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Crop improvement is a continuous effort, since some 10,000 years ago when primitive man made the transition
from hunting and foraging to domestication and crop cultivation. Since then, man-made interventions have
changed the entire scenario of crop evolution, by means of genetic alterations of plants and animals made to
satisfy man’s needs. The process of domestication has led to dramatic changes in their appearance, quality and
productivity that have contributed substantially to global food security. The tremendous decline in cultivable
land, freshwater, and increasing risk of biotic and abiotic stress demand immediate attention on crop
improvement to cope with the higher demand of *40% of the food by 2020. Therefore, plant genetic variation
plays a key role in plant breeding for its improvement. Most of the genetic variations useful for crop
improvement have been deposited and maintained in seed gene banks across the world; they need to be brought
into the mainstream of breeding lines. Recent advances and progress made in molecular markers have been
substantial tools for deeper insights of genetics, and greatly complemented breeding strategies. Integration of the
next-generation sequencing (NGS) technologies with precise phenotyping, association mapping, proteome and
metabolome studies has increased the chances of ﬁnding candidate genes and their allelic variants controlling a
trait of interest. Further, these functional markers (FMMs), genotype-by-sequencing and association mapping
methodologies have opened new avenues for identiﬁcation of novel genetic resources (lines) that can facilitate
accelerated crop breeding programs for increased yield, high nutritional quality, and tolerance to a variety of
abiotic and biotic stresses. The details of popular molecular markers, advancement in the technologies and
strategies for crop diversity studies and their application in crop breeding programs are presented here.
Keywords. Crop improvement; crop productivity; genetic diversity; molecular markers; nutrient quality;
plant breeding; stress tolerance

1. Introduction

This article is part of the Topical Collection: Genetic
Intervention in Plants: Mechanisms and Beneﬁts.
http://www.ias.ac.in/jbiosci

The concept of markers begins with the man-made
evolution through the domestication of plants and
animals, which are predominantly ‘selection’ based
depending on their desired phenotype. Since then,
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continuous selection by farmers and conventional
breeding efforts by breeders are responsible for the
present species/varietal diversity that can support the
global requirement of food and ﬁber. Conventional
breeding programs in the past several decades have
contributed enormously towards the development of
crop varieties in general and cereals in particular that
can grow in diverse agro-climatic zones. The surge in
global populations, drastic reduction in natural
resources like freshwater sources and incidents of
abiotic and biotic stresses have all increased the
essentiality of the improved varieties with increased
yield potential under different stresses (Xu et al. 2013).
Traditional conventional breeding programs are
involved in selective crossing of parental lines (with
desired phenotype), followed by identiﬁcation of
superior transgressive sergeants within the recombinant
progeny. This whole process of conventional breeding
is cumbersome and time consuming since it has a great
inﬂuence of the linkage drag (linkage of desired phenotypes/loci with undesired phenotypes/loci). Availability of genetic variation within the germplasm
collections and their wild relatives are the prerequisite
for any breeding efforts. In the earlier part of the last
century, variability studies were essentially based on
the variation within a large collection for their morphological, behavioral and anatomical features for a
given condition. Since the 1980s, advancements in
various ﬁelds of biology allowed exploring of variation
at the DNA level itself, or linking a phenotype/trait to a
genetic marker linked to a speciﬁc chromosomal
region. Further, in the late 1990s macromolecules like
DNA and proteins were widely used complementary to
phenotypic parameters in molecular markers technologies (Agarwal and Shrivastava 2008). The
knowledge of the markers has been broadened and they
have been used for both commercial and scientiﬁc
breeding programs targeting a variety of disease-resistant agronomic traits linked with their yield in predominant crops (Phillips and Vasil 2001; Gupta and
Varshney 2004).
2. Marker development and uses
Molecular markers have changed the entire scenario of
life sciences with their broad application to understand
the cellular and molecular responses, providing
breeders a simple but powerful weapon for precision
selection of a desired genotype. Generally, transformation techniques depend on the availability of the
candidate gene and efﬁcient transformation-

regeneration protocols. The availability of a variety of
molecular markers and high-density genetic linkage
maps has broadened the ﬁeld of conventional breeding
for the identiﬁcation of the desired lines with complex
traits via, marker-assisted selection (MAS).
A molecular marker is a DNA sequence with a
known position on a linkage map/chromosome that
may or may not be linked with phenotypic expression
of a gene that can easily distinguish between two closely related individuals (Schulmann 2007; Henry
2013). These are effectively used for a variety of
applications, viz., forensics, paternity assessment, disease diagnosis, systematics, phylogenetic studies,
conservation biology, etc., and provide an efﬁcient way
linking genotypic and phenotypic variation (Varshney
et al. 2005).
The applicability of molecular markers has been
described by many authors as properties to be an ideal
molecular marker (Jonah et al. 2011; Khan 2015). The
ideal properties of markers are:
•
•
•
•
•
•
•
•

The marker should be polymorphic between the
two individuals of the choice.
The inheritance pattern of co-dominant with even
distribution throughout the genome.
The marker should be simple, inexpensive and
quick to assess.
The marker should require less quantity tissue or
DNA samples for its analysis.
Sequence-based genome information is not a
prerequisite.
The marker should be highly reproducible facilitating data exchange between different laboratories.
They should have an easy way to assess showing
strong heritability from generation to generation.
The marker should have a close association with
desired phenotype selectively neutral to environmental conditions.

For any kind of a single marker system, it is very
difﬁcult to have all of the above properties. Depending
on the experimental goals, every marker system has its
advantages and disadvantages that differ in its total
genome coverage, locus speciﬁcity, reproducibility,
stable inheritance, the ease with which it can be detected
and total cost-effectiveness per genotype analysis.
3. Types of markers
Generally, a marker must be polymorphic and it must
exist in different forms so that polymorphism in the
marker can be detected at four levels: (1)
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morphological markers, (2) biochemical markers, (3)
molecular markers, and (4) next-generation molecular
marker technologies.
3.1 Morphological markers
Morphological markers generally have qualitative traits
that are less in number (e.g. color of a leaf or ﬂower or
seeds). These markers follow dominant inheritance and
can be scored visually without specialized techniques
(ﬁgure 1). At ﬁrst, the geneticist Alfred H Sturtevant
constructed a genetic linkage map of Drosophila melanogaster with just six morphological traits (Sturtevant
1913). Further, Sax (1923) reported pioneer work in
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plants, where complex qualitative traits can be selected
based on the segregation of a trait with simple Mendelian inheritance. Most of these markers (e.g. colour
of ﬂower/seed coat) appear late in the developmental
stages (e.g. seed coat color), making early scoring not
possible. Besides, often, large areas of ﬁelds/controlled
environmental conditions are required for tagging
morphological markers, possibly making them more
expensive. These markers are also highly inﬂuenced by
environmental factors. Largely due to the pleiotropic
gene action, these markers alter other targeted morphological markers or traits in plant breeding programs.
One of the classical examples of the utilization of
morphological markers in plant breeding can be seen in
wheat breeding, where a dwarf phenotype is linked
with male sterility. In this wheat line, male sterile plants
can be selected indirectly by direct selection of dwarf
plants in breeding/segregating populations (Liu 1991).
Environmental effect and phenotypic plasticity limit
the effective assessment of genetic diversity using these
markers (Mondini et al. 2009).
3.2 Biochemical markers

Figure 1. Panicle Phenotype in F1 progeny of Black
(female without bristle and black seed coat phenotype) x
Srilakshmi (male with bristle and yellow seed coat phenotype) cross. F1 is with Bristle and Black seed coat).

Biochemical markers are also known as isozyme
markers. These markers are based on the variation in
speciﬁc banding patterns of the proteins separated in
Native/SDS PAGE. These markers are known for their
near genetic neutrality which can be used for genetic
variability studies and linkage map construction
(Tanksley and Orton 1983). The number of genetic
markers in an isozyme assay is insufﬁcient. Further, the
developmental-stage-dependent expression of isozyme
loci limits the use of isozymes as genetic markers for
assessing genetic variation/diversity in plant breeding.
Isozyme markers are one of the ﬁrst group of molecular
markers that were used to study genetic diversity and
genetic linkage maps construction. A variety of proteins can be used for the isozyme marker development,
including seed storage proteins, structural proteins, etc.
Further, it is one of the cost-effective tools for distinguishing between two similar proteins using iso-electric focusing equipment. Payne et al. (1987) used
biochemical markers for the selection of bread-quality
wheat lines with high-glutenin subunits (HWW-GS).
Highly economical, relatively easy to assay/detect,
absence of epistatic nature and pleiotropic effect(s),
along with co-dominant inheritance pattern, make them
one of the suitable markers for genetic diversity studies
(ﬁgure 2); however, there are an equal number of disadvantages for using isozyme markers across more
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2008). Most of them were developed either utilizing
genomic libraries (e.g. RFLPs or SSRs) or by arbitrary
ampliﬁcation of the genomic regions using PCR (e.g.
RAPDs) or a hybrid of both restriction fragmentation
using enzymes following selective ampliﬁcation using
PCR (e.g. AFLPs) (Varshney et al. 2007).

Figure 2. Rice Ascorbate peroxidase isozyme inheritance.
Lane 1: P1 Female parent; Lane 2: P2 Male parent; Lane 3:
F1 Hybrid; Lane 4–6: F7 Segregants (4 and 5 are male parent
types and 6 and 7 are female parent types).

populations due to the following reasons (Al-Samarai
and Al-Kazaz 2015):
•
•

•

•

There are only few isozyme assays per species with
correspondingly few genetic markers.
A large part of the genome does not code for
proteins/isozymes, and thus it can mask variations
present at the protein levels (e.g. post-transcriptional steps removed intron sequences).
It is not possible to monitor/detect different
enzymes/isozymes for the region as they require
different biochemical procedures to visualize allelic
differences.
Post-translational modiﬁcations contribute predominantly for reduced isozyme polymorphism levels
compared to that at the DNA level.

3.3 Molecular markers
DNA-based molecular markers are used for genetic
variation studies, providing an efﬁcient way linking
genotypic variations with that of phenotype/phenotypic
variation (Varshney et al. 2005). Depending on the
kind of methodology used for polymorphism detection,
these markers are of three kinds, viz., (1) based on
hybridization, (2) based on PCR and (3) based on
sequence (Varshney et al. 2007; Sehgal and Raina

3.3.1 Hybridization-based molecular markers: Labelled DNA fragments of known sequence or origin
(Probe) are used to visualize the polymorphisms of the
immobilized DNA fragments on nylon membranes that
were generated using restriction enzymes.
Restriction fragment length polymorphism (RFLPs)
are naturally occurring, hybridization-based DNA
markers that are inherited simply as Mendelian characters (ﬁgure 3a and b). Botstein et al. (1980) ﬁrst used
RFLPs for human genome mapping and later on for
many crops for genetic diversity studies, thus making
them the ﬁrst-generation molecular markers (Jones
et al. 2009).
Changes in nucleotide sequences (restriction sites)
speciﬁc for restriction enzymes that are present in the
DNA of different genotypes are responsible for the
polymorphisms that can be detected by speciﬁc probes.
A variety of DNA mutations, viz., in-dels, sequence
rearrangements and other point mutations that accumulated during course of evolution, are responsible for
the variations (polymorphism) in the length of restriction fragments (Tanksley et al. 1989). Smaller portion
of changes in genomes of plants with around 108 and
1010 nucleotides will generate larger number of DNA
markers (Paterson et al. 1988, 1991). Single nucleotide
changes can generate mutations that are able to generate or destroy restriction sites which are responsible
for restriction-based polymorphisms, leading to length
variations in DNA fragments. These fragments can be
identiﬁed using a radio-labelled DNA probes and
autoradiography (Neale and Williams 1991). These
markers have relatively many advantages such as codominant inheritance, very high reproducibility, high
polymorphism and association with trait of interest.
However, disadvantages are the requirements of large
quantities of DNA, radioactive toxic reagents and
highly qualiﬁed technical persons (Garrido-Cardenas
et al. 2018).
3.3.2 PCR-based markers: The polymerase chain
reaction (PCR) is an in vitro enzymatic method of
speciﬁc DNA synthesis using speciﬁc primers (Mullis
and Faloona 1987), with apparent simplicity and high
probability of success linked with ampliﬁcation of
speciﬁc sequences using primers that anneal (ﬂanking
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Figure 3. (a) RFLP analysis of rice germplasm lines using Calmodulin probe of rice cDNA generated from Rice EST
Libraries. (b) Segregation analysis of RFLP marker by using SAM cDNA probe generated from Rice EST Libraries in DHLs
mapping population of rice CT9993 and IR62266.

the DNA fragment of interest) that can detect by silver
staining on acrylamide gels or by ethidium bromide on
agarose gels. Most of the PCR-based markers, viz.,
RAPDs, SSRs/Microsatellite markers, AFLPs, SCARs,
ISSRs, CAPS, etc., are highly useful in diversity
studies, linkage map construction, QTL identiﬁcation
and gene tagging (Ben-Ari and Lavi 2012)
PCR-based markers can be divided into two subcategories (Kuluev et al. 2018):
(1) Sequence-non-speciﬁc/arbitrarily primed PCRbased markers that require no prior sequence
information
(2) Sequence-speciﬁc PCR-based markers
3.3.2.1 Random ampliﬁed polymorphic DNA (RAPD)
markers RAPD markers are a type of PCR-based
marker that amplify segments of DNA randomly across
the genome (Williams et al. 1990). These markers are
dominant in nature, ampliﬁed by a single arbitrary
decamer primer with no species speciﬁcity and no prior
sequence information being required. The polymorphism in these markers is due to the rearrangements/indel of the primer binding regions in the genome and the
ampliﬁed products are the result of their presence or
absence of the primer binding region that segregate
following Mendelian alleles (ﬁgure 4).
The technique of RAPD involves the following:
i.

Isolation of high-quality DNA

ii.

PCR ampliﬁcation of DNA fragments from different (random) regions of the genome using single
arbitrary primer
iii. Resolving of thus generated DNA amplicons on
1.5 to 2.0% agarose gels
RAPD markers cannot discriminate heterozygous
and homozygous genotypes, as these markers show a
predominantly ‘dominant’ nature and a single arbitrary
primer can amplify several loci across genome (Bardakci 2001). The variants of the RAPD markers are
DNA ampliﬁcation ﬁngerprinting (DAF) and arbitrarily
primed polymerase chain reaction (AP-PCR) methods.
Welsh and McClelland (1990) used a single primer
10–15 nucleotides long with initial cycles of PCR at
low annealing temperatures and the remaining cycles at
higher annealing temperatures to increase the stringency and speciﬁcity of the ampliﬁcations.
Advantages of RAPD markers are:
•

•
•
•
•

Require a small amount of DNA (15–25 ng) and are
much simpler and less expensive to work with than
RFLPs
Fast to assay and efﬁcient for diversity analysis as
well for genetic linkage map construction
Do not require radioactive probes
Do not require species-speciﬁc probe libraries
Do not require blotting or hybridization
Limitations of RAPD markers are:
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Figure 4. PCR analysis of rice germplasm lines using RAPD Marker OPA-1. M – 200 bp DNA ladder and G1 to G17 Rice
Germplasm Lines.

•
•

•

Sensitive to change in PCR condition, and less
reproducibility across labs
In some cases, these markers require standardization to avoid faint amplicons that will have
difﬁculty in scoring
Dominant inheritance pattern is one of the main
limiting factor where identiﬁcation of homozygous
individual is difﬁculty from the heterozygous ones
in that generation itself

Short decamer primers and lower annealing temperatures are prone to increase the chance of non-speciﬁc
ampliﬁcation.
3.3.2.2 Ampliﬁed
fragment
length
polymorphism AFLP markers are hybrid markers in RFLP
and PCR-based methods. This technique requires no
sequence information or cloning but is based on the
mere ampliﬁcation of selective restriction fragments
which are adaptors ligated. The primer consists of two
portions: a longer ﬁxed portion (complimentary and
speciﬁc to the adaptor region at 50 end) and a short
portion of 2–3 base pairs of random bases (at 30 end)
that involve in the selective ampliﬁcation of the
restricted DNA fragments (Zabeau and Vos 1993). The
technique involves the following steps:

i.

Fragmentation of the genomic DNA using speciﬁc
restriction enzymes
ii. Ligation of double-stranded adapters to the restriction fragments speciﬁc to the restriction overhangs
of the fragments generated
iii. Selective ampliﬁcation of the fragments using the
adapter-speciﬁc primers with additional 2–3
nucleotides at the 30 end (to minimize the total
number of the amplicons), followed by resolving
the amplicons by electrophoresis.
iv. These unique reproducible DNA ﬁngerprint can
be visualized either by silver staining/autoradiography/ﬂuorescence-based
image
capture
techniques
Advantages of AFLPs are as listed below:
•
•
•
•
•

Generates highly reliable and reproducible data
No DNA sequence information is required for
genotyping
Detects a large number of polymorphic loci with a
single primer
Ampliﬁed products thus generated are predominantly homologous and locus-speciﬁc
Partially degraded DNA free of restriction enzyme
and PCR inhibitors can also be used for digestion,
ligation and selective ampliﬁcation

Advancements in molecular marker technologies

Disadvantages of AFLPs are as listed below:
•
•
•
•

Technique is costly
Requires more amount of DNA per reaction
Technically skilled persons required
Complicated to study individuals with larger
genomes, because it produces multiple fragments
of same size but from different regions of the
genome (Varshney et al. 2007).

3.3.2.3 Inter simple sequence repeats ISSRs are
PCR-based markers that amplify the DNA region
between two adjacent microsatellite repeat regions
which are identical to each other in opposite orientations. These markers were developed by Ztetkiewicz
et al. (1994), using primers designed from microsatellite regions. This method targets the length variation of
the intergenomic region of two adjacent simple
sequence repeats (microsatellites) which are dispersed
and abundant in most genomes (ﬁgure 5). ISSR
evolved from genomic regions containing microsatellites. Slip-strand mispairing replication is one of the
key mechanisms that the polymorphisms linked with
sequence
repeats/deletions/insertions/translocations
that create variations between two adjacent repeats.
(Burgess et al. 2001). These primers use single primes
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16–25 bases long with speciﬁc di/tri/tetra-nucleotide
repeat regions which are complimentary (that target) to
multiple genomic loci. These primers anneal at the 50 or
30 end of the repeat region and extend into the ﬂanking
regions with 1 to 4 degenerate bases that can amplify
the intergenomic region between two adjacent
microsatellite regions (Zetkiewicz et al. 1994; Meyer
et al. 1993; Gupta et al. 1994; Wu et al. 1994).
The ability to use ISSR markers purely depends on
the genotype and prevalence of microsatellites and vary
with species and motifs of targeted SSR (Morgante and
Olivieri 1993; Depeiges et al. 1995).
Advantages of ISSR markers are listed below:
•
•
•

Require no prior genome information of the
organism to be analyzed
Higher annealing temperatures and longer primer
length give higher reproducibility than RAPD markers
Highly economic, simple and quick to assay larger
samples
Disadvantages of ISSR markers are listed below:

•

•

Dominant inheritance pattern is one of the main
limiting factors where identiﬁcation of homozygous
individual is difﬁculty from the heterozygoes ones
Co-migrating of ampliﬁed products from different
regions of the genome

Figure 5. PCR analysis of rice germplasm lines using ISSR primers (815, 829, 830, 832 and 870) among parental lines
P1andP2.M – Marker OPA-1. M – kEcoR1/HindIII double digest. and G1 to G17 Rice Germplasm Lines.
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3.3.2.4 Simple sequence repeats (SSRs) These are
also known as variable number tandem repeats
(VNTRs). SSR-based genetic linkage map was ﬁrst
developed in humans by Weber and May (1989) and
Litt and Luty (1989). There are many synonyms for
these markers as speciﬁed by many authors, viz.,
simple sequence repeats (SSRs) (Jacob et al.1991)/
microsatellites (Litt and Luty 1989)/short tandem
repeats (STRs) (Edwards et al. 1991), and simple
sequence length polymorphism (SSLPs) (Tautz 1989).
The occurrence of the repeats was demonstrated in
most of eukaryotes from yeast to vertebrate by Hamada
et al. (1982), while Delseny et al. (1983) and Tautz and
Renz (1984), conﬁrmed their presence throughout
plants and in many other eukaryotes. Powel et al.
(1996) reported the repeat abundance in animals
(commonly rich in AC repeats) and in plants (commonly rich in AT repeats) which is distinguishing
feature of the plant and animal genomes respectively.
These 1–6 base-pair-speciﬁc repeat regions occur
across various genomes throughout evolution from
prokaryotic to eukaryotic origin (Zane et al. 2002).
Microsatellite variations at a given locus are a result
of unequal crossovers and gene conversions/mismatch
in double-strand break repair/retro-transpositions that
fail to repair/corrected by mismatch repair (MMR)
mechanisms in genomes, leading to expansion or
contraction in the repeat region (Wang et al. 2009). The
stability of the SSR/microsatellite region depends on
the effectiveness of MMR system.
SSRs are present in both coding and non-coding
regions of the nuclear genome as well in the genomes
of chloroplasts (Provan et al. 2001; Chung et al. 2006)
and mitochondria (Soranzo et al. 1999; Rajendrakumar
et al. 2007).
SSRs contain low degree of repetition per locus,
even distribution throughout genome, stable inheritance and high degree of polymorphism (Tautz 1993;
Zane et al. 2002). These polymorphisms can be
detected by PCR ampliﬁcation of the target locus using
synthetic oligoes designed for ﬂanking regions. These
ﬂanking regions are conserved within the species, thus
making them suitable for diversity studies as well for
mapping purpose. These markers are co-dominant in
nature and stable, inherited from parents to offspring
(ﬁgure 6a and 6b).
Classiﬁcation of microsatellites: Microsatellites have
been classiﬁed into three categories as listed below:
(A)

SSRs have been classiﬁed as mono-, di-, tri-, tetra-,
penta- or hexa-nucleotide repeats containing

(B)

(C)

S.No.

markers based on the number of nucleotides in
each such repeat region.
Weber (1990) used and classiﬁed SSRs into
perfect, imperfect and compound microsatellite
markers, while Wang et al. (2009) used terms
such as simple perfect, simple imperfect, compound perfect or compound imperfect. Tandem
arrangement of the simple repeat motifs are the
characteristic of the perfect repeat SSR markers,
while interrupted non-repeat motifs at some
places are characteristic of the imperfect repeat
markers. In compound microsatellites, two basic
such repeat regions are present together either as
perfect or imperfect compound repeats.
Based on the position where microsatellite markers
are present, they are classiﬁed as nuclear (nuSSRs)
chloroplastic (cpSSRs) and mitochondrial
(mtSSRs) (as described in the following table):

Based on

1

Number of nucleotides per
repeat

2

Arrangement of nucleotides
in the repeat motifs

3

Position of the SSRs in the
genome

Type/Character
Mono-nucleotide repeats
(N)n
e.g. (A)n
Di-nucleotide repeats (NN)n
e.g. (GT)n
Tri-nucleotide repeats
(NNN)n
e.g. (TAG)n
Tetra-nucleotide repeats
(NNN)n
e.g. (CATA)n
Penta-nucleotide repeats
(NNNNN)n
e.g. (ATGTC)n
Hexa-nucleotide repeats
(NNNNNN)n
e.g. (CTCACG)n
Simple perfect or perfect or
pure (GA)n
Simple imperfect (GGA)n
ACT (GGA)n ? 1
compound or simple
compound (TG)n (TC)n
Interrupted or imperfect or
compound imperfect
(GGT)n AA (GCT)n ? 1
Within nucleus – Nuclear
(nuSSRs)
Within chloroplast –
Chloroplastic (cpSSRs)
Within mitochondria –
Mitochondrial (mtSSRs)

N = any nucleotide and n = number of variables.

Microsatellites are developed by enriched small
insert genomic library construction and by screening of
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Figure 6. (a) Rice SSR (microsatellite) marker analysis in rice parental lines CT9993 and IR62266 using speciﬁc primers
RM138, RM 140, RM 144, RM163, RM166, RM178, RM182 and RM192. (b) Segregation analysis of Rice SSR
(Microsatellite) markers in DHLs mapping population of rice CT9993 and IR62266.

RAPD amplicons for presence of simple sequence
repeat regions.
Advantages of SSR markers are listed below:
•
•
•
•

High genomic abundance, co-dominant inheritance,
enormous extent of allelic diversity
Require a small amount of DNA, which does not
have to be of high quality
Highly reproducible and generates high
polymorphism
Simple to interpret results
Disadvantages of SSR markers are listed below:

•
•

•

Not suitable to use across species in some cases
Sequence information is required for the identiﬁcation of the ﬂanking sequences of the repeat
region for primer designing and synthesis
Developing new SSR markers is cumbersome and
more expensive compared to any other markers

3.3.2.5 Expressed sequence tag – SSRs (ESTSSRs) These are PCR-based genetic markers that are

developed from 300–500 nucleotide sequences generated from the partial sequencing of cDNA clone ends
either from 50 or 30 , called expressed sequence tags
(ESTs) (Adams et al. 1991).
As part of the genome sequencing projects and gene
discovery studies in numerous plant species, largescale EST sequences were generated from a variety of
tissues/timelines. All of these openly accessible EST
sequences from databases can be used to pinpoint SSRs
and to further develop EST-SSR markers (ﬁgure 7).
Several software tools are available to identify these
EST-SSRs or genic microsatellites or functional SSRs
(Varshney et al. 2007; Aggarwal et al. 2007).
These markers are extremely powerful tools for
understanding conserved genetic regions and functional relationships between various grass species
(Reddy et al. 2002).
EST-SSR markers development process has four
main steps:
i. Collection of sequences from a target species
ii. Search and identiﬁcation of sequence with simple
sequence repeats

123

Page 10 of 15

iii.

Designing of primers to the ﬂanking regions of
SSR present within the sequence
Screening the individuals of a species under study
for polymorphism

iv.

P. Ramesh et al.

Advantages of the EST-SSR markers over genomic
SSR markers are as follows:
i.

If found variation at the EST-SSR regions, they will
be perfect functional markers for marker–trait
association studies since their origin is from the
expression portion of the genome.
ii. Their development is relatively less expensive
since they are derived from EST databases as ‘byproducts’.
iii. These markers have cross-species transferability
and can be used for comparative genome mapping
studies.
3.3.3 Sequence-based markers: Single-nucleotide
polymorphisms (SNPs) are the last in the list/category
of the molecular markers, and are known to occur in
high frequencies in both plant and animal genomes and
cover a variety of variations at the molecular genetic
level (ﬁgure 8). Lack of the reference genome
sequences for most of plants and animals and low
polymorphism levels resulted from reduced nucleotide
diversity, in some cases, limits the SNP discovery and
detection (Somers et al. 2003). Effectiveness of the
genetic studies can be enhanced ten-fold by SNP
markers application for diversity studies. These markers are simple single-base changes in the sequence
which are biallelic in nature. SNP makers arise because
of point mutations like transversions/transitions/substitutions/in-dels that are detectable when two sequences of same region from different genotypes align
(Weising et al. 2005). SNPs are present uniformly
throughout the genomes in coding, non-coding and
intergenic regions at varying frequencies in different
chromosome regions (Edwards and Batley 2009).
3.3.3.1 SNPs classiﬁcation SNPs are classiﬁed
according to their association with structural elements
of genomic DNA or their functional effect:

Depending on the position of SNP in a gene: Two
types exist: synonymous and non-synonymous SNPs.
The synonymous SNPs do not alter the protein reading
frame, while non-synonymous SNPs alter the protein
reading frame. Further, these non-synonymous SNPs
are of two types: mis-sense and non-sense.
Depending on the SNP effect on function of the
protein derived from the gene: They are classiﬁed into
anonymous SNPs with unknown functional effect and
candidate SNPs that have functional effect of the protein. Some of the SNPs that are not present in coding
regions of the genes may still affect the function of the
gene and limit its splicing/expression levels/mRNA
degradation, etc.
The development of SNP markers involves the following approaches (Taillon-Miller et al. 1998; PicoultNewberg et al. 1999): The method of development of
SNP markers using overlapping genomic DNA
sequences has advantages for generation of large-scale
SNP markers, but requires or is possible only if wholegenome sequence of the target organism is available.
Recent technological development of sequencing has
opened a new avenues of the resequencing of the
multiple genomes of most of the model organisms
which are already sequenced for the SNP identiﬁcation
(Taillon-Miller et al. 1998; Picoult-Newberg et al.
1999; Ganal and Roder 2007).
Further, SNP markers can also effectively have
identiﬁed using available large-scale information of
both ESTs as well as unique genomic and EST-sequences in the public domain databases. The method of
using ESTs for SNP detection has the advantages of
identiﬁcation coding SNPs (cSNPs)/functional SNPs
(fSNPs) that can be used for diversity analysis purpose.
But this method of SNP identiﬁcation is also linked
with a disadvantage, where one might miss the regulatory SNPs occurring in non-expressing regions of the
genome (Taillon-Miller et al. 1998; Picoult-Newberg
et al. 1999). To overcome this, reduced representation
shotgun (RRS) method can be used where a particular
fragment of the genomic DNA, representing many
genotypes, can be simultaneously sequence for SNP
identiﬁcation in regulatory regions as well in the coding
regions of the genomes. This approach allows one to

Figure 7. Segregation analysis of EST-PCR markers in DHLs mapping population of rice CT9993 and IR62266.
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Figure 8. Single nucleotide polymorphism (SNP marker) among rice parental lines. Multiple sequence alignment of
DREB1a 30 UTR in CT9993 and IR62266 showing SNPs (In-Dels highlighted in bold-red indicate a deletion in CT9993
while, the 30 -end has a (CT)10 repeat in CT9993 while (CT)11 repeat in IR62266 that were highlighted in bold-green)
compared to Nipponbare.

avoid a non-uniform distribution of the detected SNPs,
which is characteristic of the method of SNP generation
by in silico analysis of overlapping genomic sequences,
associated with the admittedly unequal number of
overlapping BAC clones for a certain genome part. So
far, this method has not been used for detecting SNPs in
plant genomes.

based whole-genome sequencing (SCWGS), wholegenome resequencing (WGRS) strategies, transcriptome and metagenome analysis (Varshney et al. 2009).
NGS technologies essentially utilize/fall into three
main categories: (a) sequence by synthesis (b) sequence by ligation and (c) single-molecule sequencing
(Van et al. 2013).
(a)

3.4 Next-generation molecular marker
technologies
Next-generation molecular marker technologies have
changed the scenario of plant breeding. The advent and
utilization of molecular markers has facilitated the
breeder for genotype selection through marker-assisted
selection (Collard and Mackill 2008), and technological advances in sequencing have changed the scenario
of parental selection and plant breeding strategies since
then. These novel ultra-high-throughput technologies,
collectively called as next-generation sequencing
(NGS) technologies, have revolutionized the conventional breeding strategies into genomics-based genetic
resources selection and utilization in crop improvement
programs (Kilian and Graner 2012; McCouch et al.
2012). These technologies have been widely used for
genotyping by sequencing (GBS), ddRAD sequencing,
RAD sequencing, de novo sequencing, single-cell-

For sequence by synthesis, the basic platforms
that were more popular are Illumina HiSEq. 2000
(utilizes Reversible Terminators); Roche-454
GSFLX? (utilizes Pyrosequencing) and Ion Torrent PGM (utilizes natural nucleotides).
(b) For sequence by ligation, the basic platforms that
were more popular are Life/AB Solid 5500 Series
(utilizes Cleavable Probe SBL) and Polonator
G007 (utilizes Noncleavable Probe SBL).
(c) For single-molecule sequencing, the basic platforms that were more popular are Helicos BioSciences
HeliScope
(utilizes
Reversible
Terminators) and Paciﬁc BioSciences PacBio
HRS (utilizes Real-time DNA fragment).
Next-generation methodologies have paved a way for
conversion of non-automated version type marker like
RFLP, STS, CAPS or other markers linked to a gene/
phenotype into automatic marker systems. These markers are based on the presence of insertion/deletions in
restriction enzyme recognition sites or primer annealing
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sites or substitutions within the restriction sites. As none
of these above marker types can be automated for largescale genetic screening, there is a sufﬁciently good reason to convert them into SNP-based markers, based on
their tight linkage with gene or interest or a phenotype
utilizing next-generation sequencing technologies.
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Low
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0.05
Moderate
Yes
1–3
Moderate
0.02
Moderate
Yes
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20–100
Low
0.02
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10
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In summary, the applicability and utility of morphological, biochemical and molecular markers in various
organisms are described in table 1. Molecular markers
have a wide range of applications; they play an indispensable role in development of genomic resources and
high ﬁdelity breeding of crop plants. A quantum leap in
sequencing technologies has imparted sizable molecular markers that enfold complete genome of several
crop species. These markers have been substantially
employed in germplasm characterization, purity testing, phylogenetic analysis, genetic diversity studies,
population structure analysis, dense and comprehensive
genetic maps construction, marker-associated traits and
gene function identiﬁcation studies. Further, genic
markers are handy to identify the functional genes in a
metabolic pathway, whose expression leads to development of a trait. Molecular markers have been successfully applied to insinuate genomic regions of
targeted traits into the elite breeding lines. Thus,
molecular markers are playing a pivotal role in development of climate-friendly, high-performing and
nutritious crop varieties. In the near future, with the
advancement cost-effective technologies, the development of novel molecular marker technologies will
continue and may provide auxiliary tools for understanding genetic and genomic resources of plants.

No
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Table 1. Comparison of molecular marker systems in general
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