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Abstract: Forests are the source of raw material for mitigating several essential needs of humans, including building
materials, paper products, firewood for heat and cooking and many tree-crop foods. Improvement of forestry crops are
hence a dire need of modern silvicultural practices. Genomic research on forest trees is motivated by the need to support
genetic improvement programmes and develop diagnostic tools for the conservation, restoration and management of
natural populations. But long regeneration times and large genome structures, the lack of well characterized mutations
for reverse genetic approaches, and lack of proper model species hinders the advanced genetic researches in forest trees.
Conventional linkage mapping has not proved to be efficient in tree improvements. With advent of next-generation
sequencing technologies, researches have shown an enormous interest in using association mapping to identify genes
responsible for quantitative variation of complex traits in forest trees. In comparison of conventional marker assisted
breeding methodologies, Association mapping takes the advantage of Linkage Disequilibrium (LD)- the non-random
associations of loci in haplotypes, by which the complex traits of forest trees can be exploited for tree improvement
through association studies. Moreover, association studies also help to avoid the false detection rates during complex trait
dissection. It can be predicted that association studies in forest trees will open new horizons for researches in near future
and tree breeding technologies will reach another breakthrough as tree improvement of several economically important
tree species will be very much feasible.
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I. INTRODUCTION approaches, and limited funding. Selection of trees with

superior traits of economically importance for plantation and

Forest trees constitute about 82% of the continental
biomass and harbour more than 50% of the terrestrial
biodiversity (Roy, Saugier and Mooney, 2001). Forests are the
source of raw material for mitigating several essential needs of
humans, including building materials, paper products,
firewood for heat and cooking and many tree-crop foods.
Forest trees also provide various ecological services such as
preservation of biodiversity, carbon sink, climate regulation
and preservation of water quality and represent our cultural
and patrimonial heritage (UNEP. Vital Forest Graphics, 2009).
Genomic research on forest trees is motivated by the need to
support genetic improvement programmes and develop
diagnostic tools for the conservation, restoration and
management of natural populations (Neale and Kremer, 2011).
Genetic researches in forest trees has been hindered by their
long regeneration times and large genome structures, the lack
of well characterized mutations for reverse genetic

breeding programs is a very lengthy and expensive process for
the tree breeders, when the reproductive cycle is long and
selection is based on physical traits.

However, the researchers have achieved great success in
the improvement of tree species with the advent of modern
molecular genomics. Marker Assisted Selection (MAS) has
been proven to have a great potential in providing rapid and
effective selection. But absence of full-sib progenies is the
greatest limitation in linkage mapping of important traits in
forest trees. In such situations, Association Mapping (AM),
based on associations between genotype and phenotype
variation in unorganized natural populations, proves to be the
savior. AM takes advantage of both Linkage Disequilibrium
(LD) and historical recombination present within the gene
pool of an organism, utilizing a broader reference population
(Ersoz and Buckler, 2007; Myles et al., 2009) and thus
genotypic and phenotypic correlations are investigated in
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unrelated individuals (Khan and Korban, 2012). LD refers to a
historically reduced (nonequilibrium) level of the
recombination of specific alleles at different loci controlling
particular genetic variations in a population which can be
detected statistically, and has been widely applied to map and
eventually clone a number of genes underlying the complex
genetic traits (Abdurakhmonov and Abdukarimov, 2008).
Advantages of this approach over the biparental approach are
that much larger and more representative gene pools may be
surveyed without any need of developing biparental mapping
populations, with higher resolution (Remington et al., 2001).
AM is particularly suited for forest trees and perennial
horticultural crops to overcome their characteristic pedigree-
based mapping limitations (Khan and Korban, 2012). Conifers
like pine and spruce species, poplars and eucalypts are some
of the forest trees which have been studied extensively under
LD-based Association Mapping for genotypic improvement
by several researchers all over the world.

Il. ASSOCIATION MAPPING AS AN ALTERNATIVE
APPROACH IN TREE GENOMICS

In trees, a few notable examples of single-gene (that is,
mendelian) traits are known, including the identification of the
major gene for resistance to white-pine blister rust
(Cronartium ribicola), which is found in many species of the
subgenus strobus of the genus Pinus (Kinloch et al., 1970).
However, the vast majority of traits of both economic and
ecological interest in forest trees are complex, quantitative
traits. These include growth and yield, the properties of wood,
resistance to diseases and insects, and resistance or tolerance
to abiotic stresses (White et al., 2007). Forest geneticists have
been studying the heritability of these traits for several years,
there are numerous literatures regarding these studies. In
recent years, forest geneticists have moved to an alternative
approach for complex trait dissection: association genetics, as
this approach has several advantages in many forest tree
species, principally the lack of significant population structure
in association genetics populations and the rapid decay of
linkage disequilibrium (Neale and Savolainen, 2004).

Association Mapping (AM) serves as a viable alternative
approach that can overcome the limitations of pedigree-based
mapping in perennial plants. Turning the gene-tagging efforts
from biparental crosses to natural population of lines (or
germplasm collections), and from traditional QTL mapping to
linkage disequilibrium (LD)-based association study became a
powerful tool in mapping of the genes of interest (Goldstein
and Weale, 2001). The overall approach of population-based
association mapping in plants varies based on the
methodology chosen, assuming structured population samples,
the performance of association mapping includes the
following steps as depicted by Abdurakhmonov and
Abdukarimov, 2008 (Figure 1) as; (1) Selection of a group of
individuals from a natural population or germplasm collection
with wide coverage of genetic diversity; (2) Phenotyping i.e.
recording or measuring the phenotypic characteristics (yield,
quality, tolerance, or resistance) of selected population groups,
preferably, in different environments and multiple replication
or trial design; (3) Genotyping a mapping population

individuals with available molecular markers; (4)
Quantification of the extent of LD of a chosen population
genome using a molecular marker data; (5) Assessment of the
population structure (the level of genetic differentiation among
groups within a sampled population individuals) and kinship
(coefficient of relatedness between pairs of each individuals
within a sample); and (6) Based on information gained
through quantification of LD and population structure,
correlation of phenotypic and genotypic or haplotypic data
with the application of an appropriate statistical approach that
reveals “marker tags” positioned within close proximity of
targeted trait of interest. Consequently, a specific gene(s)
controlling a QTL of interest can be cloned using the marker
tags and annotated for an exact biological function. As a
starting point for association mapping, it is important to gain
knowledge of the patterns of LD for genomic regions of the
“target” organisms and the specificity of the extent of LD
among different populations or groups to design and conduct
unbiased association mapping (Nordborg et al., 2002).

Choosing a germplasm group with global genetic
diversity

Genotyping with
molecular markers
(e.g., AFLPs,
SSRs, and SNPs)

Phenotypic
measurements in the
multiple replication

trials and different
environments

Measurements
of population
characteristics
(structure and
relatedness)

appropriate approach

( Marker-trait correlation with
(e.g., GLM, SA, MLM)

associated with a trait of interest

|

Cloning and annotation of tagged loci
for potential biological function

‘ Identification of marker tags J

Figure 1: The scheme of association mapping for tagging a
gene of interest using germplasm accessions (After,
Abdurakhmonov and Abdukarimov, 2008)

I11. DESIGNS AND MODELS FOR ASSOCIATION
MAPPING

Given the geographical origins, local adaptation, and
breeding history of assembled genotypes in an association
mapping panel, the non-independent samples usually contain
both population structure and familial relatedness (Yu and
Buckler, 2006). Recently, several statistical methods have
been proposed to account for population structure and familial
relatedness, structured association (SA) (Falush et al., 2003),
genomic control (GC) (Devlin and Roeder, 1999), mixed
model approach (Yu et al., 2006), and principal component
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approach (Price et al., 2006). With these methods, the issue of
false positives generated by population structure can now be
dealt with accordingly (Yu et al., 2006). AM can be performed
in all panmictic populations that harbour considerable LD in
genomic regions involved in the control of the target
phenotypic traits. The Nested Association Mapping (NAM)
population can be used for both linkage mapping of QTLs and
AM as it uses RILs developed from a diverse set of parents,
requires a smaller number of markers than GWAS in
population-based association panels, and has higher resolution
than QTL linkage mapping. (Yu et al., 2008). The Multiparent
Advanced Generation Intercross (MAGIC) populations
comprise a set of RILs derived from a complex cross or a set
of crosses or several recombination involving multiple parents
which can be used for both linkage and association mapping
of multiple traits for which the parents differ, and multiple
alleles at the target loci can also be detected (Descalsota et al.,
2018).

Initially the AM strategies were drawn for human genetic
studies and these were applied to plant genetic studies without
much modification. Subsequently, more precise and powerful
methods for unbiased AM in plants were developed. There are
several different approaches for the detection of significant
LD, ranging from the simple chi-square test through analysis
of variance to complex likelihood-based procedures (Singh
and Singh, 2015). When the LD between a marker and a QTL
is strong, the various methods would give comparable results.
AM for quantitative traits in plants is based on regression,
maximum likelihood, and Bayesian approaches (Oraguzie et
al.,, 2007). There are several experimental designs used
depending upon from the models test for association between
a single-marker locus and a single target trait at a time to
models for simultaneous evaluation of multiple marker loci as
well as multiple traits shown in the Table 1.

Design Features Remarks
Case and control Based on a group Used in humans;
approach carrying the disease modifications like
causing allele (cases) HRR, genomic
and an unrelated group control

of equal size lacking the
disease (control)
Transmission A family-based design;
disequilibrium compares transmission
test Versus nontransmission
of the marker to the

affected progeny from

one heterozygous and
one homozygous parent

Used in humans

Structured Designed to minimize | GLM implemented
association the effects of population in TASSEL
structure; one version is
the general linear model
(GLM™)
Mixed linear Designed to minimize Uses K or both Q
model (MLM) the effects of population and K matrices;

EMMA is an
improved version
of mixed model

structure and kinship;
markers and Q treated
as fixed effects, while
background QTLs are
treated as random
effects
Multiple loci used as
cofactors in the model;

Multilocus mixed
model (MLMM)

More QTL
detection power

uses stepwise mixed and lower FDR
model regression for the | than single locus
selection of loci and an tests
approximate version of
mixed model of
correction for
population structure
Simultaneous analysis
of two or more
correlated traits using

Multitrait mixed
model (MTMM)

More power than
single trait models
when the traits are

the mixed model; correlated;
separates genetic and otherwise, lower
environmental power

correlations and
corrects for population
structure

Joint linkage- Analysis of a sample Uses both LD and
association drawn from a natural linkage analysis
mapping population and the
open-pollinated
progeny from this
sample
Nested LD and linkage Higher power than
association mapping in NAM AM alone

mapping (NAM) populations
Table 1: List of experimental designs used for association
mapping (After, Singh and Singh, 2015)

IV. LINKAGE DISEQUILIBRIUM

The concept of LD was first described by Jennings in
1917, and its quantification (D) was developed by Lewtoninin
(1964). Linkage disequilibrium is also referred as “Gametic
Phase Disequilibrium” (GPD) or “Gametic Disequilibrium”
(GLD) that describes the nonrandom association of haplotypes
within unrelated populations with a distantly shared ancestry,
assuming Hardy-Weinberg equilibrium (HWE)
(Abdurakhmonov and Abdukarimov, 2008). The simplified
explanation of the commonly used LD measure, D or D
(standardized version of D), is the difference between the
observed gametic frequencies of haplotypes and the expected
gametic haplotype frequencies under linkage equilibrium (D =
Pag— PaPB = PagPah— PanPag) (Oraguzie et al., 2007).

Disequilibrium is the result of disturbing effects of one or
more of the evolutionary factors on gene and genotype
frequencies in the population. Disequilibrium can also result
from linkage between the genes a and b. The term linkage
disequilibrium (LD) signifies that a specific allele at one locus
occurs with a specific allele at the second locus more often
than expected on the basis of random assortment of the two
loci. The two loci may represent two markers, two
genes/QTLs, or one gene/QTL and one marker. Thus, in
simple terms, LD describes a non-random association between
alleles of two or more loci. As a result, the allelic
combinations of the concerned loci observed in the population
deviate significantly from their frequencies expected on the
basis of independent assortment. In each generation of random
mating, the magnitude of “d” will decline by the value “rd”,
where r is the frequency of recombination between the two
loci. This decline in LD is known as LD decay. Further, the
magnitude of LD will decrease with the genetic distance
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between the two loci since it is inversely related to the
frequency of recombination between them. In each generation,
there will be recombination between the two loci during
meiosis, which will lead to a decline in the magnitude of LD.
In simple terms, LD between two loci decays both temporally
(as the generation advances) and spatially (with the increasing
distance between the two loci) (Singh and Singh, 2015, p.
227).

Choosing the appropriate LD measures really depends on
the objective of the study, and one performs better than other
in particular situations and cases; however, D and r? is the
most commonly used measures of LD (Oraguzie et al., 2007).
The statistical significance of LD estimates is determined by
Fisher’s exact test when the two loci have two alleles each and
by multifactorial permutation analysis when more than two
alleles occur at one or both the loci (Flint-Garcia et al., 2003).
The merits, sensitivity, comparison, appropriate statistical
tests, and calculation methodology for these LD measures with
the utilization of bi-allelic or multi-allelic loci have been
extensively reviewed by Gupta et al. (2005). In association
mapping, efforts are made to filter out all other influences on
LD estimates to, ideally, retain the effects of only linkage and
use this information for identification of markers closely
linked to the genes/QTLs governing the trait(s) of interest
(Singh and Singh, 2015). The probability of detecting “true”
marker-trait associations in a sample using AM is called
power of association mapping (Singh and Singh, 2015). The
power of an AM experiment depends on several factors,
including the extent and evolution of LD in the population,
nature of gene effects involved in control of the target trait,
sample size, experimental design, accuracy of phenotyping,
type of markers, etc. (Churchill and Doerge, 1994). The
chances of detecting LD are the greatest for mutations that are
of recent origin (i.e., are in strong LD), have large effect on
the phenotype, and are present in a relatively less frequent
haplotype background (Singh and Singh, 2015). The power of
LD detection can be markedly increased by choosing a
suitable study design, reducing the environmental variation,
and increasing the genetic effects by selecting the extreme
phenotypes (Ball, 2005). The marker genotyping work can be
reduced by using such genomic regions for mapping that have
known QTLs/candidate genes, selecting one marker from each
haplotype of interest, etc. (Singh and Singh, 2015). A large
sample size would be required to enhance the reliability of
associations and required sample size for a given power can be
estimated on the basis of Bayes factors using R function of
Id.design from ldDesign package (Ball, 2007).

V. APPROACHES IN ASSOCIATION MAPPING

Based on the scale and focus of a particular study,
association mapping generally falls into two broad categories,
(i) Genome-Wide Association Mapping, or genome scan,
which surveys genetic variation in the whole genome to find
signals of association for various complex traits; and (ii)
Candidate-Gene  Association  Mapping, which relates
polymorphisms in selected candidate genes that have
purported roles in controlling phenotypic variation for specific
traits (Risch and Merikangas, 1996).

In Genome-Wide Association Studies (GWAS), the
markers used for genotyping are distributed, preferably evenly
and densely, over the whole genome (Singh and Singh, 2015).
In this approach, all the loci involved in the control of all the
traits showing variation in the sample can be evaluated at
once. It is important that a genome-wide linkage map of
markers of the concerned species must be available to permit
the selection of an appropriate set of markers. Accurate
phenotyping is a prerequisite for GWAS for arriving at valid
conclusions as an increase in the number of individuals or
lines included for phenotyping enhances the power of AM
much more than an increase in the number of markers used for
genotyping (Ingvarsson and Street, 2011).

Whereas, Candidate-Gene Association Mapping is a
hypothesis driven approach to complex trait dissection, with
biologically relevant candidates selected and ranked based on
the evaluation of available results from genetic, biochemical,
or physiology studies in model and non-model plant species
(Mackay, 2001; Risch and Merikangas, 1996). In candidate
gene approach, marker analysis is restricted to the genomic
regions having the candidate genes. A candidate gene is a gene
that is expected, on the basis of previous knowledge, to be
involved in the control of a trait of interest (Singh and Singh,
2015). The candidate genes are identified on the basis of the
information analyzed from different sources like comparative
genomics, genome sequence annotation, transcript profiling,
QTL analysis, etc. Instead of phenotyping, in candidate gene
approach, genotyping is focused in the genomic regions with
the candidate genes which greatly reduces the target genomic
region which can be analyzed with a high density of markers
as the total number of markers used as well as the sample size
will also be considerably reduced (Stich et al., 2008).
Candidate gene approach has been used to identify genes
involved in the control of many traits, including
morphological, phenological, and stress resistance traits
(Ingvarsson and Street, 2011). This approach may be able to
identify a QTL where genome-wide AM fails to detect a
significant marker-trait association after false discovery rate
(FDR) correction is applied (Singh and Singh, 2015). In
addition, the use of this approach along with GWAS tends to
increase the power and precision of QTL detection (Gupta et
al., 2014).

VI. CURRENT STATUS OF ASSOCIATION STUDIES IN
FOREST TREES

The pioneer association studies in plants were performed
by Beer et al. (1997) in oat, and by Virk et al. (1996) in rice.
Although there is wide variation among different forest trees,
generally they are out-crossing, long-lived, and at early stages
of domestication (Savolainen and Pyhajarvi, 2007). Despite
similarities among forest trees, there are large differences
between genetic and lifecycle characteristics of forest trees
that render some better suited for genetic studies than others
(Khan and Korban, 2012). Availability of genomic resources
is one of the key limitations for conducting an AM study in a
crop. Genome sizes of forest trees vary considerably,
impacting availability of genomic resources, and influencing
AM strategies (Tuskan et al., 2006). LD declines rapidly in
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forest trees, within 1 kb, compared to that of self-
pollinated plant species, thus requiring availability of large
numbers of molecular markers for AM. In addition to the
genome sequence of poplar, large numbers of expressed
sequence tag (EST) sequences are also available for multiple
forest trees (Khan and Korban, 2012). So far, candidate gene-
based AM studies and population genetic neutrality tests have
frequently been used to study wood-related economic and
adaptive traits, and to investigate gene behaviour under natural
selection conditions in forest trees (Neale, 2007; Eckert et al.,
2009a). Probably the first notable association studies in forest
trees is done by Thumma et al. (2005) where associations of
polymorphisms in Cinnamoil CoA Reductase (CCR) with
early wood micro fibril angle trait and polymorphisms a
putative stress response gene with wood density and wood
growth rate were reported.

v" ASSOCIATION STUDIES IN CONIFERS

SNPs are generally identified by resequencing ESTs using
a small SNP discovery panel and are then genotyped on large
samples of unrelated trees by high-throughput genotyping
assays (Pavy et al., 2008; Eckert et al., 2009b). Sufficient
numbers of EST sequences are available for Picea and Pinus
(Pavy et al., 2005; Rungis et al., 2005) to pursue SNP
discovery and conduct LD studies in conifers.

Gonza’'lez- Mart'mez et al. (2007) conducted the first
multi-gene association study in forest trees. A population of
422-435 unrelated loblolly pine trees (P. taeda) trees, in a
clonally replicated trial, was used to conduct an association
analysis study of 58 SNPs, from 20 wood- and drought-related
candidate genes and wood property traits. These traits
included earlywood and latewood specific gravity, percentage
latewood, earlywood microfibril angle, and wood chemistry
(lignin and cellulose contents). They used mixed linear models
(MLM) to perform AM analysis, where population structure
and relatedness was accounted for. It was suggested that due
to rapid LD decay in conifers, SNPs revealing genetic
associations were likely to be located in close proximity to
causative polymorphisms (Gonza'lez- Mart'inez et al., 2007).
A strong association between a SNP within the candidate gene
4-coumarate CoA ligase (4cl) and percentage latewood was
also detected in this study, thus confirming previous findings
based on co- location of a QTL for percentage latewood. In
another study, several candidate gene associations were
detected together with two very promising associations, a cell
structure stabilizing dehydrin gene (dhn-1) and a cell wall
reinforcement protein gene (Ip5) (Gonza'lez-Mart'inez et al.,
2008). This study demonstrated successful candidate gene
association mapping in trees using a complex family structure.

Pitch canker, a disease caused by the necrotrophic
pathogen Fusarium circinatum, is an important fungal disease
of loblolly pine. Quesada et al. (2010) have identified genes
that are associated with resistance to pitch canker in loblolly
pine using a set of 498 largely unrelated clonally propagated
genotypes. Significant associations have been re- examined in
an Australian land race, and those associations previously
observed in the discovery population have further validated
associations of two genes with wood density. Decreased wood
density is associated with a minor allele, thus suggesting that

these SNPs may be under weak negative purifying selection
for wood density. These findings clearly demonstrate the
utility of LD mapping in detecting associations, even when the
power of detecting SNPs with small effects is anticipated to be
low (Dillon et al., 2010).

Heuertz et al. (2006) have conducted LD and tests of
neutrality in spruce (Picea) and have surveyed DNA
polymorphisms at 22 loci in; 47 haplotypes from seven
populations. Their results have revealed that the overall
nucleotide variation is limited, being lower than that observed
in most plant species. LD is also restricted and does not extend
beyond a few hundred base pairs. Recently, neutrality tests
have been used to study the effects of natural selection on 41
candidate genes from loblolly pine; these genes have been
selected primarily from host— pathogen interactions together
with 15 drought tolerance and 13 wood-quality genes
identified in previous studies (Ersoz et al., 2010). Dillon et al.
(2010) have evaluated the utility of LD mapping to detect
associations between SNPs and wood quality in a natural
population of Pinus radiata. To further elucidate the genetic
control of adaptive traits in Douglas fir (Pseudotsuga
menziesii), Krutovsky and Neale (2005) studied LD and
haplotype and nucleotide frequencies, and performed
neutrality tests in cold hardiness and wood quality-related
candidate genes.

Recently, a total of 240 genotypes of Pinus roxburghii
(Himalayan Chir Pine) from a natural population in Chakrata
division (Tiunee range), Uttarakhand (India) were evaluated
for resin yield (Rawat et al., 2014). 53 genotypes were
selected after excluding the individuals with similar resin
production. The selected 53 individuals were best
representatives of the variation in resin yield in Chakrata
population which varied between 0.25 and 8.0 kg/tree/year
and were used for genotyping and association analysis using
SSR markers. A total of 19 polymorphic SSRs (11 cpSSR and
8 nSSR) were used in the study.

v" ASSOCIATION STUDIES IN POPLAR

Till Date, poplar (Populus trichocarpa) is the only forest
tree with a complete genome sequence, thus allowing
resequencing of different genotypes to identify SNPs for
genetic studies. Ingvarsson et al. (2006) first reported on
genetic dissection of complex adaptive traits using candidate
genes in poplar. They identified SNPs in the phytochrome
gene (phyB2) that co-located to a previously reported QTL for
timing of bud set, and this was genotyped in 16 Populus
tremula populations collected along a latitudinal gradient in
Sweden.

Hall et al. (2007) also found several phenological traits of
P. tremula with strong genetic differentiation and clinal
variation across the latitudinal gradient. Ingvarsson et al.
(2008) reported that polymorphism varied substantially across
the phyB2 region and proposed that due to low LD in this
region, these SNPs were strong candidates that were causally
linked to variation in bud set. Porth et al. (2013) performed
GWAS for key wood chemistry and ultrastructure traits in a
population of 334 unrelated Populus trichocarpa.
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v" ASSOCIATION STUDIES IN EUCALYPTUS

Eucalyptus (Eucalyptus nitens) is a widely adapted forest
tree, and has been the focus of studies on adaptation as a key
element in genetic conservation of forests. Thumma et al.
(2005) have used a candidate-gene-based LD mapping
approach to identify alleles associated with microfibril angle, a
wood quality trait affecting stiffness and strength of wood in
eucalyptus. SNPs detected in the Cinnamoyl Coa Reductase
gene, a key lignin gene, have been used to genotype 290
unrelated trees from a natural population of E. nitens. Several
candidate genes affecting cell all biosynthesis in wood
experiencing tension forces have been identified in eucalypts
using microarray based global gene expression experiments
(Qiu et al., 2008)

Thumma et al. (2009) have demonstrated the potential of
revealing functional polymorphisms underlying quantitative
traits by integrating both QTL and association mapping
methods. A marker from the COBRA-like gene, whose
Avrabidopsis homologue has been implicated in cellulose
deposition, was found to be strongly associated with a QTL
for cellulose content in a full-sib family. By genotyping SNPs
and a simple sequence repeat (SSR) marker in an association
population, LD analysis has revealed that LD declines within
the length of the COBRA- like gene. Subsequent association
mapping analysis has contributed to fine-resolution mapping
of the effect of this gene to a SNP marker.

As part of the Biotech MERCOSUR project 303
individuals from different open-pollinated progeny trials of
Eucalyptus globulus core and intergrade populations were
genotyped with the 7,680 DArT marker arrays and GWAS
identified 16 markers that were associated with growth and
two markers that were associated with lignin traits in (Cappa
et al., 2013). Resende et al. (2017) used GWAS with the
Regional Heritability Mapping (RHM) for the detection of
true QTLs in 768 hybrid Eucalyptus trees, concluding that
complex traits in Eucalyptus are controlled by multiple allele
variants with rare effects. Very recently, Miiller et al. (2019)
carried out GWAS for growth traits with six single-marker
models and regional heritability mapping (RHM) in four
Eucalyptus breeding populations independently and by Joint-
GWAS, using gene and segment-based models, with data for
3373  individuals  genotyped with a  communal
EUChip60KSNP platform.

VII.CONCLUSION

In Association Mapping, a large number of alleles present
within the gene pool of a species are tested against the
phenotype to detect significant associations. The genomic
researchers are showing enormous interest in applying
appropriate AM strategy to be followed for a given tree or
plant is solely dependent on the patterns of LD and genomic
resources available for a species. Due to high costs of
sequencing and genotyping, marker development is considered
very costly and thus only justifiable in crops of high
commercial value. The important advantage of the rapid decay
of LD is that once a marker—trait association has been
discovered and validated, it is likely that such a marker is at a

close physical distance to the functional variant probably
within the gene itself or even is the functional variant itself.
As the cost of genotyping is decreasing rapidly, researchers
are shifting to association studies in forest trees for tree
improvement programmes. There is an increasing trend of
integrating gene expression data and even gene expression
network information, attention is being paid to population
size, and increasingly larger populations is being used to
detect and map suitable markers.

The main question relies why only a few number of forest
tree species is chosen for the association studies when there
are hundreds of economically important species all over the
world. Association mapping is well adapted in agricultural
crops, but still not feasible or practical in majority of the forest
tree species. Due to large undomesticated nature with
prevalent outcrossing mating method, most of the forest tree
population is highly heterozygous. In such populations racial
effects or spatial relatedness between the trees affects the
results of association mapping. As gene structure of most of
the species in forest trees has not been mapped properly or
reliably, the percentage of false positive associations is
relatively high. This hinders the full potential of association
studies to be used for tree improvement by the researchers.
Currently, a number of researchers are working on association
studies on forest trees as well as other plants in many
laboratories worldwide. The near-future completion of
genome sequencing projects of several species, powered with
more cost-effective sequencing technologies, will certainly
create a basis for application of whole genome-association
studies, accounting for rare and common copy number
variants (CNV) and epigenomics details of the trait of interest
in plants. This will provide with more powerful association
mapping tools for tree breeding and genomics programs in
tagging true functional associations and consequently, marker
based tree improvement. The examples of association studies
performed in various plant germplasm resources largely depict
the huge advancement of crop genomics era with the
utilization of powerful LD-based association mapping tool
which is also a good indicative of the potential utilization of
this technology with other economically important tree species
in the future.
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APPENDIX: LIST OF ABBREVIATIONS USED

AM Association MAGIC Multiparent Advanced
Mapping Generation Intercross
CCR Cinnamoil CoA MAS Marker Assisted
Reductase Selection
CNV Copy Number MGA Multi Gene Association
Variants
cpSSR Chloroplast Simple NAM Nested Association
Sequence Repeats Mapping
DH Double Haploid NGs Next Generation
Sequencing
ETS Expressed sequence NIL Near Isogenic Line
tags
GC Genomic Control nSSR Nuclear Simple

GLD

GPD

GSA

GWAS

HWE

LD

MAB

Gametic
Disequilibrium
Gametic Phase
Disequilibrium

Genome Sequencing
Annotation
Genome Wide
Association Studies
Hardy Weinberg
Equilibrium

Linkage
Disequilibrium
Marker Assisted

Breeding

QTL

RFLP
RIL
SA
SNP
SSR

UNEP

Sequence Repeats
Quantitative Trait Loci

Restriction Fragment
Length Polymorphism
Recombinant Inbred
Line
Structured Association

Single Nucleotide
Polymorphism
Simple Sequence
Repeats
United Nations
Environmental
Programme
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