, i.e., tested with a set 

of molecular markers (preferably SSR markers) that are 

evenly distributed over the entire genome of the species. 

These markers should are unlinked, i.e., is located more than 

40 cM apart in the genome (Pritchard et al., 2000a, b). 

4.4. Structure and Kinship Analysis 

The marker data then, analyze to detect and estimate the 

population structure of the sample using the STRUCTURE 

program and the extent of kinship among the individuals of 

the sample using the TASSEL program. 

4.5. Genotyping for LD Analysis 

The sample also genotyped with a sufficiently large number 

of molecular markers that cover the entire genome as densely 

as is feasible so that LD between markers and the loci of 

interest can be detected. The pattern of LD in the concerned 

genomic regions of the species and the extent of LD observed 

among different populations of the species would determine 

the number of markers required for adequate coverage of the 

whole genome. SSR and SNP marker systems are the most 

widely used for this purpose. 

4.6. AM and LD Analyses 

A model-based analysis of relatedness between the 

phenotype and the genotype data done to detect and quantify 

LD between the markers and the genes/QTLs governing the 

traits of interest. The estimates of population structure and 

kinship use as covariates in the model to minimize false 

associations between the markers and the genes/QTLs of 

interest. Since these analyses are computationally intensive, 

suitable computer programs use for their implementation. 

5. Statistical Approaches Uses 
for Association Mapping 

Recent developments in statistical methodologies make it 

possible to properly interpret the results of association tests. 

Pritchard et al., (2000) have developed an approach that 

incorporates estimates of population structure directly into 

the association test statistic. The essential idea of this method 

is to decompose a sample drawn from a mixed population 

into several unstructured subpopulations and test the 

association in the homogeneous subpopulations. The 

methods have been applied to association analyses in humans 

(Rosenberg et al., 2002;Cardon and Bell, 2001) and crop 

plants, with modified test statistics being used to deal with 

quantitative traits (Thornsberryet al., 2001). 

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 

phenotype (Remington et al., 2001). 

Nowadays several software use 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 

regression 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 

(Ehrenreichet al., 2007). 

6. Advantage of Association 
Mapping 

Association mapping is a valuable tool for the detection of 

novel genes or QTLs of important agronomic characteristics. 

The extensive application of this approach in crop plants is 

expected in the long term as a result of establishment of the 

novel high-throughput genotyping and sequencing 

technologies (Mackay and Powell, 2007;Oraguzieet al., 2007). 

Gene-based markers are more accurate than linked markers 

for the prediction of phenotype, since the marker–trait 

association do not lost during segregation in the course of 

recurrent breeding selection cycles. Results from association 

analysis can be used to predict the best haplotype across one 

or multiple genes for optimum expression of the target trait. 

Genome-wide association studies are currently exploited for 

mapping of disease genes in human genetics (The Wellcome 

Trust Case Control Consortium, 2007). In crop plants, the 

potential of exploiting LD to detect marker-trait associations 

was recently investigated for maize (Yu and Buckler 2006), 

wheat (Ravel et al., 2006; Tommasini et al., 2007), barley 

(Kraakman et al., 2004; Kraakman et al., 2006; Maly-sheva-

Otto and Röder 2006; Rostoks et al., 2006), sorghum 

(Hamblin et al., 2004), ryegrass (Xing et al., 2007), soybean 

(Hyten et al., 2007) and rice (Garriset al., 2003). 

Association studies based on correlations between alleles 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 potential to identify 

a single polymorphism within a gene that is 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 numerous alleles available. LD 

plays a central role in association analysis. The distance over 
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which LD persists will determine the number and density of 

markers, and experimental design needed to perform an 

association analysis. 

7. Linkage Disequilibrium 

Linkage disequilibrium (LD) refers to the non-random 

association of alleles between genetic loci. The term was 

originally defined in relation to the population of alleles that 

reside on the same chromosome. Although LD is a population-

based phenomenon, it is generally observed that there tends to 

be a higher LD between alleles that are located more closely 

together. Thus, the random association between alleles might 

be reduced by linkage thereby creating the so called 

disequilibrium. Many genetic and non-genetic factors, 

including recombination, drift, selection, mating pattern, and 

admixture, affect the structure of LD. The key to association 

mapping is the LD between functional loci and markers that 

are physically linked. Thus linkage disequilibrium is an 

important factor in association mapping. Several statistical 

parameters can be used to estimate the extent of LD (Hedrick, 

1987), most commonly r
2
, which estimates the correlation 

between allelic states of two given polymorphic loci. Linkage 

disequilibrium can be greatly over estimate when sample sizes 

smaller than 50 individuals are used (Yan et al., 2009). 

In general, genetic linkage mapping studies identify linkage 

between a marker and the more distant functional DNA 

sequence by creating biparental mapping populations that 

have experienced only a few generations of recombination. 

Studies have shown that LD levels vary both within and 

between species (Flint et al., 2003). For example, LD extends 

less than 1000 bp (Tenaillon et al., 2001) for maize landraces 

and roughly 2000 bp for diverse maize inbred lines, but can 

be as high as 100 kb for commercial elite inbred lines (Ching 

et al., 2001). LD decay can also vary considerably from locus 

to locus (Yan et al 2009). This may be due to the great 

variation in recombination rates along the chromosomes, 

including a low recombination rate in centromeric regions 

and a high recombination rate within genic regions due to 

retrotransposon insertions (Dooner and He., 2008). For 

example, significant LD was observed up to 4 kb for theY1 

locus (encoding phytonene synthase), but was seen at only 1 

kb forPSY2 (a putative phytonene synthase) in the same 

maize population (Palaisa et al., 2003). 

8. Differences Between 
Linkage Analysis and 

Association Mapping 

The most commonly used tools for dissecting genetic 

architecture of complex traits are linkage analysis and 

association mapping (Doerge,2002). Linkage analysis 

exploits the shared inheritance of functional polymorphisms 

and adjacent markers within families or pedigrees of known 

ancestry. Linkage analysis in plants has been typically 

conducted with experimental populations that are derived 

from a biparental cross. Although based on the same 

fundamental principles of genetic recombination as linkage 

analysis, association mapping examines the shared 

inheritance for a collection of individuals often with 

unobserved ancestry. As the unobserved ancestry can extend 

thousands of generations, the shared inheritance will only 

persist for adjacent loci after these many generations of 

recombination. Essentially, association mapping exploits 

historical and evolutionary recombination at the population 

level (Thornsberry et al., 2001, Remington et al., 2001). By 

exploring deeper population genealogy rather than family 

pedigree, association mapping offers three advantages over 

linkage analysis: 

1 Much higher mapping resolution; 

2 Greater allele number and broader reference population; 

and 

3 Less research time in establishing an association (Buckler 

and Thornsberry, 2002; Flint et al., 2003). 

Linkage analysis and association mapping, however, are 

complimentary to each other in terms of providing prior 

knowledge, cross-validation, and statistical power. As 

complementary approaches, linkage analysis often identifies 

broad chromosome regions of interest with relatively low 

marker coverage, while association mapping offers high 

resolution with either prior information on candidate genes or 

a genome scan with very high marker coverage (Hirschhorn 

and Daly, 2005). An integrated mapping strategy would 

combine the advantages of the two approaches to improve 

mapping resolution without requiring excessively dense 

marker maps. The possibility of developing such an 

integrated mapping strategy exists for the model species 

maize (Zea mays L.), because of the availability of a highly 

diverse collection of germplasm and the feasibility of 

creating segregating progenies and immortal genotypes 

through self-fertilization (Flint-Garcia et al., 2005). 

9. Application of Association 

Mapping 

Linkage disequilibrium can be used for a variety of purposes 

in crop plant genomics research. One of the major uses of LD 

in plants would be to study marker-trait association followed 

by marker-assisted selection (MAS). Another important 

application is its use in the studies of population genetics and 
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genetic diversity in natural populations 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 mapping (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 populations, 

and elite germplasm(Mackay 2001; Hackett 2002). 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 (Breseghello and Sorrells,2006). 

The use of LD for mapping of QTLs for a quantitative trait is 

more challenging, but is also more rewarding, because it 

allows more precise locating of the position of a QTL 

controlling the trait of interest. When comparing linkage 

analysis and LD mapping for QTL detection, it is revealed 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; Glazier et al., 2002). 

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 (Oraguzie et al., 

2007). 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 evaluated because of lack of power (not 

enough individuals carrying this allele). So, for such alleles 

classical biparental mapping can be more appropriate. 

10. Summaries 

Association mapping offers great potential to enhance crop 

genetic improvement. This is strengthened by the use of high 

throughput and cost effective next generation sequencing 

techniques that will enable GWA studies to become a popular 

and routine approach. However, association mapping remains 

complementary as replacement for linkage mapping and 

other gene identification and validation techniques. 

Moreover, the contrast between the large numbers of variants 

with small effects identified by GWA studies versus the small 

number of genomic regions with large effects identified by 

linkage mapping remains a challenge to our current 

understanding of the genetic architecture of complex traits. 

Although, for practical applications, the integration of 

linkage mapping and association mapping approaches offers 

substantial opportunity to resolve the individual constraints 

of each approach while synergizing their respective strengths. 

Population structure remains a big limitation for association 

studies that requires careful choice of germplasm and the 

development of advanced statistical approaches. 
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