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Abstract Development and application of molecular markers derived from genes, 
commonly called genic markers or sometimes functional markers, is gaining 
momentum in plant genetics and breeding. Availability of large amount of sequence 
data coming from genome/transcriptome sequencing projects as well as advent of 
next generation sequencing technologies together with advances in bioinformatics 
tools, marker discovery is becoming cheaper and faster. The availability of inex-
pensive high-density SNP-genotyping arrays is encouraging the plant genetics and 
breeding community to undertake genome-wide marker genotyping for a variety 
of applications. For instance, high-throughput and low cost genotyping assays for 
gene-based markers offers the possibility to accelerate the trait mapping based on 
high-density linkage mapping as well as genome-scanning based association map-
ping approaches in addition to facilitate physical mapping, comparative mapping, 
phylogenetic studies and understanding genome organization in crop plant species. 
Marker discovery, genotyping and molecular breeding practices would be routine 
in near future for crop improvement in many crop species. Advances in the area of 
marker discovery and genotyping using highly parallel genomics assays and also a 
few applications have been discussed in this chapter.

5.1  Introduction

Molecular markers are important genetic tools for plant breeders to detect the 
genetic variation available in the germplasm collection. During last two decades, 
varieties of molecular markers and in large numbers have been developed for 
almost all major crop species. Genetic variation detected by molecular markers has 
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been useful for understanding the genome dynamics as well improving the breeding 
efficiency. For instance, these markers have been utilized extensively for the prepa-
ration of saturated molecular maps (genetic and physical) and their association with 
genes/QTLs controlling the traits of economic importance has been utilized in sev-
eral cases for marker assisted selection (MAS) (Varshney et al. 2005b, 2006). As a 
result of extensive efforts undertaken at international level to identify molecular 
markers tightly linked with a large number of agronomic traits as well as tolerance/
resistance to abiotic and biotic stresses in major crop species, it has been possible 
to realize the potential of molecular markers to track loci and genome regions in 
several crop-breeding programmes (Gupta and Varshney 2004; Varshney et al. 
2006, 2007b). Other important uses of molecular markers include germplasm char-
acterization, genetic diagnostics, genome organization studies and phylogenetic 
analysis (see Jain et al. 2002; Varshney and Tuberosa 2007).

Classically, the molecular markers can be grouped in three main categories (Gupta 
et al. 2002): (1) hybridization-based markers: restriction fragment length polymor-
phism (RFLP), (2) PCR-based markers: random amplification of polymorphic DNA 
(RAPD), amplified fragment length polymorphism (AFLP) and microsatellite or 
simple sequence repeat (SSR), and (3) sequence or chip-based markers: single nucle-
otide polymorphism (SNP), diversity array technology (DArTs) and single feature 
polymorphism (SFP). Indeed, till recent past, molecular markers from the first two 
categories have been developed in majority of the crop species, which belonged to 
genomic DNA, and therefore could belong to either the transcribed or the non-tran-
scribed part of the genome without any information available on their functions. 
Nevertheless, during last few years, it has been possible to develop the markers from 
transcribed region of the genome or genes. Such markers have been popularly referred 
as functional markers/FMs (Anderson and Lübberstedt 2003; Gupta and Rustgi 2004), 
genic molecular markers/ GMMs (Varshney et al. 2007c) and gene expression 
markers/ GEMs (West et al. 2006b). Although development of gene-based markers is 
currently restricted to only limited crop species, the next generation sequencing 
technologies available very recently are enabling development of gene-based markers 
even in “orphan” crop species that are deficient in genomic resources (see Varshney  
et al. 2009). The present chapter deals with the advances made recently in the area of 
development of gene-based markers and methods of genotyping in crop species.

5.2  Gene-Based Marker System: Moving from Genes  
to Genome

As a result of establishment of several large scale genome/transcriptome sequenc-
ing and gene discovery projects in several plant species, a large number of genes 
have been identified through wet lab as well as in silico studies and a wealth of 
sequence data have been accumulated in public databases (e.g. http://www.ncbi.nlm.
nih.gov; http://www.ebi.ac.uk) in the form of BACs (bacterial artificial chromo-
somes), ESTs (expressed sequence tags), GSSs (genome survey sequences), full 
length cDNA clones and genes. Furthermore, excellent progress has been made in 
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the area of development of bioinformatics tools and databases (see the companion 
chapter in this volume by Jayashree and Hoisington). Because of these two main 
factors, the era of development of gene-based markers has taken off in plant sys-
tems and is in advanced stage at present (Gupta and Rustgi 2004; Varshney et al. 
2005a, 2007c, 2007d).

Based on the origin (polymorphic or non-polymorphic site in the gene), genic 
markers have been classified into two groups (Anderson and Lübberstedt 2003): (a) 
gene targeted markers (GTMs), that are derived from polymorphisms within genes, 
however not necessarily involved in phenotypic trait variation, e.g. EST-based molec-
ular markers (Schmitt et al. 2006); (b) functional markers (FMs) are derived from 
polymorphic sites within genes causally involved in phenotypic trait variation, e.g. 
candidate gene-based molecular markers. Depending on the involvement in the phe-
notypic trait variation, the FMs can be classified further into two subgroups: (a) direct 
functional markers (DFMs), for which the role for the phenotypic trait variation is 
well proven, and (b) indirect functional markers (IFMs), for which the role for phe-
notypic trait variation is indirectly known (Anderson and Lübberstedt 2003).

5.3  Marker Discovery

Several types of molecular markers can be developed from genes and therefore 
can be grouped under genic marker category. Since several review articles (e.g. 
Gupta and Rustgi 2004; Varshney et al. 2005a, 2007c) have discussed at length 
the development of cDNA or EST-based RFLP, SSR and SNP markers, this article 
would mainly discuss the development of genic markers from sequence and 
expression data.

5.3.1  Sanger Sequencing-Based Marker Development

As a result of sequencing the genomes and transcriptomes followed by annotation 
provided the entire/partial gene repository of several model plant species (e.g. 
Arabidopsis, Medicago, Lotus, Poplar) and major crop species (rice, wheat, maize, 
sorghum, soybean, grape). In such plant species, based on functional annotation, gene 
expression and physiological studies, candidate genes can be identified for marker 
development. However in several crop species e.g. rye, sweet potato, pigeonpea and 
millets that have less genomic resources, identification of candidate genes is not 
easily feasible. However, because of the availability of next generation sequencing 
technologies, it has been shown very recently that the genic markers can be developed 
in so-called orphan crop species also (Varshney et al. 2009).

5.3.1.1  Candidate Gene-Based Marker Discovery

Based on positional cloning and/or knowledge of plant metabolic cycles, informa-
tion on candidate gene(s) involved in the expression of a particular phenotype, is 
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Fig. 5.1 An example of SNP discovery and conversion of SNP into CAPS assay. Multiple 
sequence alignment for sequence data generated for 20 genotypes using LG95 marker has been 
shown in panel A. This alignment reveals 7 SNPs at positions 111 (T/C), 113 (C/G), 137 (C/T), 
140 (T/C), 155 (G/T), 176 (C/T/A) and 179 (T/C) in a window of 100 bp. SNP2CAPS analysis of 
these sequence data using SNP Pipeline developed at ICRISAT predicted the recognition site for 
restriction enzyme BclI at position 155. To verify the in silico identified restriction site involving 
SNP at 155 position, the PCR products of 20 genotypes generated by using LG95 marker were 
digested with restriction enzyme BclI. As a result, the PCR products, containing T nucleotide at 
155 position in 7 genotypes were digested, while the amplicons, containing G nucleotide at the 
same position in remaining 13 genotypes remained intact (panel B). Thus the SNP at 155 position 
could be easily genotyped on agarose gel using CAPS assay (unpublished results).

available in many cases in model or major crop species. The primer pairs designed 
for the candidate gene(s) can be used to generate the amplicon in several genotypes 
of a species. Sanger dideoxy-nucleotide sequencing of these amplicons provides 
the allele specific sequencing data which can be subjected for multiple sequence 
alignment (MSA) by using bioinformatic tools and analyzed for identification of 
SNPs in the candidate gene (Fig. 5.1).

5.3.1.2  EST-Based Marker Discovery

For majority of main crop species, a large number of ESTs generated from several 
genotypes of a species are available in the sequence databases. The redundant set 
of ESTs for a given species can be used for in silico SNP discovery by employing 
bioinformatic scripts and tools for SNP discovery. A large number of bioinformatics 
tools or pipelines are available in public domain for identification of SNPs 
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(Table 5.1). Basically, all these tools/pipelines perform clustering on redundant set 
of ESTs and the ESTs representing one gene are grouped under one cluster, which 
can be visualized for the occurrence of SNPs. The SNP(s) identified by using this 
approach, however, should be verified either by checking the sequence chromato-
gram of ESTs or validated by wet lab experiments, as in silico SNPs may have been 
observed as a result of sequencing error.

5.3.1.3  Intron Targeted Marker Development by Using Comparative 
Genomics Approach

Sequence diversity projects undertaken in several crop species using large num-
ber of genes (and different parts of gene) suggested higher frequency of SNP in 
intronic regions of the gene (Ching et al. 2002; Rajesh and Muehlbauer 2008). 
Therefore the markers developed from intronic region in general show high level 
of polymorphism (Bertin et al. 2005). In case of well-characterized species, exon-
intron boundaries can be defined using tools like FEGNESH, etc. and subsequently 
primer pairs can be designed using the flanking exonic sequence of an intron to 
amplify intronic region (Feltus et al. 2006).

By using the genome sequence data of Medicago and Lotus and EST data of soy-
bean and Medicago, >3,000 primer pairs targeting intronic regions have been devel-
oped in the laboratory of Doug Cook at UC-Davis, USA (DR Cook, personal 
communication) to develop gene-based conserved orthologous sequence (COS) 
markers in legume species. These primer pairs have been used to amplify the intronic 
regions in the parental genotypes of mapping populations of seven legume species 
including chickpea, common bean, groundnut, cowpea and pigeonpea which are 
being sequenced at present to identify the SNPs between parental genotypes of the 
mapping populations of these species. This study is expected to develop the extended 
version of comparative legume genetic maps developed earlier by Choi et al. (2004). 
Development of intron targeted markers has been successful even in under-
resourced crop species. In such cases, the ESTs of the targeted species are 
BLASTed against the genome sequence of closest model genome sequence data to 
identify the exon–intron boundaries. In this way, intronic sequence can be identified 
and exonic sequence of the ESTs are used to design the primer pairs to amplify the 
intronic region. Based on this concept, after aligning the ESTs of sorghum, pearl mil-
let, Allium and Musa with rice genome, >3,600 primer pairs, called conserved intron 
spanning primers (CISPs) have been developed for monocot species (Feltus et al. 
2006; Lohithaswa et al. 2007; http://www.plantgenome.uga.edu/CISP/). Following 
the similar approach, a larger number of gene-based markers have been developed 
and used for diversity and mapping studies in pearl millet (Bertin et al. 2005), lupin 
(Phan et al. 2007), etc. Recently developed “cisprimerTOOL” at ICRISAT (http://
www.icrisat.org/gt-bt/CISPTool.htm) for the identification of conserved intron scan-
ning regions using EST alignments to a completely sequenced model crop genome 
and designing conserved intron scanning primers will greatly facilitate development 
of CISPs in several orphan crop species (Jayashree et al. 2008).
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5.3.2  Expression Polymorphism-Based Markers

Comprehensive gene expression platforms are available in several crop species 
that has made it possible to undertake transcriptome profile of different tissues of 
the same genotype or same tissue of different genotypes (Sreenivasulu et al. 
2004; Krist and Yu 2007). Several recent studies have demonstrated the use of 
transcript abundance data from genomic DNA/reduced complexity genomic DNA 
or cRNA hybridizations to microarrays (Affymetrix) to reveal genetic polymor-
phisms, if the transcript profiling has been done on different genotypes of the 
species. This polymorphism, also called expression level polymorphism (ELP), 
has been used as marker to genotype individuals in mapping populations (West 
et al. 2006a, 2006b).

Initially, Affymetrix GeneChips were used for identifying ELPs (Winzeler 
et al. 1998). Affymetrix GeneChips basically contain 11 different 25 bp-oligos 
covering features of the transcribed regions of each of several thousand genes. 
Each of these features for every gene on the GeneChip is present as a so-called 
perfect match (PM) and mismatch (MM) oligonucleotide. While the PM exactly 
matches the sequence of a particular standard genotype (e.g. one parent of a 
mapping population), the MM differs from this in a single substitution in the 
central 13th base. Therefore, if the parental genotypes of a mapping population, 
used for expression study, differ in the amount of mRNA produced by the par-
ticular tissue, this should result in a relatively uniform difference in their 
hybridizations across the 11 features. Furthermore, if the parental genotypes 
produce the same amount of mRNA but contain a genetic polymorphism within 
their DNA which coincides with one particular feature (or overlapping fea-
tures), this would also result in differential hybridizations, however confined to 
that feature alone. Such polymorphism observed has been termed as single 
feature polymorphism (SFP) (Borevitz et al. 2003). Majority of studies dealing 
with discovery and genotyping of SFP have been conducted in sequenced and 
well-characterized model species such as yeast, mouse and Arabidopsis (Brem 
et al. 2002; Borevitz et al. 2003; Bing and Hoeschele 2005; Bystrykh et al. 
2005; Ronald et al. 2005; Kumar et al. 2007). Nevertheless, recently in large 
and complex genome species such as barley, Cui et al. (2005) and Rostoks et al. 
(2005) hybridized barley expression microarrays with cRNA, to reduce target 
complexity, and detected thousands of SFPs. To establish the sensitivity and 
specificity of SFP prediction in species with complex and unsequenced 
genomes, Luo et al. (2007) explored four methods for identifying SFPs from 
microarray experiments involving two tissues in two barley genotypes and  
their doubled haploid (DH) progeny. They identified >4,000 separate SFPs that 
accurately predicted the SNP genotypes of >98% of DH lines. Very recently, 
the use of cross species platform has been demonstrated for identification of 
SFPs. For instance, Das et al. (2008) hybridized soybean microarray with 
cRNA of cowpea and identified >1,000 SFPs in parental genotypes of mapping 
populations of cowpea.
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5.3.3  Next Generation Sequencing Technologies  
for Genome-Wide Marker Discovery

Several crop genomes have already been sequenced or in advanced stage of 
sequencing, that has enhanced our understanding of genome architecture. However, 
such data will have limited relevance to many other important species which are 
generally distantly related to model organisms. Genome sequencing in non-model 
organisms has the potential to also be greatly enhanced by developments in 
sequencing technologies. Recent developments, due to growing interest in human 
genome re-sequencing, nucleic acid chemistry, nanotechnology and microscopy 
have led to a new generation of sequencing and genotyping technologies. These 
new technologies sequence DNA very fast and cheap, however in short fragments. 
These new methods are currently driving down sequencing costs and increasing 
capacity at an unprecedented rate that makes the whole genome resequencing 
possible (Hudson 2008; Mardis 2008; Gupta 2008).

At present, three main sequencing methods of next generation sequencing 
technologies are commercially available: (a) 454/FLX sequencing, (b) Solexa/
Illumina 1 GB SBS (sequencing-by-synthesis) technology, and (c) AB SOLiD 
(Sequencing by Oligonucleotide Ligation and Detection) technology (Varshney  
et al. 2009). For all these DNA sequencing methods, genomic DNA is randomly 
sheared and individual DNA molecules are then immobilized on a solid support, 
which can be a microscopic bead (in this case one molecule is affixed to each 
bead) or a macroscopic support such as a flow cell or slide (in this case many 
molecules are arrayed randomly on the support) (Fan et al. 2006). Subsequently 
these individual DNA molecules are then amplified using the PCR. In case of 
bead-based methods, amplification is done in an emulsion phase where the beads 
are protected from cross-contamination by the barrier of an immiscible solvent. 
The polymerase colonies, often called ‘polonies’ or ‘clusters’, which are clonally 
identical DNA molecules either attached to a single bead or attached to a localized 
region on a solid support. While in bead-based methods, the beads are then either 
themselves immobilized on a planar support, or placed in individual microscopic 
wells, in case of non-bead-based methods the polonies are generated in situ. After 
producing a planar array of polonies, the respective sequencing chemistry is 
applied directly to the molecules on the support. Instead of separating elongation 
products, the sequence is interrogated at every base, by the use of either fluores-
cence or chemiluminescence to directly detect the incorporation of a base-specific 
chemical probe.

In addition to above mentioned three technologies, one new method called 
Single Molecule Sequencing, also known as third generation technology has 
received a great deal of attention and has potential to further increase throughput. 
Infact, various single-molecule and other sequencing and resequencing methods are 
under development in academic laboratories, and at several companies such as 
Biotage, Helicos, Li-Cor, Microchip Biotechnologies, Nanofluidics, Nanogen, 
Network Biosystems and Visigen (Hudson 2008). These next generation sequencing 
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technologies can be used for genome-wide marker discovery in both model/major 
and under-resourced crop species. Several bioinformatics tools and pipelines have 
been developed recently for analyzing the next generation sequence data for SNP 
discovery (Table 5.2). Indeed the bioinformatics community across the world is 
actively engaged in improving the tools for analyzing the next generation sequence 
data with higher accuracy and efficiency (Hillier et al. 2008; Smith et al. 2008; 
Varshney et al. 2009).

5.3.3.1  Re-Sequencing in Well-Characterized Species

In the species, which have genome or EST sequence data, genotypes of interest 
e.g. parental genotypes of mapping populations can be subjected for next genera-
tion sequencing technologies for genome-wide marker discovery. Re-sequencing 
can be done on cDNA population as well as genomic DNA (reduced representa-
tion genome) of different genotypes. Sequencing data generated using the next 
generation sequencing technologies can be aligned with the reference genome 
(genome/ transcriptome assembly). In such a way, genome-wide variants can be 
identified between the genotypes or compared to the reference genotype. For 
instance, based on 454 sequencing the transcriptomes of shoot apical meristems 
from two maize inbred lines namely B73 (260,000 reads) and Mo17 (280,000 
ESTs), >36,000 SNPs were detected within 9,980 unique B73 genomic anchor 
sequences (Maize Assembled Genomic Islands, called MAGIs). Stringent post-
processing reduced this number to >7,000 putative SNPs; over 85% (94/110) of a 
sample of these putative SNPs were successfully validated by Sanger sequencing 
(Barbazuk et al. 2007). Similar kind of SNP discovery projects using 454 and/or 
Solexa sequencing are underway in several other crop species like soybean (Hyten 
et al. 2008), chickpea (May et al. 2008), pigeonpea (ongoing studies at ICRISAT and 
NRCPB, India).

In case of rice, where the genome sequence is available, International Rice 
Research Institute (IRRI), in collaboration with its partners, employed array-based 
resequencing technology using very high-density oligomer arrays for genome-wide 
SNP discovery in 20 diverse varieties at Perlegen Biosciences (Kenneth McNally, 
personal communication). Under this project, 100 Mb of the Nipponbare rice 
genome (IRGSP release 4) corresponding to the fraction with little or no repetitive-
ness was chosen for SNP discovery. Perlegen designed 25-mer oligos with single 
base offsets tiled across the 100 Mb fraction of the genome for both strands with 
the 13th base in full degeneracy with each target position in the reference sequence 
interrogated by eight oligos. Subsequently, independent long-range PCR amplicons 
were produced for target pools across the regions arrayed on a particular wafer or 
chip. These LR-PCR amplicons were pooled, labeled and hybridized to the wafers. 
Based on Perlegen’s model-based algorithms, 259,721 non-redundant SNPs have 
been predicted among 20 varieties. The estimated SNP frequency (2.6 SNPs per kb) 
is comparable to the figures obtained from pairwise comparisons of indica and 
japonica rice varieties.
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5.3.3.2  De novo Sequencing of Under-Resourced Crop Species

Although next generation sequencing technologies are ideally meant for re-
sequencing, de novo sequencing can also be undertaken with these sequencing 
technologies. Alignment of the smaller fragments without the availability of the 
reference genome, however, becomes quite tedious if not impossible. In such case 
more than one genotype can be used for generating the sequence data using 454/
Solexa/AB SOLiD technologies. Alignment of these sequence data can be facili-
tated by: (1) genome or transcriptome sequence data of model/major crop species 
closely related with the species; (2) whole transcriptome or reduced representation 
genome sequence data of the species, generated using 454 sequence technology. 
Aligning of sequence data of more than two genotypes of the species by using one 
of the above approaches provides the confidence in aligning the short sequence and 
detecting the sequence variants. Although several bioinformatic tools and algo-
rithms are currently available (Table 5.2), efforts are continuously underway at 
several places to improve the accuracy of alignment of next generation sequence 
data (Smith et al. 2008). A web-based cyber infrastructure platform, called Alpheus 
(http://alpheus.ncgr.org/), is very useful for pipelining, visualization and analysis of 
GigaBase-scale sequence data for identification of SNPs.

A preliminary study dealing with Solexa sequencing of drought challenged root 
trasncriptomes of two genotypes of chickpea, ICC 4958 and ICC 1882 carried out 
at ICRISAT in collaboration with National Centre for Genome Resources (NCGR), 
USA (Greg May and Andrew Farmer) and University of California, Davis, USA 
(Doug Cook), has demonstrated the utility of next generation sequencing technol-
ogy for SNP discovery in a species without the reference genome (May et al. 2008). 
Half run of Solexa sequencing on the pooled RNA samples from ICC 4958 and 
ICC 1882 yielded 5.2 × 106 and 3.6 × 106 sequence reads respectively. In order to 
analyze the generated Solexa datasets, the following three set of sequence resources 
were used in Alpheus pipeline: (1) Medicago truncatula (Mt) IMGAG 
(International Medicago Genome Annotation Group) gene assembly representing 
29.5 Mb sequence data, (2) Cicer arietinum transcript assembly (Ca TA) of JCVI 
(The James Craig Venter Institute) representing 681 kb sequence data and (3) Cicer 
arietinum (Ca) BAC-end sequence (Ca BES) data representing 16.4 Mb sequence 
data. Bioinformatic analysis revealed matches of Solexa tags with 5,886 genes in 
cases of ICC 4958 and 7,338 genes in ICC 1882, respectively. Although detailed 
analysis for SNP discovery is underway, the preliminary analysis suggested the 
occurrence of SNPs at least in 500 cases.

5.4  Genotyping Assays

After identifying the SNPs in genes, optimizing or developing the appropriate 
platform for SNP genotyping is another important task. At present more than 30 
SNP genotyping assays are available and each of them is having some merits as 
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well as constraints (Gupta et al. 2001, 2008). A critical comparison of a selected 
SNP genotyping assays has been made recently by Bagge and Lübberstedt 
(2008). Instead of discussing different kinds of assays in this article, some 
important and/or most commonly used SNP genotyping assays are discussed. 
These assays can be selected and optimized based on costs available and 
intended objective.

5.4.1  Low-Throughput and Inexpensive Genotyping Assay

When only few SNP-based genic markers need to be genotyped or limited financial 
resources are available, inexpensive SNP genotyping assays can be used. Different 
kinds of inexpensive SNP genotyping assays are currently available, only two 
assays have been given here.

5.4.1.1  Cleaved Amplified Polymorphic Sequences (CAPS)

Under this approach, the sequence alignment for more than two genotypes 
that contained SNPs is subjected to identify the restriction sites for restriction 
enzymes. This procedure can be facilitated by using bioinformatics tools, 
available in public domain (Table 5.1) that use multiple sequence alignments 
for several genes/markers in a batch file. The principle of these programmes 
is identification of recognition site and their corresponding restriction enzyme 
if the SNP present in multiple sequence alignment creates some recognition 
site for a restriction enzyme. Subsequently, the gene sequence can be ampli-
fied in germplasm through PCR and amplicon can be digested with the 
restriction enzyme identified by the programme and visualized on agarose 
gel. By using such methodology more than 80 EST-based SNP markers were 
converted into cost-effective CAPS markers (Kota et al. 2007). The approach 
has been used for assaying SNPs in many crop species, e.g. chickpea 
(Varshney et al. 2007d; Rajesh and Muehlbauer 2008), rye (Varshney et al. 
2007a), rice (Komuri and Nitta 2005). Development of SNP markers and their 
optimization into CAPS assay is underway at ICRISAT (Reddy et al. unpub-
lished). An example of such a CAPS-based genic SNP marker has been shown 
in Fig. 5.1.

In case, the SNP present in the genotypes of interest does not provide the recognition 
site for a restriction enzyme for CAPS assay, a modified technique called dCAPS 
(derived cleaved amplified polymorphic sequences) assay can be developed by 
creating a mismatch in a PCR primer to create a polymorphism based on the target 
mutation (Neff et al. 1998, 2002). In case of chickpea, genic SNP markers, which 
could not be converted to CAPS markers, are being assayed as dCAPS markers at 
ICRISAT (Reddy et al. unpublished).
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5.4.1.2  Single-Strand Conformation Polymorphism (SSCP)

In general polyacrylamide gel electrophoresis doesn’t allow detection of polymor-
phism due to difference of one base pair length/type. Single stranded DNA confir-
mation polymorphism (SSCP) methodology, however, allows detection of 
polymorphism due to differences of one or more base pairs in the PCR products 
that is suitable for SNP genotyping. The methodology relies on the secondary struc-
ture being different for single strands derived from PCR products that differ by one 
or more nucleotides at an internal site. For assays using SSCP methodology, PCR 
products of different genotypes carrying the SNP site are denatured and electropho-
retically separated in neutral acrylamide gel. Because of occurrence of SNPs in 
different genotypes, the gel will show the difference in the length of the resolving 
fragments. This methodology has been used in several species like Picea (Germano 
and Klein 1999), pearl millet (Bertin et al. 2005), cassava (Castelblanco and 
Fregene 2006).

5.4.2  High-Throughput Genotyping Assays

Due to the availability of highly parallel genomic assays at present, large scale 
SNP-based marker genotyping is possible in cost-effective and relatively less time 
(Gupta et al. 2008). Majority of time, such genotyping assays are available as ser-
vices offered by companies or genotyping centres.

5.4.2.1  GoldenGate Assay

GoldenGate assay of Illumina Inc. is probably the most popular large scale 
genotyping assay at present (Fan et al. 2003). The methodology deals with 
hybridization of allele (SNP)-specific primers directly to genomic DNA immo-
bilised on a solid support. In case of a perfect match the primer is extended and 
the extension product is ligated to a probe hybridised downstream the SNP 
position. Subsequently, the ligated product is amplified by PCR using universal 
primers that are complementary to a universal sequence in the 3□-end of the 
ligation probes and 5□-ends of the allele-specific primers, respectively. It is 
important to note that the ligation probe contains a SNP-specific Tag-sequence 
while the universal allele-specific primers carry an allele-specific fluorescent 
label in their 5□end. After performing PCR, the amplified products are captured 
on beads carrying complementary target sequences for the SNP-specific Tag of 
the ligation probe. The beads are kept in fiber-optic array bundle that has a com-
patible format with 96-well microtiter plates. As a result, the GoldenGate assay 
supports genotyping of 96-, 192-, 384-, 768- and 1536 custom selected SNPs in 
a single reaction over a 3-day period.
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Among plant systems, the GoldenGate assay-based SNP genotyping was under-
taken for the first time in barley where barley community, in consultation with 
Illumina Inc., developed the GoldenGate assay for 1,536 SNPs selected based on 
EST mining (Rostoks et al. 2006). Inspired by high-throughput and low cost geno-
typing, the barley community has developed a total of three pilot Illumina oligonu-
cleotide pool assays (OPAs) each containing 1,536 SNPs, under the barley 
coordinated agriculture project (CAP) in USA. These three OPAs have been used to 
map three mapping populations and genotype germplasm sets from the United States 
and Europe. From these three pilot OPAs, over 3,000 high quality SNPs have been 
used to design two OPAs (3,072 SNPs) for genotyping. These two OPAs will be 
used for genotyping 960 breeding lines of barley (http://www.barleycap.org/;  
TJ Close, personal communication). In soybean also, a custom 384-SNP GoldenGate 
assay was designed using SNPs discovered through the re-sequencing of five diverse 
accessions (Hyten et al. 2008 ). Allelic data were successfully generated for 89% of 
SNP loci (342 of the 384) and finally a gene-based integrated map with 334 SNP 
loci was prepared.

5.4.2.2  Whole-Genome Genotyping Infinium Assay

Based on Array-CGH (comparative genomic hybridization), Illumina Inc. introduced 
a very high-density SNP genotyping technology to genomic profiling, termed SNP-
CGH, that allows simultaneous measurement of both signal intensity variations and 
changes in allelic composition. The utility of SNP-CGH was demonstrated with two 
Infinium whole-genome genotyping BeadChips, assaying 109,000 and 317,000 SNP 
loci, to detect chromosomal aberrations in samples bearing constitutional aberra-
tions as well tumor samples at sub-100 kb effective resolution in human system 
(Peiffer et al. 2006).

Under the Infinium assay, firstly whole-genome amplification step is used to 
increase the amount of DNA up to 1,000-fold. Subsequently, the DNA is fragmented 
and captured on a BeadArray by hybridization to immobilised SNP-specific primers 
that is followed by extension with hapten-labelled nucleotides. As a result, the 
primers hybridize adjacent to the SNPs and are extended with a single nucleotide 
corresponding to the SNP allele. Finally, the incorporated hapten-modified nucle-
otides are detected by adding fluorescently labelled antibodies in several steps to 
amplify the signals. Data analysis under Infinium assays is performed using scatter 
plots as for the GoldenGate assay.

Very recently, Illumina Inc. announced development of the Infinium HD 
Human1M-Duo (two samples/chip) and the Human610-Quad (four samples/chip) 
system, featuring up to 2.3 million single nucleotide polymorphisms (SNPs) per 
BeadChip (www.illumina.com). Both arrays on the Human1M-Duo BeadChip 
contain markers for more than one million diverse genetic variants, all of which can 
be used for both whole-genome genotyping and copy number variation (CNV) 
analysis. The four-sample format of the Human610-Quad BeadChip offers a 
significant increase in sample throughput and reduced handling in the lab, as it has 
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550,000 SNPs plus an additional 60,000 genetic markers per sample. Although 
Infinium assay have not been developed in plant systems so far, availability of 
sequence data, next generation sequencing technologies for high density SNP 
discovery in some plant species like rice, maize, soybean may encourage the plant 
science community to undertake developing and using the Infinium assay soon.

5.5  Applications of Gene-Based Markers  
in Crop Improvement

Gene-based or functional markers (FMs) can be used for all the applications where 
traditional markers have been or can be used. In addition, the use of FMs provide 
added value for a particular application aimed at crop improvement. For instance, 
on one hand the FMs have been proven the “perfect markers” for foreground selection 
in marker-assisted selection (MAS), the availability of (or possibility to develop) 
low cost and high throughput genotyping platforms for gene-based markers (e.g. 
GoldenGate assays/Illumina arrays) for many crops make these markers the most 
suitable markers for background selection in marker-assisted breeding (MAB). 
When these markers are used in the genetic diversity studies, they assay the func-
tional genetic variation in the germplasm collection and therefore can be used for 
allele mining and association genetics studies. Due to their origin from conserved 
proportion of the genome, gene-based markers of a species can be used in related 
species for a variety of applications including enhancing the density of genetic 
maps (Varshney et al. 2007a) and understanding the genome relationships and 
evolution (Stein et al. 2007). The utility of gene-based markers has been illustrated 
in selected two areas in following sections.

5.5.1  Superiority of FMs over Traditional Markers in MAS

Since 1990s, molecular markers have shown their applications for MAS in several 
crops (see Jain et al.2002 ; Gupta and Varshney 2004; Varshney and Tuberosa 
2007). Large scale deployment of molecular markers in public breeding programme 
was initiated in 1997 at the Australian Molecular Plant Breeding Cooperative 
Research Centre (MPB CRC) in case of wheat (Eagles et al. 2001; Langridge 2005; 
Varshney et al. 2007b), shortly afterwards, such programmes were started in USA 
(MASwheat, that has been transformed into Wheat CAP recently – http://maswheat.
ucdavis.edu/), Europe and China. Majority of these programmes have been deploying 
the SSR or STS/SCAR (developed from RFLPs) markers closely linked to disease 
resistance genes and agronomic traits.

A large number of markers associated with QTLs/genes for resistance/tolerance 
to biotic/abiotic stress as well as agronomic traits are reported every year in the 
form of research publications. However transfer of markers to practical plant breeding, 
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in the same proportion has not taken place at all or took longer than expected 
(Tuvesson et al. 2007). As a result, lots of claims have been made about what great 
things genomics does, but very little has been put into application (Varshney and 
Tuberosa 2007). One reason for this is the reduced reliability of diagnostic value of 
linked markers due to genetic recombination between marker and target locus 
(Bagge and Lübberstedt 2008). Such recombination, majority of times, impairs 
transfer of marker information from experimental mapping population to unrelated 
breeding materials. However this is not the case with gene-based and especially 
FMs that are derived from polymorphic sites within gene coding sequences caus-
ally affecting phenotypic trait variation. As a result, the FMs, as compared to 
anonymous markers including SSRs that were considered as markers of choice till 
recently, are more reliable for identification and selection of favourable alleles, as 
absence of recombination between marker and target locus increases the diagnostic 
power of the marker in the marker-based selection of genotypes.

In view of above, the FMs have been considered as ‘good translators’ from 
genomic technologies into improved crop varieties (Thro et al. 2004; Bagge et al. 
2007). For example, in case of wheat, a STS marker for polyphenol oxidase (PPO) 
activity developed from the EST of the PPO gene, was found to discriminate accurately 
between 233 Chinese varieties with low and high PPO activity (Sun et al. 2005). 
Gene specific markers for waxy starch were used to select the wheat materials in 
Australia that had the wx-B allele, which is associated with good Asian noodle 
quality (Murai et al. 1999).

As mentioned earlier, development of FMs requires functionally characterized 
genes, the identification of polymorphic/functional site that affect plant phenotype 
within the corresponding genes and the validation of association between DNA 
polymorphisms and trait phenotype (Bagge et al. 2007), FMs have been developed 
so far only for selected traits and in few crops. For example, in case of rice, the 
cloning of the gene xa-5 underlying the bacterial blight resistance (Iyer and 
McCouch 2004) has made it possible to develop functional markers for xa5-mediated 
resistance (Iyer-Pascuzzi and McCouch 2007). Bagge et al. (2007) and Bagge and 
Lübberstedt (2008) have recently summarized the current status on cloning of 
genes in wheat and their potential for functional marker development. A list of 
cloned genes in some major cereals like rice, wheat, barley and sorghum is available 
in Varshney et al. (2006) that could be used to develop FMs. Recent advances in the 
area of genomics like next generation sequencing technologies and high-throughput 
genotyping platforms mentioned earlier should facilitate the development and 
application of FMs in several crop species in coming years (Varshney et al. 2009).

5.5.2  Utility of Gene-Based Markers for Allele Mining

Gene-based markers and especially FMs are a better resource for allele mining for 
the corresponding gene from which the markers developed. The main approaches 
for allele mining include TILLING (targeting induced local lesions in genomes, see 
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Till et al. 2007), EcoTILLING (see Till et al. 2007) and candidate gene/FM 
sequencing. While TILLING approach deals with identification of new alleles after 
screening the mutant population for the candidate gene/FM, the EcoTILLING and 
candidate gene/FM sequencing approaches identity the natural allelic variation in a 
germplasm collection. By using TILLING approach, Slade et al. identified 246 
alleles each homoeologue in 1,920 allohexaploid and allotetraploid wheat individuals. 
These alleles encoded waxy enzymes ranging in activity from near wild type to null, 
and they represented more genetic diversity than had been described in the preceding 
25 years. An example of use of EcoTILLING for allele mining can be seen in case 
of rice for a gene “putative ethylene-responsive element binding protein 3 (ERF3) 
that colocalized with a drought QTL as 136.6 cM on chromosome 1 (Wang 2005). 
EcoTILLING in 2 kb ERF3 regions showed 25 SNPs and 5 indels defining 9 
haplotypes (hap1 to hap9). Furthermore a significant association was reported 
between hap9 and yield stability in indica rice group.

Sequencing of candidate gene for the corresponding FM in an appropriate germ-
plasm collection is a comprehensive approach for allele mining (Varshney et al. 
2005b). For majority of the cereal and legume crops, a vast collection of genomic 
resources is available in genebanks of international agricultural research centres 
(IARCs) and national genebanks in different countries. In order to utilize the ger-
mplasm of genebank in breeding programme in the efficient way, the manageable 
collection of germplasm called “core collection”, “mini-core collection”, “reference 
collection” etc. have been developed in several crop species (e.g., Varshney et al. 
2007c). Sequencing of the corresponding gene(s) for the FM in these germplasm 
collections provides a range of alleles for the given FM/gene. Phenotyping of the 
germplasm collection for the respective trait and their analysis with allele data 
should provide the better alleles for the respective trait (Slade and Knauf 2005). 
Infact, such allele mining and association genetics approaches are being used in 
several crop species to link genetic diversity with trait phenotype (Ersoz et al. 2007). 
This will help breeders to move towards allele-based selection in their breeding 
programmes.

5.6 Conclusions and Prospects

While development of markers and genetic map was an expensive and time con-
suming task till few years ago, availability of gene/genome sequence data together 
with high-throughput marker discovery and genotyping platforms have made the 
development of genic markers easier and faster. For instance, availability of three 
OPA assays in barley has provided 2,801 mappable gene-based SNP markers. 
Indeed, because of the possibility of large scale genotyping (with 1,536 SNP 
markers) of European barley cultivars, it was demonstrated that whole genome 
scanning-based association mapping is feasible in self-pollinated species like bar-
ley (Rostoks et al. 2006). Similar kinds of mapping efforts were undertaken in 



138 R.K. Varshney

soybean, maize, wheat, etc. and underway in many other crop species. High density 
marker genotyping is proving useful on one hand to anchor genetic map and physi-
cal map, linkage-disequilibrium-based association mapping approach is becoming 
possible for trait mapping. Among gene-based markers, the FMs are the “perfect 
markers” for foreground selection in MAS and therefore development of genic 
markers and especially FMs in different crops in coming future will enhance the 
application of MAS in breeding programmes and also for allele mining for the cor-
responding gene(s) using the germplasm collection held in genebanks or mutant 
populations. Availability of high-throughput genome-wide and low cost genotyping 
platform provides opportunities to accelerate breeding practices through the use of 
markers in background selection during marker-assisted breeding.

Recent advances in nanotechnology, nucleic acid chemistry, computational biology 
and automation indicates that development and application of gene-based markers 
using high-throughput marker discovery and genotyping assay is still a relatively 
young field, and more exciting advances are expected in the future. One of the great 
promises of genic markers, using high-throughput approaches, is that the ability to 
carry out comprehensive genomic analyses easily, inexpensively, accurately and 
rapidly with high sensitivity should create a new generation of routine genomic 
tools to assist the crop breeding.
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