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 Molecular Plant Breeding: Methodology and Achievements       

     Rajeev K.   Varshney  ,        Dave A.   Hoisington      , Spurthi N.   Nayak      ,
and Andreas   Graner   

    Summary 

 The progress made in DNA marker technology has been remarkable and exciting in recent years. DNA 
markers have proved valuable tools in various analyses in plant breeding, for example, early generation 
selection, enrichment of complex F 1 s, choice of donor parent in backcrossing, recovery of recurrent par-
ent genotype in backcrossing, linkage block analysis and selection. Other main areas of applications of 
molecular markers in plant breeding include germplasm characterization/fingerprinting, determining 
seed purity, systematic sampling of germplasm, and phylogenetic analysis. Molecular markers, thus, have 
proved powerful tools in replacing the bioassays and there are now many examples available to show the 
efficacy of such markers. We have illustrated some basic concepts and methodology of applying molecular 
markers for enhancing the selection efficiency in plant breeding. Some successful examples of product 
developments of molecular breeding have also been presented.  

  Key words:   Molecular markers ,  Marker-assisted selection ,  Molecular breeding ,  Polymorphism , 
 Linkage mapping ,  Association mapping ,  Marker–trait association .    

 The identification of variation and its effective incorporation into 
germplasm are important components of any crop improvement 
programme. Such variation can be obtained from either crossing 
two different parental genotypes or selecting existing variation 
from the enormously available germplasm in the plant kingdom. 
Ancient farmers were the first ‘plant breeders’ by selecting the 
best plants for their needs. Archaeological evidence indicates 
that farmers employed selection pressure to meet their demands 
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as early as 12,000 years ago. As knowledge continues to grow, 
plant breeding has evolved as a major discipline in plant biol-
ogy. There were many landmarks in plant breeding after the re-
discovery of Mendelian genetics. Crossing two morphologically 
different parental genotypes allowed plant breeders to study the 
recombination and crossing-over events. Morphological markers 
played a major role in following genetics of the traits, for example 
flower colour, shape of the flower, seed size, seed colour, plant 
height, etc. Morphological markers are not always simple Mende-
lian-inherited genes, which has reduced their usefulness in plant 
breeding programmes. 

 There is enormous diversity (polymorphism) at the DNA 
level in higher plants, such that no two organisms are likely to be 
identical in their DNA sequence, including among natural popu-
lations of plants  (1) . Molecular techniques have provided strate-
gies to develop marker systems that detect such DNA variation, 
which can be used to assist traditional plant breeding  (2,   3) . Once 
linkage between a marker locus and the gene for an agronomic 
trait of interest has been established, DNA-based tests can be 
used to enable more precise selection in plant breeding  (4,   5) . 
This powerful revolution has already demonstrated its impacts in 
the understanding of, and ability to manipulate, oligogenic and 
quantitative traits. The development and availability of abundant, 
naturally occurring, molecular genetic markers during last two 
decades has generated renewed interest in locating and measur-
ing the effects of genes (polygenes or QTLs – quantitative trait 
loci) controlling quantitative traits  (6) . 

 Molecular markers are now well established as powerful tools 
in plant breeding and genetics for indirect selection of difficult 
traits at the seedling stage during plant breeding, thus speeding 
up the process of conventional plant breeding and facilitating the 
improvement of difficult traits that can not be improved easily by 
the conventional methods of plant breeding. In this direction, a 
large number of genes and QTLs controlling agronomic traits 
and conferring tolerance to both abiotic and biotic stresses have 
been identified and tagged using molecular markers in several 
crop species especially cereals  (7–  9) . In fact, the products of MAS 
have already been released as varieties in case of some cereal spe-
cies  (10) . Some notable examples of the successful deployment 
of MAS in some species have been listed in Table  1. In addition, 
several programmes and initiatives like molecular breeding pro-
grammes in wheat and barley in Australia  (12)  and ‘MASWheat’ 
(  http://maswheat.ucdavis.edu/index.htm    ) are under way to 
conduct MAS in breeding. Molecular breeding strategies are also 
in use in several crops by several private companies, for example, 
Monsanto, Pioneer-HiBred, and Syngenta.  

 In the present genomics or post-genomic era when the 
sequence data have already become available through genome 
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  Table 1  
  Some successful examples of molecular breeding in cereals    

 Achievement  Details  References 

 Ac celeration in varietal 
development 

 1.  Release of US barley variety Tango that 
contains two QTL for adult resistance to 
stripe rust 

  (11)  

 2.  Advancement of a ‘Sloop type’ variety 
with cereal cyst nematode ( CCN ) resist-
ance for commercial release 

 Co mparative Research 
Centre for molecular 
plant breeding (CRC-
MPB)  (12)  

 3.  Release of ‘Flagship’ variety in Australia 
in 2004 after following whole genome 
breeding approach 

  (12)  

 4.  Release of two Indonesian rice cultivars 
‘Angke’ and ‘Conde’, in which marker-
assisted selection ( MAS ) was used to 
introduce  xa5  into a background 
containing  xa4  

  (13)  

 5.  Development of quality protein maize 
( QPM ) through marker-aided transfer of 
 opaque2  gene in backcross programmes 

  (14)  

 6.  Release of an Indian pearl millet hybrid 
cultivar ‘HHB 67-improved’ in 2005, 
which has resistance to downy mildew 

 C. T. Hash, ICRISAT 
(personal communica-
tion) 

 7.  Development of an improved version of Pusa 
Basmati 1 ( PB1 ) variety of rice after introgress-
ing the genomic segments, harbouring the 
bacterial blight resistance namely  xa13  and 
 Xa21  have been transferred to PB1 from a 
non-Basmati donor through MAS 

 T.  Mohapatra, NRCPB, 
IARI, India (personal 
communication) 

 In trogression of trait 
(gene pyramiding) 

 1.  Introgression of  Yd2  gene conferring 
resistance to barley yellow dwarf virus 
( BYDV ) into a BYDV-susceptible barley 
variety through two cycles of 
marker-assisted backcrossing 

  (15)  

 2.  Pyramiding of different resistance genes 
for barley yellow mosaic virus ( rym4 , 
 rym5 ,  rym9 , and  rym11 ) in barley 

  (16)  

 3.  Use of yield-related QTLs for MAS in 
maize in private sector 

  (17)  

 4.  Pyramiding of disease-resistant genes in rice, 
particularly against blight, blast, and both 
simultaneously 

  (18–  21)  

(continued)



286 Varshney et al.

or EST sequencing projects for some plant species and similar 
efforts are under way for many other plant species, it has been 
possible to develop the molecular markers [and novel markers 
like single-nucleotide polymorphisms (SNPs) and single-feature 
polymorphisms (SFPs)] directly from genes  (23–  25) . Develop-
ment of such functional markers may speed up in coming years 
as these markers will prove promising in marker-assisted breed-
ing and useful resource for assessment of functional diversity in 
germplasm collection  (26,   27) . 

 Molecular markers are specific locations on a chromosome which 
serve as landmarks for genome analysis ( see   Note    1  ). While select-
ing the molecular markers for marker–trait association studies, 
the following points need to be considered.
   1.    What are the relative costs of the marker assays versus other 

selection techniques such as phenotypic selection or various 
bioassay systems?  

   2.    Is the trait dominant versus recessive?  
   3.    What type and size of mapping population and which meth-

odology will be used for marker–trait association studies?     

 The use of adequate genetic material for marker–trait association 
studies is another important critical factor ( see   Note    2  ). While 
doubled haploid (DH) and recombinant inbred line (RIL) popu-
lations are most appropriate genetic material for linkage map-
based analysis, the F 2  and backcross (BC) populations can be used 

2. Materials

2.1. Molecular 
Markers

2.2. Mapping 
Populations

 Achievement  Details  References 

 5.  Pyramiding of insect and blight resistance 
in rice 

  (19)  

 6.  Pyramiding of blight resistance with Bas-
mati quality characters in rice 

  (22)  

 7.  Pyramiding of stay green QTLs in elite 
but drought sensitive sorghum lines 

 C. T. Hash, ICRISAT 
(personal communica-
tion) 

Table 1
(continued)
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for bulked segregant analysis (BSA)  (28) . For using a particular 
mapping population for trait mapping, knowledge of the genetics 
for the trait, as listed below, is also important.
   1.    What is the nature of the trait? Is it simply inherited or multi-genic?  
   2.    What is the heritability of the trait?  
   3.    How much do the parental lines used to develop the popula-

tion differ for the target trait?     
 An alternative methodology to the above-mentioned trait 

mapping strategies is association or linkage disequilibrium (LD) 
mapping, based on association between phenotype and allele fre-
quencies ( see   Note    3  ). To effectively employ association map-
ping, one needs to decide on best population structure.
   1.    The structure of the population will be related to the trait and 

purpose.  
   2.    Population structure will differ for (1) self versus outcrossing 

species, (2) long versus short generation species, and (3) per-
ennial versus annual crop species.     
 After selecting a suitable mapping population, the population 

size is another criterion to be considered for trait mapping.
   1.    For mapping single genes, 50 F 2 s/BCs should be adequate  (29) .  
   2.    For QTL analyses, a minimum of 200 individuals/lines of a 

population (RILs or DHs) are required  (30,   31) .  
   3.    For employing LD mapping, a population of at least 300 gen-

otypes is required  (32) .     

 For conducting marker–trait association by using BSA and linkage 
maps, three widely used methods have been used: single marker anal-
ysis (SMA), simple interval mapping (SIM), and composite interval 
mapping (CIM)  (33,   34)  ( see   Note    4  ). In the case of LD or asso-
ciation mapping, the estimation of the LD within a species or even 
within individual genomes and an understanding of the structure of 
the population are important prerequisites. Subsequently, for con-
ducting the marker–trait association studies, the structure of the pop-
ulation is considered to avoid false positives ( see   Note    5  ).
   1.    For performing the SMA, QGene  (35)  or MapManagerQTX 

 (36)  computer programmes can be used.  
   2.    MapMaker/QTL  (37,   38)  and QGene can be used for SIM.  
   3.    QTLCartographer  (39) , MapManager QTX  (36) , and 

PLABQTL  (40)  are the most appropriate computer pro-
grammes for conducting CIM.  

   4.    In case of association mapping studies, the most commonly 
used computer programmes for measuring LD, population 
structure, and evaluating the trait associations are STRUC-
TURE  (41,   42)  and TASSEL  (43) .     

2.3. Statistical 
Analysis and Tools
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    1.    Select and optimize good quality, informative, and high-
throughput amenable molecular markers, if possible.  

   2.    Choose the appropriate genotyping platform depending on 
the size of the population to be studied as well as the number 
of available molecular markers, thereby per marker per indi-
vidual experimental cost is minimized.     

    1.    Screen the parental genotypes with the molecular markers 
including ‘anchor’ markers ( see   Note    6  ).  

   2.    Identify the markers that detect polymorphism between paren-
tal genotypes (Fig.  1 ).      

    1.    Select a  Discovery Panel  comprising of the diverse genotypes 
from the population to be used for association mapping and 
isolate the DNA from single plants to avoid heterogeneity.  

   2.    Collect the data on nucleotide sequence from locus samples 
with genome-wide coverage from the  Discovery Panel.   

   3.    Measure range of diversity (e.g., decay of LD with physical 
distance –  r  2 ) to be sampled for association population, marker 
density required for sufficient coverage of target genomic 
regions (or the genome) for association, level of population 
structure that exists within the species, evaluate genome-wide 
influence of demography, determine the genomic regions tar-
geted by natural selection and domestication, and determine 
the number and density of the neutral markers required to 
evaluate background associations.     

    1.    While conducting the BSA, genotype the bulks (two extremes 
of phenotype, 10–20 individual from each extreme) with the 
polymorphic markers, identify the putative associated markers 
with the trait, and subsequently genotype the complete popu-
lation with the candidate markers (Fig.  2 ).   

   2.    Genotype the mapping population (F 2 , BC, RIL, DH) with 
the polymorphic markers in case of linkage map-based trait 
mapping strategy. Number of markers to be screened on the 
population depends on the genome size of the species. How-
ever, an average of 100–200 markers spaced less than 15 cM 
apart are recommended for linkage map-based QTL analysis. 
In case, the ‘anchor’ or ‘core’ markers are available for the 
species, use some of these markers, representing the arms of 
each linkage groups, to provide links with other linkage maps 
and trait information (Fig.  3 ).   

   3.    For association mapping, sequence the target region(s) that 
are trait dependent across the association mapping  population 

3. Methods

3.1. Marker–Trait 
Association

3.1.1. Selection of Molecu-
lar Markers

3.1.2. Polymorphism Sur-
vey for BSA and Linkage 
Map-Based Trait Mapping

3.1.3. Measuring LD Decay 
and Population Structure 
for Association Mapping

3.1.4. Genotyping
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(candidate gene sequencing approach) or genotype the pop-
ulation with a suitable number of molecular markers cover-
ing the entire genome, depending on the LD decay (whole 
genome scanning approach). Genotype the population with 

  Fig. 1 .   Detection of DNA polymorphism. This figure shows detection of DNA polymorphisms between two homozygous 
parental genotypes P 1  and P 2  by using PCR-based microsatellite or SSR markers. Four hypothetical SSR markers (e.g., A, 
B, C and D in the figure) have been used for amplification of corresponding loci in two genotypes of interest. Separation 
of PCR products on agarose gel reveals polymorphism (size difference) between P 1  and P 2  for three SSR markers (A, C 
and D) while the marker B is monomorphic between two genotypes       .
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  Fig. 2 .   Bulked segregant analysis ( BSA ) for simple/monogenic and quantitative traits. BSA can be used for both oligogenic 
trait, for example disease resistance (shown in  A ) and as well as quantitative trait, for example root biomass (shown in  B ). 
In both cases, two bulks are made from individuals from extreme phenotypes. The pooled DNA from these bulks together 
with the parental genotypes are screened with the molecular markers for the detection of polymorphism. The putative 
markers showing a polymorphism between parental genotypes and their characteristic amplification profiles (banding 
pattern) in corresponding bulks are then selected to screen on the DNA of individual lines of the bulks, and subsequently 
on the complete set of lines of the mapping population. A typical segregation banding pattern for three hypothetical 
polymorphic markers A, C and D in case of F 2  population (1:2:1) and recombinant inbred line/doubled haploid ( RIL/DH ) 
population (1:1) has been shown. The markers A and C in case of F 2  population (as majority of individuals of Bulk 1 and 
Bulk 2 for these markers reveal the alleles of the respective parents, P1 and P2 respectively) while the markers C and 
D in RIL/DH in the hypothetical examples, seem to be putative markers associated with trait. Therefore, these markers 
need to be screened on the complete mapping population or selective lines. Subsequently, the genotyping data obtained 
on the population together with the phenotyping data may be analyzed using appropriate statistical test (e.g.,   c    2 -test) 
for marker–trait association.       

Susceptible Resistant

Higher 
root 
biomass 

Lower 
root 
biomass 

Frequency 
Frequency 

Disease score Root biomass 

Bulk 1 Bulk 2

Bulk1 Bulk2 Bulk1 Bulk2 
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P1 P2 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16
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4P1.0P2, 4H 0P1.4P2, 4H
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5P1.0P2, 3H 0P1.4P2, 4H
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  Fig. 3 .   Linkage mapping-based quantitative trait loci ( QTL ) analysis. For quantitative traits, the most commonly used 
approach of QTL analyses is based on linkage mapping by using recombinant inbred line ( RIL ) or doubled haploid ( DH ) 
population. Here polymorphic molecular markers (e.g., A, C and D in the figure) between the parental genotypes have 
been screened on the complete set of the mapping population. The genotyping data obtained so are used for calcula-
tion the recombination frequency between/among the markers and construction of the genetic map. In the figure, a 
hypothetical molecular linkage map based on three polymorphic markers (A,C and D) is shown. The linkage map-
ping data together with the phenotyping data on the progeny lines of the population are then used for QTL analysis 
using appropriate statistical analyses (e.g., regression analysis, interval mapping, and composite interval mapping). 
A hypothetical QTL peak for the trait on the linkage map, as prepared above, has been shown in the figure       .
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some neutral markers also in order to test the levels of back-
ground stochastic association (Fig.  4 ).      

 For analyzing the polymorphism and genotyping the germplasm, 
several genotyping platforms like agarose gel electrophoresis, 
polyacrylamide gel electrophoresis, capillary electrophoresis, etc 
are available.  Each of these platforms has some advantages and 
disadvantages over the others. Nevertheless, there is a need for 
high throughput, robust, and cost-effective genotyping platforms for 

Experimental Details

  Fig. 4 .   Linkage disequilibrium ( LD )-based association mapping for marker–trait association. In the first instance, the 
germplasm to be used is screened with neutral DNA markers for estimating the population structure and the LD decay 
in the genome and germplasm. On the basis of these analyses, one of two approaches, that is, candidate gene sequenc-
ing ( A ) and whole genome scanning ( B ) is used. In candidate gene sequencing approach, the putative candidate genes 
contributing the phenotypic variation for the trait are selected and appropriate genic region(s) are sequenced across the 
germplasm and sequence data are analyzed into haplotypes. In the whole genome scanning approach, the germplasm 
is screened with the molecular markers, representing the whole genome, based on LD decay study. Subsequently, the 
haplotype or genotyping data obtained is analyzed together with the phenotyping data with appropriate statistical tools 
to correct the population structure and marker–trait association       .
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molecular breeding. Currently, at majority of the places including 
ICRISAT, capillary electrophoresis platform is used for marker 
analysis. Therefore, in this section, technical details on analyzing 
the markers in germplasm using capillary electrophoresis, as we 
are doing at ICRISAT on ABI3130 and ABI3700, are provided.
   1.    Set up the PCR reaction as per the optimized conditions to 

get the amplicons by using fluorescent dye-labelled primers. 
The forward primers are labelled with one of the fluorescent 
dyes: Fam (blue), Vic (green), Ned (yellow), and Pet (red). 
For instance, for setting up the PCR in 10- μ l volume, take 
1  μ l of DNA (2.5 ng/ μ l) in a PCR tube or a 96-well or 384-
well plate and add 1  μ l of dNTP (2 mM), 1  μ l of 10× Qiagen 
buffer, 0.25 U of Taq polymerase (e.g., Qiagen), 0.5  μ l of 
labelled forward primer, 0.5  μ l of reverse primer, and make 
volume to 10  μ l by adding sterile distilled water. Sometimes, 
multiplex PCR by using more than one primer pair labelled 
with different fluorescent dyes can be set up.  

   2.    Put the tube or plate in a thermal cycler and run the PCR 
using the touchdown PCR profile. For example, for a primer 
pair with annealing temperature 55°C, set up an initial dena-
turation at 94°C for 3 min followed by 5 cycles consisting of 
denaturation at 94°C for 20 s, annealing at 60°C for 30 s with 
1°C decrease in every subsequent cycle and extension at 72°C 
for 30 s and then 30 cycles consisting of denaturation at 94°C 
for 20 s, annealing at 55°C for 30 s and extension at 72°C for 
30 s with the final extension step at 72°C for 20 min.  

   3.    Check the amplification using 2  μ l PCR product on 1.2% aga-
rose gel electrophoresis.  

   4.    If multiplexing PCR was not set up in step 1, the PCR prod-
ucts obtained from individual primer pairs labelled with differ-
ent fluorescent dyes sometimes can be pooled. In such cases, 
the pooling premix includes 1  μ l of each PCR product (s), 7 
 μ l of Hi-Di formamide for denaturing the double-stranded 
DNA, and 0.2  μ l of GeneScan Liz 500 internal lane size 
standard (Orange) provided by Applied Biosystems (USA). 
Alternatively, 0.15  μ l of GeneScan Rox 500 or Rox HD 400 
size standard (red) can be used wherever PET label is not used 
in the pooled PCR products.  

   5.    Denature the samples at 94°C for 5 min and cool immediately 
on ice.  

   6.    Put the samples in machine and run capillary electroph oresis.  
   7.    Import the raw allele size data to GeneScan programme for 

assigning the allele sizes based on the internal size standard. For 
example, if Liz 500 is used as the internal lane size standard, 
the PCR products in the range of 35–500 bp can be sized. 
The sizes for the Liz 500 are 35, 50, 75, 100, 139, 150, 160,
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  200, 250, 300, 340, 350, 400, 450, 490, and 500 bp. Each 
of the DNA fragment is labelled with Liz flourophore. Define 
the analysis parameters based on the amplitude of the PCR 
product. During the analysis, based on internal size stand-
ard, all the peaks of amplified PCR products can be assigned 
to their proper sizes.  

    8.    Import the GeneScan output file to Genotyper programme and 
set the preferences according the dyes used. Define the category 
according to the primer name; select the highest peak and the 
range of intensity of amplicon to consider for the analysis. The 
genotyping files appear according to the primer name for all the 
genotypes screened for polymorphism.  

    9.    Peaks can be labelled as size (bp), peak height, and peak area 
depending on the user requirement. Inspect some of all the 
peaks manually to be more confident on allele sizing.  

   10.    Upload the results of genotyping in a table with pre-defined 
columns. Export this table and save it at computer for appli-
cation in molecular breeding.     

     1.    Phenotype the population for trait of interest. This should 
be replicated temporally and spatially to increase the accu-
racy and precision of the phenotypic measurements.  

    2.    If possible, measure the trait of interest in quantitative fash-
ion instead of categorically.  

    3.    Evaluate the trait heritability to define the expectation for 
the genetic component of the phenotypic variance.     

 Genotyping data obtained on the population are analyzed 
together with the replicated phenotyping data using appropriate 
statistical analysis and tools, as mentioned in  Subheading    2.3  . 

     1.    Use single-point analysis method involving  t- test, analysis of 
variance (ANOVA), and linear regression.  

    2.    Calculate the phenotypic variation arising from the QTL 
linked to the marker (coefficient of determination,  R  2 ).     

     1.    Use the genotyping data to construct a framework genetic 
linkage map with a suitable computer programme mentioned 
in  Subheading    2.3  .  

    2.    Use the anchor markers and their mapping positions to des-
ignate the linkage groups ( Fig.   3 ).  

    3.    Conduct the SMA, SIM, or CIM for identification of 
QTLs.  

    4.    Calculate the phenotypic variation ( R  2 ) contributed by the 
QTL and measure the QTL × QTL, QTL × E, and QTL × 
QTL × E interaction.     

3.1.5. Phenotyping

3.1.6. Statistical
 Association

Bulked Segregant Analysis

Linkage Mapping
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     1.    Build statistical model(s) for the expectation of phenotypic 
correlation with environmental and genetic variability ( V  P  = 
 V  G  +  V  E ).  

    2.    Evaluate the level of co-variance between the phenotypes 
and combine the highly correlated traits in the same model.  

    3.    Evaluate co-variance between the neutral marker genotypes 
and candidate gene genotypes, in case candidate gene-based 
approach is being used.  

    4.    Determine the Type I error thresholds according to the number 
of tests performed and the level of flexibility in the study.  

    5.    Determine power and false positive rate expectations for the 
study.  

    6.    Run statistical association tests using appropriate statistical 
tool/software (e.g., TASSEL).     

 Generally, the markers/alleles associated with the trait should 
be validated by testing their effectiveness in determining the tar-
get phenotype in independent populations and different genetic 
backgrounds, which is referred to as ‘marker validation’  (44,   45 , 
 see   Note    7  ).
    1.    Confirm the QTL mapping studies by using independent 

populations constructed from the same parental genotypes 
or closely related genotypes used in the primary QTL map-
ping study. Larger population sizes may be used.  

    2.    If suitable genetic material for the trait is available, for exam-
ple, near isogenic lines (NILs), genotype the NILs with can-
didate markers and compare mean trait values of particular 
NILs with the recurrent parent, the effects of QTLs can be 
confirmed.  

    3.    Test the presence of the marker, associated with the QTL, on 
a range of cultivars and other genotypes. There is no guar-
antee that DNA markers identified in one population will be 
useful in different population, especially when the popula-
tions originate from distantly related germplasm.  

    4.    Markers that reveal polymorphism in different populations 
derived from a wide range of different parental genotypes 
will be most useful in breeding programmes  (45) .  

    5.    If the candidate gene sequencing approach has been used in 
LD/association mapping, in addition to above, the associa-
tion of allele with the trait may be verified either through re-
evaluation in an independent population sample or through 
allelic-silencing or knockout studies.     

 Once markers that are tightly linked to genes or QTLs of inter-
est have been identified, prior to field evaluation of large number 
of plants, plant breeders may use specific DNA marker alleles as 

Association Mapping

3.2. Marker Validation

3.3. Marker-Assisted 
Selection



296 Varshney et al.

a diagnostic tool to identify plants carrying the genes or QTLs. 
The procedure is called ‘marker-assisted selection’ or ‘marker-
aided selection’ (commonly referred as MAS) or ‘marker-assisted 
breeding’.
    1.    Select the markers that are tightly linked with the trait and 

yield the robust and clear-cut banding pattern. In principle, 
all such markers may be used in MAS; however, there have 
been reports of up to five QTLs being introgressed.  

    2.    For early generation selection in typical breeding programme 
for simple (monogenic) traits, for example, disease resistance, 
a susceptible parent is crossed with a resistant parent and the 
F 1  plant is self-pollinated to produce an F 2  population. Use 
the robust marker, developed for the major gene/QTL con-
trolling trait of interest (e.g., disease resistance) to screen 
the F 2  population and select only those plants possessing the 
desirable genotypes (having the alleles conferring resistance) 
out of the large number (e.g., 2,000) of F 2  plants ( Fig.   5 ). It 
is estimated that up to 75% of plants may be eliminated after 
one cycle of MAS.  

    3.    In case of marker-assisted backcrossing programme, use the 
molecular markers associated with the trait for foreground 
selection, while neutral markers covering the whole genome 
can be used for background selection (Fig.  6 ). For example, 
genotype the BC 1 F 1 s (by crossing the donor genotype for 
a trait with the F 1 s, obtained by crossing the donor and 
the elite-recipient genotypes) with the molecular markers 
associated with the trait as well as other neutral markers. 
The lines possessing the desirable genotype based on the 
associated markers as well as having higher proportion of 
genome (fingerprints) of the recipient genotype should 
be selected and advanced to generate the BC 2 F 2 s. Similar 
kind of foreground and background selection with molec-
ular markers can be conducted in next generations until 
the backcrossing products have the desirable chromo-
somal segment from the donor genotype into the recipi-
ent genotype background.       

    1.    DNA-based molecular markers can be classified into three 
categories depending on how the polymorphism is revealed: 
hybridization-based polymorphisms, PCR-based polymor-
phisms, and sequence-based polymorphisms. Details about 
these marker systems are discussed in several reviews and book 

Notes
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chapters  (5,   46,   47) . The choice of using molecular markers 
depends on the intended use, the microsatellite or simple 
sequence repeats (SSRs), however, have been recommended 
for molecular breeding as they are co-dominant, multi-allelic, 
and abundant in nature  (48) . For detection of microsatellite 
loci in the genome, two PCR-based primer pairs based on 
flanking regions of the microsatellite are used. For majority of 

  Fig. 5 .   A hypothetical scheme for early generation selection in a breeding programme. The polymorphic molecular mark-
ers between two parental genotypes (P 1  and P 2 ) can be used to select true F 1  by analyzing co-dominant markers having 
the alleles (bands) of both parental genotypes. After selfing the F 1  lines, several hundreds (sometimes thousands) F 2  lines 
are raised. These F 2  lines can be screened with the polymorphic co-dominant markers and based on DNA profiling the 
progenies of interest, for example the lines having the allele of parental genotype P 2  (with higher root biomass) in the 
figure have been selected       .
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  Fig. 6 .   Marker-assisted backcrossing using foreground and background selection strategies. One of the most important 
applications of molecular markers to introgress the trait of interest in a genotype of interest has been shown in the fig-
ure. For example, marker–trait association studies provide the codominant marker X as a diagnostic or linked molecular 
marker with a major root trait quantitative trait loci ( QTL ), contributing large phenotypic variation. For this marker, the 
lower band (allele B) is associated with higher root biomass while the upper band (allele A) is associated with lower root 
biomass. In case, the genotype A is an elite variety but drought sensitive and the breeder likes to introgress the root trait 
QTL for higher root biomass in this genotype. The breeder needs to select a genotype (e.g., B) with higher root biomass. 
The genotype A is crossed with the genotype B and the resulting F 1  lines can be screened with the marker X to confirm 
the presence of both alleles and then the true F1 lines can be advanced. These F 1  lines will be backcrossed with the 
genotype A and the resulting BC 1 F 1  lines can be screened with the diagnostic molecular marker X for foreground selec-
tion while with the multi-locus marker system(s) for the background selection. The foreground selection (identification 
of lines with the higher root biomass allele in heterozygous condition), in the figure, suggests to select the line nos. 1, 3, 
and 5. In parallel, these lines are analyzed for monitoring the genomic background of the recipient (A) genotype. In the 
figure, out of the three lines, 1, 3, and 5, only two lines, lines no. 3 and 5 fulfil the criteria of foreground (having allele of 
donor genotype in heterozygous condition) and background (having 75% of genome of the recipient genotype) selection. 
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the major crop species, these SSR markers are present in large 
numbers in public domain.  

   2.    In general, for trait mapping based on linkage maps or BSA, 
several types of mapping populations, derived from crosses 
involving any two diverse parents, can be used. For instance, 
an F 2  population or BC population can be derived from F 1  
plants through selfing or backcrossing them to one of the par-
ents; RILs can be derived by single seeds descent for at least 
five or more generations; and DHs can be derived from hap-
loid obtained from F 1  plants through anther/egg cell/ovule 
culture or distant hybridization. The simplest mapping popu-
lations are the F 2  populations or the BC populations; however, 
these mapping populations are not permanent, while the RILs 
and DHs are immortal populations and can be stored and 
shared across the laboratories.  

   3.    Association or LD mapping is the basis for gene mapping in 
species where large mapping populations can not be readily 
produced such as mapping in tree species, farm animals, and 
humans  (49,   50) . The LD method, unlike the use of biparen-
tal mapping populations, uses real breeding populations; the 
material is diverse and relevant; and the most important genes 
(e.g., for adaptation) should be co-segregating in such popu-
lations  (51,   52) .  

   4.    Among different statistical analyses for QTL mapping, SMA 
(or single-point analysis) is the simplest method for detecting 
QTLs associated with single markers. The statistical methods 
used for SMA include  t- tests, ANOVA, and linear regression. 
Linear regression is most commonly used because the coeffi-
cient of determination ( R  2 ) from the marker explains the phe-
notypic variation arising from the QTL linked to the marker. 
In fact, this method is generally used in BSA approach for trait 
mapping. However, the main disadvantages of this method 
are: (1) the further a QTL is from a marker, the less likely 
it will be detected as the recombination may occur between 
the marker and the QTL; (ii) this causes the magnitude of 

Therefore, these lines are advanced for further backcrossing. The figure shows the backcrossing of one selected BC 1 F 1  
line with the A genotype and the resulting BC2F1 lines are further screened for foreground selection (with the diag-
nostic X marker) and the background selection (multi-locus fingerprinting). As a result of the second foreground and 
background selection, two BC 2 F 1  lines (lines no. 2 and 4) are selected that show the allele of higher root biomass (in 
heterozygous condition) and 87% genome of the donor genotype. Such kind of backcrossing and foreground and back-
ground selection are continued upto 3-4 cycles, depending on the nature of the crop species. At the end of MABC, the 
progeny lines are analyzed using diagnostic marker X, and the plants carrying higher root biomass allele are selected. 
Subsequently, selfing of selected progeny lines is undertaken till the appropriate marker-assisted back cross ( MABC ) 
lines with the higher root biomass alleles in the genomic background of the recipient genotype are generated. These 
lines, eventually, can be taken to the field trials and then other requirements of varietal development can be followed       . 
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the effect of a QTL to be underestimated. The use of a large 
number of segregating markers covering the entire genome, 
usually at intervals less than 15 cM, may minimize both 
problems  (33) .     
  Linkage map-based trait mapping approach employs 
the SIM method that makes use of linkage maps and analyses 
intervals between adjacent pairs of linked markers along chro-
mosomes simultaneously  (53) . The use of linked markers for 
analyses under SIM is considered statistically more power-
ful compared to single-point analysis as the recombination 
between the markers and the QTL is taken care of  (34) . 
  The CIM approach, however, combines interval map-
ping with linear regression and includes additional molecular 
markers in the statistical model in addition to an adjacent pair 
of linked markers for interval mapping  (54) . This method is 
more precise and effective at mapping QTLs as compared to 
single-point analysis (SMA) and SIM, especially when linked 
QTLs are involved.

   5.    While using the association or LD mapping approach, the sta-
tistical power of associations is determined by the extent of 
LD with the causative polymorphism, as well as sample size 
used for the study  (55,   56) . The decay of LD over physical dis-
tance in the study population determines the marker density 
required and the level of resolution that may be obtained in an 
association study. The most commonly used summary statistic 
for estimation of LD within the association study framework is 
known as  r  2   (57,   58) . The  r  is the Pearson’s (product moment) 
 correlation coefficient  of the correlation that describes the pre-
dictive value of the allelic state at one polymorphic locus on 
the allelic state at another polymorphic locus, where  r  2  is the 
squared value of correlation coefficient that is also called  coef-
ficient of determination  and it explains the proportion of a 
sample variance of a response variable that is  explained  by the 
predictor variables when a linear regression is performed  (50) . 
 Lewontin’s D  is another summary statistic for LD that is com-
monly used and describes the difference between the coupling 
gamete frequencies and repulsion gamete frequencies at two 
loci. From  D , a second measure of LD, that is, normalized 
 D´    can also be estimated. It is important to estimate the rate 
of decay of LD with physical distance, to be able to extrapo-
late information gathered from a small collection of sampled 
loci to the whole genome investigated. This extrapolation is 
essential for association mapping study design, since it may 
be used for determining the marker density required for scan-
ning previously unexplored regions of the genome, as well as 
determining the maximum resolution that can be achieved for 
genotype–phenotype associations for the study population.     
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  Another important constraint for the use of association map-
ping for crop plants is unidentified population sub-structuring 
and admixture due to factors such as adaptation or domestica-
tion  (43,   59) . Population structure creates genome-wide LD 
between unlinked loci. When the allele frequencies between 
sub-populations of a species are significantly different, due to 
factors such as genetic drift, domestication, or background 
selection, genetic loci that do not have any effect whatsoever 
on the trait may demonstrate statistical significance for their 
co-segregations with a trait of interest ( see  ref.  50  for details). 
In cases where the population structuring is mostly due to 
population stratification  (41,   60) , three methods are often 
proposed suitable for statistically controlling the effects of 
population stratification on association tests: (a) genomic con-
trol (GC)  (61–  63) , (b) structured association (SA) method 
including two extensions that are modified for the type of 
association study as case-control (SA-model)  (42)  or quantita-
tive trait association study (Q-model)  (32,   43) , and (c) unified 
mixed model approach (Q + K)  (64) . 
  After analyzing the LD decay, population structure, and 
appropriate genotyping of the population, marker–trait associ-
ation studies are conducted. Whether the phenotype of inter-
est has a binary or quantitative phenotype is also of interest 
for the association study design. When a binary trait is being 
investigated, case-control type populations are required for 
association analysis, where equivalent sized sub-populations 
of individuals that display the phenotype of interest (cases) 
and do not display the phenotype of interest (controls) are 
queried for allelic association of genetic loci with the case and 
control phenotypes in a statistically significant manner  (50) . 
The statistical test performed is simply a hypothesis test that 
asks weather the allelic frequency distribution of a locus is the 
same or different for a given locus between the two sub-pop-
ulations. Most of the statistical methods aim to detect and 
correct for the effects of population stratification and ancestry 
differences between the case and control groups  (50,   65) .

   6.    When the same set of molecular markers is used in different 
mapping populations of the given species to construct the 
linkage maps, the markers order and the linkage maps can be 
correlated. Therefore, in order to correlate information from 
one map to another, common markers are required. Common 
markers that are highly polymorphic in different mapping 
populations are called ‘anchor’ or ‘core’ markers. Generally, 
anchor markers are SSRs or RFLPs  (31) .  

   7.    The marker validation involves testing the reliability of mark-
ers to predict phenotype and indicates whether a marker could 
be used in routine screening for MAS.         
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