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Germplasms are the reservoir of agronomically important traits traditionally maintained by various tribal communities 
over the year. Maintaining these germplasms generations after generations has little value unless exploited for the desired 
agronomic traits like biotic and abiotic stress, yield attributes and nutritional enrichment. Association mapping, otherwise 
called linkage disequilibrium mapping, is a molecular breeding approach for characterizing complex traits with agronomic 
importance in crop plants. It is a systematic method for identifying novel traits and is treated as an alternative tool to 
traditional QTL mapping approaches, which involves correlating molecular markers with the phenotypic trait in a diversified 
population. The map's resolution in association mapping is based on the candidate-gene approach or genome-wide 
association approach. Therefore, association mapping studies offer a great perspective on crop genetic improvement. Still, 
considerably large-scale research is required to determine the sensible implementation of association mapping analysis in 
most crop plants. Currently, there is considerable interest in using association mapping approaches in crop breeding 
programs, which can be achieved by advanced genomic technology and the development of statistical computer software 
packages. Here, the linkage disequilibrium approach and its usefulness in association mapping studies, including the steps 
associated with it are discussed. The current status and future challenges in complex trait dissection by utilizing the linkage 
disequilibrium mapping in crop plants are also discussed. 
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Agriculture is the backbone of human civilization. For 
global food security, exploitation of the crop genetic 
diversity is a vital requirement to minimize the 
feeding problem. Worldwide the germplasm resources 
are generally composed of wild cultivars with natural 
genetic variability as they are exposed to 
environmental stresses and selected through crop 
domestication1. Germplasm resources having desired 
agronomically relevant characteristics have 
traditionally been kept by various tribal communities, 
year after year, generation after generation. Therefore, 
it is of less use until appropriately utilized and 
explored scientifically. So, it is essential to identify 
the characters for agronomically important traits 
through traditional breeding or molecular breeding 
protocols like linkage mapping or linkage 
disequilibrium mapping for improvement of the 

germplasms. The agronomically significant variations 
in crop plants, such as resistance to biotic and abiotic 
stresses and high productivity, are controlled by 
polygenic inheritance of complex traits generally 
referred to as QTLs (Quantitative Trait Loci), which 
depend on genetic and environmental factors 
interaction2. Mapping and characterizing these 
genomic regions in the plant genome can facilitate 
marker-assisted breeding for crop improvement 
towards tolerance to various abiotic and biotic 
stresses3. Traditional linkage mapping distinguishes 
impartially acquired markers near the genes that 
control the complex quantitative attributes.  

This whole approach is made in two different 
ways, i.e., using a bi-parental mapping population or 
using lines from a population with a natural genetic 
variation or by collecting germplasm. The former is 
designated as QTL mapping4 and the later is called 
linkage disequilibrium mapping or association 
mapping. Linkage mapping dissects the inheritance of 
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linked polymorphism with the adjacent molecular 
marker locus where the experimental populations are 
the crossing lines of two homozygous genotypes with 
known ancestry5. In the case of the association 
mapping approach, the marker and trait association is 
exploited in a set of genotypes with unknown 
ancestry5. The details of the conventional QTL-
mapping approach have been looked after recently 
and for the itemized idea, models and techniques, 
issues and points of view of linkage investigation are 
proposed6-8.  

Association mapping, otherwise called linkage 
disequilibrium mapping, aims to increase the map 
density concerning alleles in a less time duration of 
research by exploring the family relatedness in a 
genetically diversified population rather than 
exploiting the family pedigree9. Compared to the 
conventional linkage mapping, linkage disequilibrium 
(LD) mapping, using the nonrandom associations of 
loci in haplotypes, is a powerful high-resolution 
mapping tool for complex quantitative traits. The 
recent advances in developing an unbiased association 
mapping approach for plant population with their 
successful applications in dissecting several simples 
to complex traits in many crop species demonstrate a 
flourish of the approach as a "powerful gene tagging" 
tool for crops in the plant genomics era of 21st 
century. Association mapping may significantly 
increase the efficiency and effectiveness of breeding 
compared to conventional breeding. The fundamental 
advantages of association mapping compared to 
traditional phenotypic selection are simpler than 
phenotypic screening. This review discusses the 
linkage disequilibrium approach and its relation with 
association mapping, steps associated with association 
analysis, recent studies in crop plants related to 
marker-trait association, and possible limitations of 
this approach, including their future perspectives. 
 
Concept of association mapping  

Association mapping is a mapping system of the 
QTLs in plants based on the concept of linkage 
disequilibrium having an output of a highly resolute 
map. It is a very prominent and useful tool to dissect 
the allelic variations directly related to the complex 
agronomic traits. The association analysis is entirely 
dependent on the size of the population used in the 
marker-trait association experiment, the molecular 
marker density taken, the decay of linkage 
disequilibrium between the marker and the target trait 

and the statistical error in the phenotyping and 
genotyping analyzed data10,11. A scheme chart of the 
general protocol involved in the association mapping 
analysis is represented in Figure 1, which is generally 
followed to identify the novel genes or candidate 
genes in plants. Association mapping is found as an 
efficient plant breeding tool that is used widely by 
plant breeders12,13. It is a tool to detect the rare allelic 
variation in the population. It can be used as an 
alternative molecular mapping tool to the traditional 
QTL mapping approach14. In a broad sense, 
association mapping studies are divided into two 
categories, i.e., candidate gene approach and GWAS 
(Genome-Wide Association) mapping.  

The candidate gene approach is a hypothesis-based 
approach used to dissect the alleles linked to the 
complex agronomically important traits. It involves 
the phenotyping followed by the genotyping 
methodology. The genotypes present in a germplasm 
panel are considered to sequence the genes entirely or 
partially to find out the significant association  
that causes polymorphism. It is an expensive 
methodology, but it may help to find rare 
polymorphism. In the case of genome-wide 
association analysis, the whole genome of the plant is 
explored to find out the genetic variation linked to the 
complex agronomic traits15. With the recent 
development of high-throughput genotyping and 
phenotyping technologies, genetic variation in many 
model plants such as rice and maize is being 
discovered on a genome-wide scale16, which has great 
potential to identify risk factors for complex traits in 
plants. However, only a limited number of 
recombination events are observed in the QTL 
mapping approach, whereas with association 
mapping, the historical recombination events can be 

 
 

Fig. 1 — The flowchart of the steps associated with association
mapping 
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exploited17,18. A comparative study is presented in 
Table 1 to understand better the candidate gene 
approach, genome-wide association mapping, and 
QTL mapping. Nested association mapping is another 
powerful statistical analysis tool of the marker-trait 
association approach where recombinant inbred lines 
are generally used with a small number of single 
nucleotide polymorphism markers for genotyping18. 
 
Theory of Linkage disequilibrium and LD decay 

The association between the molecular marker loci 
with the target phenotypic trait is referred to as 
association mapping. On the other hand, linkage 
disequilibrium is the association between the two 
marker alleles in non-random manner19. Linkage, 
which is generally confused with the concept of 
linkage disequilibrium, implies the inheritance of loci 
correlated with a known physical distance in a 
chromosome. However, the correlation analysis 
within the alleles present in a population is referred to 
as linkage disequilibrium20. In the traditional linkage 
mapping approach, LD is calculated using the bi-
parental mating mapping population. In the case of 
association mapping, the collected germplasms are 
used as the mapping population to calculate the 
linkage disequilibrium21. The concept of LD22 was 
first explained in 1917 by Jennings, and the procedure 
of LD quantification was demonstrated in 1964 by 
Lewontin.  

Linkage disequilibrium (D) is the nonrandom 
association of alleles in a population at different loci 
in the genome. The mathematical derivation17 of D is 
D = PAB - PAPB. In this equation, PAB is the gametic 

allele A and B frequency at two loci. PA and PB are the 
frequency products of the allele A and B. There are 
other two important statistics available to explain D, 
i.e., D′ and r2, where D′ reflects the recombination 
history and r2 summarize the history of the 
recombination and mutation20,23. The r2 value of 0.1 is 
considered the minimum significant threshold 
frequency between the observed pair of loci17. LD 
decay is the decline in the magnitude of LD between 
two loci due to recombination between them. The rate 
of LD decay is calculated by the product of r and d, 
where 'r' refers to the frequency of recombination 
between the two loci and ‘d’ refers to 
disequilibrium21-23. LD between two loci decays both 
temporally as the generation advances and spatially 
with increasing distance between two loci. 
 
Factors affecting the variation in linkage 
disequilibrium analysis 

The linkage disequilibrium analysis performed to 
find the marker-trait association is generally affected 
by recombination, the mating system in plants, 
germplasm and the evolutionary factors such as 
population structure and genetic drift. 
 
Effect of recombination 

LD is strongly affected and influenced by the 
recombination rate during the localization of the 
alleles. It is generally associated with the GC content 
in the genome24. GC-rich sequences present in the 
genome may be associated with high recombination 
or mutation rates which directly lower the significant 
levels of LD25. In plant genomes like barley, maize, 

Table 1 — A comparative study between the QTL mapping and Association mapping approaches 

 QTL Mapping Candidate Gene Approach GWAS 
Essential 
requirements 

 Less population size 
 Mapping population (Early mapping 
populations, RIL, NIL, DH, BIL, etc.) 
should be generated by the biparental 
crossing protocol 
 Less number of markers 

Large population size 
Less markers density across the 
genome 
The genetic and biochemical 
information regarding the 
dissecting trait 
LD and population structure 
analysis 

Large population size 
Large number of markers 
The genetic and biochemical 
information regarding the dissecting 
trait 
Linkage disequilibrium and Population 
structure 

Important 
advantage 

 No effect of population structure and 
family relatedness 
 Rare allele identification 

Fine mapping 
Relatively low cost 

Fine mapping 
Detection of allelic differences 

Important 
disadvantage 

 Limitation of genetic diversity 
 Unable to find out the difference between 
pleotropic genes and physically related 
genes 

Functional knowledge on the trait 
of interest 

May miss to detect the rare alleles 
Population structure analysis 

(GWAS – Genome-wide association study, RIL – Recombinant Inbred Lines, NIL – Nearly Isogenic Lines, DH – Double Haploids, BIL 
– Backcross Inbred Lines, LD – Linkage disequilibrium) 
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and tomato, inter-chromosomal LD variation has 
revealed such evidence26. 
 
The type of mating system 

The selfing process reduces the recombination 
events by increasing the homozygosity in the 
individuals of the population; therefore, the mating 
system has a huge impact on linkage disequilibrium20. 
Studies reviled that LD is more in the self-pollinated 
species like the model plant Arabidopsis, rice and 
wheat than the cross-pollinated species like rye27 and 
maize28. These experimental findings suggest an 
expectation of a fine and high-resolution map in the 
path of potential candidate gene cloning. 
 
Type of germplasm 

The type of germplasm used as the mapping 
population plays a vital role in the variation of LD as 
it exploits the genetic diversity. The more in the 
genetic variation reveals the quick decay in LD. For 
example, LD decay was observed in maize within 1 
kilo base map distance in landraces and 
approximately 2 kilo base map distance in diversified 
inbreeds27,28. There has been no large-scale 
assessment of LD in O. sativa, although the first study 
in rice found an LD decay of ∼100 kb around a 
disease resistance locus in the aus subpopulation and 
a more recent study reported an LD decay of ∼50 kb 
in indica rice and of ∼5 kb in O. rufipogon25. So, the 
germplasm type has a significant impact on 
association mapping analysis25. 
 
Structure of the mapping population 

Germplasm selection affects the variation of LD in 
the genome as locus-specific manner, whereas 
population structure affects LD throughout the whole 
genome by exploiting historical recombination 
events29. A significant but spurious LD was reported 
in maize Dwarf 8 gene and variation in flowering time 
trait30 due to the population structure and family 
relatedness.  
 
Genetic drift 

The process of gene flow can create LD between 
intently related loci in a small population which leads 
to loss of uncommon allelic combinations, which 
increases the extent of LD in the population20. On the 
other hand, genetic drift brings new allele frequencies 
amongst populations, for instance, about 80% of the 
allele frequency has been lost because of 
domestication in maize31, approximately 40-50% in 
sunflower crop32 and 10-20% in rice33. 

Visual representation and statistical importance of linkage 
disequilibrium 

To visualize the significant linkage disequilibrium, 
two methods are generally employed in the genomic 
regions of haplotypes. First, linkage disequilibrium 
scatter plots are considered to quantify the LD decay 
rate with genetic distance27. An average of the 
genome-wide decay of linkage disequilibrium can be 
evaluated by plotting a graph of linkage 
disequilibrium data set of the whole genome against 
the genetic or physical distance28. These dispersed 
plots are helpful to estimate the genetic distance at a 
significant LD threshold D′, 0.5 or r2 0.1. Second, LD 
heat maps are also very significant, otherwise called 
disequilibrium matrices20. These are used to visualize 
LD between the polymorphic sites present within 
genes and the whole genome20. Linkage 
disequilibrium heat maps are statistical plots generally 
coded with color and triangular where the diagonals 
entitle the order of loci and the pixels with color 
represent the level of significant LD, which are 
calculated by D′ or r2 values28. These graphical 
representations help to determine the marker-trait 
association to identify the QTLs in the map. 
PowerMarker34 and TASSEL35 are the most used 
computer software programme used for this approach. 
 
Approaches and computer software packages used in 
association mapping studies 

In a population structure, non-random mating leads 
to a change in allelic frequency36, which is a major 
restriction in association mapping studies. Different 
methodologies are followed to minimize the false 
positive association and analyze the marker-trait 
association using the concept of LD (Table 2). In this 
table, the approaches and models which are generally 
performed in association mapping analysis like 
MAGIC, CC, TDT, GC, SA, GLM, MLM, CMLM, 
ECMLM, SUPER, MLMM and Farm CPU are 
presented. Several software packages are available for 
association mapping studies in plants. TASSEL (Trait 
analysis by association, evolution and linkage) is a 
commonly used software package for LD mapping 
population structure analysis, graphical representation 
of LD and finding out the genetic distance in plants35. 
TASSEL can process simple sequence repeats (SSR) 
and single nucleotide polymorphism (SNP) markers35.  

GenStat47 is alternative software that generally 
offers traditional statistical analysis methods. Some 
useful computer software programs used for marker-
trait association studies are summarized in Table 3  
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Table 2 — Analytical approaches and models generally used in association mapping analysis in plants 

Approach Description 
MAGIC (Multiparent Advanced 
Generation Intercross) 

Capable to capture major  genetic variation in gene pool37 

CC (Case-control) Classical methodology used for population stratification of significant  association at a 
particular loci38 

TDT (Transmission Disequilibrium Test) Linkage can be detected with a controls on false positive result39. 
GC (Genomic Control) To tackle the problem of spurious association, this is used to find confounding effects of a 

population. It is having improved methodology involving additional markers which have
neutral effect on the trait of interest in the study40. 

SA (Structured association) Structure Association involves searching of closely related cluster for better dealing with 
structure population41. 

GLM (General Linear Model) For the reduction in false positive results which arises because of population structure15 

MLM (Mixed linear model) For the reduction in false positive result which arises from family relatedness and population 
structure15 

CMLM (Compressed MLM) Single locus analysis, having better statistical power than other MLM42 

ECMLM (Enriched CMLM) Single locus analysis, to choose the best combination among grouping algorithms and
kinship43 

SUPER (Settlement of MLM 
Under Progressively 
Exclusive Relationship) 

Single locus analysis to derive kinship and associated genetic markers are being used in this
model instead of other markers44. 

MLMM (Multiple Loci Mixed 
Linear Model) 

Multi locus analysis by integrating both kinship matrix and cofactors performing better in
regards to the recovery rate and detection power45 

Farm CPU (Fixed and random 
model Circulating 
Probability Unification) 

Multi-locus analysis, removes confusion between testing marker and kinship by integrating
two different models viz., MLM and MLMM method46 

 

Table 3 — List of software used in association mapping analysis and source 

Software  Focal point of the software package  Online source reference link 
BIMBAM  Candidate genes and quantitative traits https://omictools.com/bimbam-tool 
BLIMP Allelic frequencies detection https://stephenslab.uchicago.edu/software.html 
eQtlBma Quantitative trait loci for gene expression levels  https://bio.tools/eQtlBma 
BRIdGE Evidence of gene and environment interaction https://stephenslab.uchicago.edu/software_pages/bridge/i

ndex.html 
fastPHASE Estimates the missing genotypes  https://www.mybiosoftware.com/fastphase-1-4-0/ 
GEMMA Genome-wide association studies http://stephenslab.uchicago.edu/software.html 
mvBIMBAM Multivariate association analysis of related phenotypes http://stephenslab.uchicago.edu/software.htm 
EMMA Population structure and genetic relatedness analysis http://mouse.cs.ucla.edu/emma/index.html 
STRUCTURE Population structure and genetic relatedness analysis http://pritch.bsd.uchicago.edu/software.html 
BAPS Population structure and genetic relatedness analysis http://web.abo.fi/fak/mnf/mate/jc/software/baps.html 
mStruct Population structure and genetic relatedness analysis http://www.cs.cmu.edu/suyash/mstruct.html 
SPAGeDi Characterise the individuals or mapping populations  http://www.ulb.oc.be/science/ecoevol/spagedi.html 
EINGENSTRAT Principal component analysis http:/genepath.med.harvard.edu/reich/softwatware.html 
LDheatmap Linkage disequilibrium analysis http://www.jstatsoft.org/v16/c03 
MIDAS Linkage disequilibrium analysis http://www.genes.org.uk/software/midas/ 
LDhat Linkage disequilibrium analysis http://www.stats.ox.ac.uk/mcvean/ldhat.html 
Arlequin Linkage disequilibrium analysis http://cmpg.unibe.ch/software/arlequin35/ 
Haploview Haplotype analysis and linkage disequilibrium analysis  http://www.broad.mit.edu/mpg/haploview/ 
GGT Haplotype analysis and linkage disequilibrium analysis http://www.plantbreeding.wur.nl/UK/software_ggt.html 
SVS Haplotype analysis and linkage disequilibrium analysis http://www.goldenhelix.com 
TASSEL Haplotype analysis and linkage disequilibrium analysis http://www.maizegenetics.net 
PLINK Haplotype analysis and linkage disequilibrium analysis http://pngu.mgh.harvard.edu/purcell/plink/ 
 

with their sources. This summary provides the 
information regarding the software packages such as 
BIMBAM (software for Bayesian IMputation- Based 

Association Mapping), BLIMP (software for Best 
Linear IM Putation), BRIdGE (Bayesian Regression 
for Identifying Gene-Environment Interactions), 
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eQtlBma: (software to detect eQTLs by Bayesian 
Model Averaging), fast PHASE (software for 
haplotype reconstruction, and estimating missing 
genotypes from population data), GEMMA (Genome-
wide Efficient Mixed Model Association), 
mvBIMBAM (software for genetic association 
analysis of multiple related phenotypes, EMMA 
(Efficient Mixed-Model Association) and SPAGeDi 
(Spatial Pattern Analysis of Genetic Diversity), etc. 
 
Marker and trait association studies in crop plants 

Linkage mapping and linkage disequilibrium 
mapping are complementary. Large-scale genome-
wide association studies in plants have already been 
completed and more are in progress. The 
technological trouble of successfully genotyping a 
million or greater SNPs has recently been solved29. 
Association analysis will now not be restrained to 
the identity of QTL however will also offer 
extensive information on the genomic modifications 
for crop domestication and selection. Such 
information will translate into the superior design of 
breeding populations and germplasm collections.  

It is challenging because linkage disequilibrium 
mapping regularly involves a relatively significant 
amount of accession phenotypic data collection with 
replications for the duration of multiple years and 
locations. One of the limitations of linkage 
disequilibrium mapping is that, it offers little 
perception into the mechanistic basis of linkage 
disequilibrium detected. This limitation happens 
because of the sturdy linkage disequilibrium resulting 
from mutations in preference to a close linkage 
among loci displaying linkage disequilibrium19. 
Consequently, it is expected that multiplied usage of 
nested association mapping will encompass a number 
of studies related to the phenotypic variants observed 
for agronomic and adaptive traits in crops. The first 
study of marker-trait association48 was conducted in 
maize and rice crop plants using random amplified 
polymorphic DNA markers and protein markers.  

At the same time, thirteen putative QTLs were also 
mapped in oat landraces using polymorphic restriction 
fragmented length polymorphism markers49. The 
map's resolution was found to be less as fewer 
markers were implemented and distributed across the 
whole genome. In the model plant Arabidopsis, most 
association mapping analysis was done to find out  
the concept of linkage disequilibrium and  association  
 

mapping36. The first genome-wide association study 
in Arabidopsis was then reported for flowering time 
and biotic stress resistance genes50. In Table 4, some 
recent studies of association mapping in crop plants 
were summarized, including the type of molecular 
marker used and the number of accessions taken for 
the experiments. The trait of interest exploited in 
these experiments is also mentioned in this table with 
their respective references. 

Several trait loci, the interaction between them, the 
environment and the relationship between QTL and 
environment affect the phenotypic variability of 
several complex traits of agricultural or evolutionary 
significance. The association mapping can be utilized 
to classify genes for quantitative variability of 
complex traits of agricultural and evolutionary 
significance is of great interest. The associations 
mapping dissects the genetic variation present in 
natural populations that can effectively overcome 
complex differences in traits to have single genes or 
individual nucleotides36. Conventional study of the 
linkage with experimental populations resulting from 
a biparental cross offers valuable information on traits 
that appear to be specific to the same or genetically 
similar populations. In contrast, the findings of 
association mapping are more applicable to several 
other germplasm bases. Association mapping may 
also be used for the short-term domestication of 
neglected crops and wild plants36.  

Traditionally, plant domestication and the 
production of viable varieties required decades of 
breeding, which is also the main reason why most 
breeding efforts have focused on further developing a 
relatively limited number of crops already 
domesticated several thousand years. The recent 
discovery of several primary genes for domestication 
and technological breakthroughs in implementing 
several genomic changes in plants simultaneously 
with association mapping allows wild species to  
be domesticated within a certain plant generation70. 
Association mapping has the ability to map QTLs70,71 
in the collection of breeding lines, landraces, or 
samples from the natural population72. For the 
development of improved traits and germplasm 
securing association mapping has immense potential. 
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Conclusion 
Association mapping is a useful tool for exploiting 

the traditional landraces cultivated by farmers to 
enhance their genetic diversity panel. So, exploring 
the narrow genetic diversity to make it comprehensive 
for identifying novel stress resistance genes in the 
traditionally cultivated varieties grown by a farmer 
using the association mapping technique helps the 
plant breeders to develop new varieties with improved 
agronomic traits. Missing heritability, refinements in 
experimental design, statistical analysis, development 
of new algorithms for efficient detection of epistasis, 
population structure, accurate phenotyping, the 
discovery of rare alleles of genes/QTLs associated 
with the rare marker alleles, association studies and 
marker-assisted selection, mapping of QTLs by 
jointly using linkage and LD, and identification of 
QTNs (Quantitative trait nucleotides) in crop plant 

species are the future challenges to be explored for 
improvement in the plant breeding strategies by 
association mapping. 
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