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Abstract

Background: DNA markers improved the productivity and accuracy of classical plant breeding by means of marker-
assisted selection (MAS). The enormous number of quantitative trait loci (QTLs) mapping read for different plant
species have given a plenitude of molecular marker-gene associations.

Main body of the abstract: In this review, we have discussed the positive aspects of molecular marker-assisted
selection and its precise applications in plant breeding programmes. Molecular marker-assisted selection has
considerably shortened the time for new crop varieties to be brought to the market. To explore the information
about DNA markers, many reviews have been published in the last few decades; all these reviews were intended by
plant breeders to obtain information on molecular genetics. In this review, we intended to be a synopsis of recent
developments of DNA markers and their application in plant breeding programmes and devoted to early breeders

plant breeding devices.

with little or no knowledge about the DNA markers. The progress made in molecular plant breeding, plant
genetics, genomics selection, and editing of genome contributed to the comprehensive understanding of DNA
markers and provides several proofs on the genetic diversity available in crop plants and greatly complemented

Short conclusion: MAS has revolutionized the process of plant breeding with acceleration and accuracy, which is
continuously empowering plant breeders around the world.
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Background

The advent of the Green Revolution in the 1960s
brought a step change in the potential yield of wheat
and rice and is credited with avoiding severe food crises
[1]. Since this time, there has been a constant expect-
ation that plant breeding efforts will be able to sustain
gains in yield, ironically against a background of decreas-
ing funding (American Society of Agronomy, 2018). At
the same time, new intensive cropping systems pro-
moted by the Green Revolution resulted in increased
pressure from pests and disease while farm areas
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continue to push into more marginal land [2]. To meet
these challenges, breeding and geneticists have been very
successful in identifying sources of novel genetics from
pre-Green Revolution landraces with the intention of
bringing various biotic and abiotic stress tolerance into
high-yielding semi-dwarf backgrounds prevalent in
farmers’ fields [3, 4]. The concept of MAS has been used
extensively as justification to identify and clone hun-
dreds of genes across many species [5-7]. Rice in par-
ticular boasts dozens of cloned genes with significant
phenotypic effects and serves as a useful case study to
understand both the potential value of marker-assisted
selection and its barriers to deployment. The rich gen-
etic variations amenable to MAS in rice and other crops
is a function of the partitioning of rice genetic diversity
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[8, 9] and its adoption as the first model species in
monocots and subsequent worldwide efforts to publish
its genome sequence (IRGSP 2005). For example, the Q-
TARO database currently contains 114 cloned genes
with natural variants affecting various traits [10], and the
number of identified QTLs is many times this value.
Marker-assisted selection is a newly emerging approach
due to which various problems of conventional breeding
avoid and enhance the selection criteria of phenotypes
with the selection of genes, either indirectly or directly.
Molecular or DNA markers are not regulated through
the environment and conditions have no effects in which
the crop plants are grown and observable in the stages
of growth of the plant. With the accessibility of a variety
of molecular markers and hereditary maps, MAS has
gotten conceivable both for characteristics administered
by significant quality just as for quantitative trait loci
(QTLs). The handiness of a given molecular marker is
reliant on its ability in revealing polymorphisms in the
nucleotide sequences permitting segregation between
various molecular marker alleles. These polymorphisms
are revealed by molecular techniques such as restriction
fragment length polymorphism (RFLP), amplified frag-
ment length polymorphism (AFLP), microsatellite or
simple sequence length polymorphism (SSR), random
amplified polymorphic sequences (RAPD), cleavable
amplified polymorphic sequences (CAPS), single-strand
conformation polymorphisms (SSCP), single nucleotide
polymorphisms (SNPs) and others (Khlestkina,2014).

A fruitful utilization of molecular markers to help
breeding systems depends on a few elements:

1. A molecular marker in association with a genetic
map linked to a gene or quantitative trait loci
(QTLs) of agronomic interest;

2. Molecular markers are tightly associated with the
QTLs or major genes;

3. Sufficient recombination between the molecular
markers that are associated with desirable traits and
the rest of the genome; and

4. A possible analysis method of a large number of
individuals in a time and cost-effective manner.

Most of the fruitful utilization of MAS examined be-
neath depends on this class of molecular markers. The
gene located on a particular region of the chromosome
can be shown by one or more QTLs. In this situation,
genomic regions to be chosen are frequently chromo-
some fragments; it is in this manner best either to have
two polymorphic markers flanking the targeted QTL or
potentially at least one marker inside the QTL genomic
region. A few models identified with the two methodolo-
gies for the introgression of QTLs into various genetic
systems are discussed below. Until now, MAS has been
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demonstrated to be powerful for generally basic charac-
teristics that are controlled by few genes, and a few ex-
amples are given in this review on the benefits and on
the effective use of MAS for this class of traits. For pro-
gressively complex traits, it has been proven that MAS is
not to be more effective; a few reasons in the premise of
these challenges, a few instances of fruitful utilization of
MAS for quantitative characteristics, and points of view
for expanding the effectiveness of MAS for QTLs are
talked about. The basic procedure of molecular marker-
assisted selection is presented in Fig. 1.

Main text

Types of DNA markers used in MAS

There are five fundamental contemplations for the
utilization of DNA markers in MAS: reliability; quality
and quantity of required DNA; amount and nature of
DNA required; specialized methodology for marker exam-
ination; the level of polymorphism; and cost [11, 12].

Reliability

Markers ought to be firmly connected to the target loci,
ideally under a 5-cm distance of genes. The utilization of
flanking markers or intragenic markers will significantly
build the reliability of the markers to foresee the

phenotype.

DNA quantity and quality

Some marker strategies require enormous sums and a
high calibre of DNA, which may some of the time be
hard to get by and by, and this adds to the expense of
the system.

Specialized system

The degree of effortlessness and the time required for
the procedure are basic contemplations. High-
throughput, straightforward, and snappy techniques are
exceptionally attractive.

Level of polymorphism

Ideally, the marker ought to be profoundly polymorphic
in the breeding material (for example it should separate
between various genotypes), particularly in the central
breeding material.

Affordability

The cost of DNA markers should be affordable. This in-
fers the test ought to be modest, easy to understand, and
simple to apply for effective screening of enormous
samples/populations. The cost-effectiveness of the mo-
lecular marker assay should be considered to ensure the
plausibility of the molecular marker-assisted selection.
Sequence tagged site (STS), Simple sequence repeats
(SSRs), single nucleotide polymorphism (SNP), or
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Fig. 1 The figure explains the basic procedure of marker-assisted selection
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sequence characterized amplified region (SCAR) markers
that are gotten from an explicit DNA sequence of
markers (for example limitation piece length polymor-
phisms: RFLPs) that are connected to a quality or quan-
titative attribute locus (QTL) are likewise amazingly
helpful for MAS [2015].

Classification of molecular markers
DNA or molecular markers are classified in different
groups on the basis of:

1. Nature of gene action (dominant or co-dominant
markers);

2. Detection methods of molecular markers (PCR based
molecular markers or hybridbased molecular markers);

3. Transmission mode of molecular markers (maternal
organelle inheritance, paternal organelle
inheritance, maternal nuclear inheritance, or
biparental nuclear inheritance).

DNA or molecular markers have been developed in
various kinds and all these have applied successfully
in breeding and genetic activities in different agricul-
tural crops throughout the world. In this review, brief
information has provided that is related to molecular
markers based on the detection methods of molecular
markers. Comparisons of the important characteristics
of the most used molecular markers are given in
Table 1.
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Table 1 Comparison of most widely used DNA marker system in plants
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Feature and description

RFLP

RAPD

AFLP

SSR

SNP

Genomic abundance

Genomic coverage

High

Low copy coding region

High

Whole genome

Expression/inheritance Co-dominant Dominant
Number of loci Small (< 1000) Small (< 1000)
Level of polymorphism Moderate High

Type of polymorphism

Single base change, indel

Single base change,

indel
Cloning and/or sequencing Yes No
Type of probes/primers Low-copy DNA or cDNA 10 bs random
clones nucleotides
PCR-based Usually no Yes
Radioactive detection Usually yes No
Reproducibility/reliability High Low

Amount of DNA required

Large (5-50 ug)

Small (0.01-0.1 pg)

Genotyping throughput Low Low
Cost Moderate to high Low
Marker index Low Moderate
Time demanding High Low
Number of polymorphic per loci  1.0-30 1.5-5.0
Primary application Genetic Diversity

High

Whole genome
Dominant/co-dominant
Moderate (1000s)

High

Single base change,
indel

No

Specific sequence

Yes

Yes or no

High

Moderate (0.5-1.0 pg)
High

Moderate

Moderate

Moderate

20.100

Diversity and genetic

Moderate to high
Whole genome
Co-dominant

High (1000s-10,000s)
High

Changes in length
repeat

Yes

Specific sequence

Yes

Usually no

High

Small (0.05-0.12 pg)
High

Moderate to high
Moderate to high
Low

1.0-3.0

All purposes

Very high

Whole genome
Co-dominant

Very high (> 100,000)
High

Single base change, indel

Yes

Allele-specific PCR primer

Yes

No

High

Small (> 0.05 ug)
High

High

Moderate

Low

1.0

All purposes

DNA markers

Molecular markers are sequences of nucleotides and can
be explored through the polymorphisms present
between the nucleotide sequences of various people.
Deletions, insertions, gene mutation, duplication, and
translocation of these nucleotide sequences are the basis
of polymorphisms among the population; however, they
do not really influence the function of genes. A perfect
DNA marker ought to be co-predominant, uniformly
distributed, genome, more and having the capacity to
recognize a more significant level of polymorphism.

Hybridization-based

DNA markers, conventional, or first-generation RFLPs,
require the utilization of a properly labelled DNA probe
for the selection of the specific genes of interest from
the digestion of DNA samples and then, by
hybridization. RFLP was the primary molecular marker
strategy and the main marker framework dependent on
hybridization. People of the same species show polymor-
phisms because of insertions/deletions (known as
InDels), gene mutations, duplications, translocations,
and inversions. The isolation of pure DNA from the tar-
get is the primary step in the RFLP strategy. This DNA
is blended in through the cutting enzymes (restriction
endonucleases) which are isolated from the target such
as bacteria, human cells, etc. and a specific function of
restriction enzymes identify specific nucleotide se-
quences along the DNA strand, and therefore they cut
DNA at specific loci (acknowledgment destinations).

These outcomes are an immense number of segments
with various lengths.

PCR-based DNA markers

Molecular markers based on PCR techniques do not re-
quire a probe hybridization step. PCR-based markers are
atomic markers that do not require the hybridization
step. Their improvement has prompted the disclosure of
a few valuable and simple to screen new generation
markers, for example random amplified polymorphic
DNA(RAPD), amplified fragment length polymorphis-
m(AFLP), microsatellite or SSRs, SNP, RAMP, SRAP,
ISSR, SCAR, expressed sequence tagged (EST), and so
forth [13]. Being PCR-based, these molecular markers
require the utilization of primer pairs for the selection of
a specific part of the DNA to measure the variation in
genetic material [14]. Short sequences of nucleotides
that are attached with the DNA to synthesize the full
length of dsDNA are called primers. Most of the primers
are used for the selection of specific regions of DNA to
be amplified by polymerase chain reaction and sequence
analysis techniques [15]. They, therefore, start the ampli-
fication of the specific segment of DNA. After the ampli-
fication of DNA from various genotypes, the fragments
of digested DNA are separated on the gel to examine
the variation in the pattern of bands and further DNA
fragments may be subjected to the sequencing technique
for observing the sequence variation in DNA resulting in
species variation [16]. Analysis of molecular markers
based on PCR involves the extraction of DNA from the
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source and evaluation of the quality and quantity of iso-
lated DNA and gel electrophoresis. If sequencing is re-
quired, the amplification products are usually purified,
subjected to sequencing PCR, and further purified before
sequencing [17, 18]. SNP genotyping through next-
generation sequencing is shown in Fig. 2 [19, 20].

Transposable element markers

Sometimes, DNA sequences change their position in the
genome and may insert into the coding regions of the
genome. Such mobile DNA sequences are called trans-
posable elements (TE). These transposable elements
have been found in maize during the study of the gen-
ome by Barbara McClintock in 1950 and considered that
they are present in the eukaryotic genomes at a larger
scale (Bourgeois and Boissinot [21]). Before talking
about the transposable elements’ markers in detail, some
broad focus with respect to characterization and gen-
omic association must be tended to. This is of extensive
significance given that these strategies use the specific
highlights of various TEs and differ in the properties and
primer annealing sites utilized inside the transposable
region. Considering their properties, TEs have been di-
vided into class I (retrotransposons), commonly called
copy and paste elements, and class II (transposable
DNA), or also called “cut and paste” transposable ele-
ments [22]. The transposable elements of class I propa-
gate with the help of the intermediate RNA molecules
and form a new site in the genome, while class II trans-
posable elements do not require an intermediate RNA
molecule and excise themselves from any site of the
donor and move to a specific location of the acceptor
site within the genome. Since the revelation of numerous
eukaryotic TEs, for example miniature inverted repeat

transposable elements (MITEs), this arrangement has
been tested, as it is difficult to put the new transposable
elements in the current system [23].

Retrotransposons microsatellite amplification polymorphism
Retrotransposon microsatellite amplification polymorph-
ism (REMAP) is also a more important marker based on
retrotransposons and commonly used to evaluate the
genetic diversity of individuals of the population. The
protocol for utilization of REMAP is just like IRAP, al-
though SSRs (microsatellites) are used in conjunction
with specified markers of LTE at the time of PCR cycling
[24]. The primers used for microsatellite loci in REMAP
PCR are containing a repeated motif anchored nucleo-
tide at the 3" end site aiming to avoid the slippage of the
primer between individual SSR motif [25].

Retrotransposon-based insertion polymorphism

Retrotransposon-based insertion polymorphism (RBIP)
technique is used to investigate the presence or absence
of sequences of retrotransposons present in the genome.
In this technique, amplification of DNA is accomplished
with the help of a primer having 3" and 5’ end regions
that are flanking the retrotransposon insertion site. In-
sertion sequences in retrotransposons are identified
through the development of a primer from the LTR re-
gion. The information of nucleotide sequences along the
flanking region of the retrotransposon insertion site is
required in the RBIP technique, and the result of this
technique in typing of a single locus compared to other
molecular markers based on retrotransposons [26]. Like
other molecular markers, agarose gel electrophoresis is
needed for the detection of fragment polymorphism
(Agarwal et al. [27]). Tagged microarray markers, which
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are based on fluorescent microarray scoring, were mostly
utilized for high-throughput retrotransposon-based in-
sertion polymorphism (RBIP) analysis [28].

Inter-SINE amplified polymorphism

Inter-SINE amplified polymorphism is based on retro-
transposons having none of the LTR region and the
technique has developed [29], designed specifically for
potato plant. It was identified from the recent study by
using bioinformatics tools that almost 6200-6500 copies
of such elements founded in Solanaceae-specific short
interspersed element (SINE) families and subfamilies
[29]. Inter-SINE amplified polymorphism or ISAP
markers are mostly based on genomic sequence amplifi-
cation between adjacent SINE elements. In this tech-
nique, the primer annealed to a site other than the SINE
elements and either inwardly or outwardly. For the use
of the primer, different Solanaceae SINE elements com-
pare to each other before designing the primer to ISAP.
These elements are readily transferable within the genus
and species of plants of Solanaceae family because they
are present at a larger scale. While this technique still
has not tested. ISAP described as more reproducible and
useful for genotyping of different varieties of potato
plants. ISAP marker system has proved that it is highly
specific and while generally it is not popular in plant
genetics, it represents a good attempt to utilize available
genomic resources and databases. However, the design
of ISAP primers requires extensive prior genomic infor-
mation about SINE elements.

Inter-primer binding site amplification

There are limitation factors are LTR sequences must be
known during utilizing retrotransposons as molecular
markers. The technique inter-primer binding site (iPBS)
was created by Kalendar et al. [30] to overcome the diffi-
culties in using the PBS site in retrotransposons that
have similarity with LTR transposons with a few nucleo-
tide sequences complementarily limited to a set of tRNA
[31]. Different primers with variation (12-18) in length
are mostly designed to anneal the region of PBS. The
retrotransposons have reverse directionality with close
complexity to each other for iPBS to amplify the inter-
genic regions of the genome. The technique that in-
cludes the LTR region of the amplicon is a very effective
method for the isolation of retrotransposons and in the
scanning of the genome. Thus, this should be a more
useful technique where many fingerprinting markers
(e.g. REMAP, IRAP) are required or even where TEs di-
versity is the main objective of the study.

Resistance gene-based markers
Several genes in animals and plants are involved in de-
fence mechanisms and some specific sequences of these
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genes act as markers, so they are called resistance gene
markers [32]. Before examining these markers, it is im-
portant to describe some of the features of the plant dis-
ease. Many plants developed a very active and passive
defence system to ensure themselves against biotic and
abiotic diseases. Active defence systems exhibit both in-
nate and adaptive immune responses against biotic and
abiotic pathogens. Innate immunity is more common in
plants and animals and provides protection against sev-
eral a variety of pathogens due to the action of R protein
(resistance protein) and pathogen and pattern resistance
receptors [33]. While in adaptive immunity, most of the
defence responses of plants are regulated by interference
RNA and which work mostly with viruses. Pathogens or
microbes are associated with molecular patterns that are
recognized by the pathogen or pattern resistance recep-
tors (PPRs) and these receptors are conserved among
the microorganisms having a place in a specific class
[34]. Avr (avirulence) factors not conserved among path-
ogens are recognized by resistance proteins. Resistance
protein (R proteins) induces signalling that produces the
reactive oxygen species inside the cells and is responsible
to activate the process of deliberated suicide of the cells
(programmed cell death) resulting in hypersensitive re-
actions that kill the affected cells of the plant [35]. It was
reported from a recent study of plant—pathogen inter-
action that the death of the cell does not restrict the
spreading of pathogens; despite this, its movement is
inhibited in nearby living tissues through an unknown
mechanism [36]. Selected examples of gene—marker as-
sociation for disease resistance in different crops are rep-
resented in Table 2.

Resistance gene analogue polymorphism

Resistance gene analogue polymorphism (RGAP) em-
ploys uncut genomic DNA as a PCR template and de-
generate primers for conserved regions of R genes to
screen for R genes and RGAs [47]. Over a decade ago, in
studies of crop species, it was shown that agarose gel
electrophoresis is insufficient to detect most PCR frag-
ment length polymorphisms in highly heterogeneous
PCR product pools [47]. However, polyacrylamide gel
electrophoresis (PAGE) yields up to a 130-fold increase
in fragment length polymorphism separation capability.
PAGE has been subsequently used for PCR band separ-
ation in most plant profiling studies. Based on the re-
sults of Leister et al., 1946, accurate PCR markers linked
to R genes can be quickly obtained using R-like gene-
specific primers. RGAP has been shown to be feasible in
several areas of research. It has been used in several
studies to create molecular markers for R genes that
confer resistance to pathogens [48]. It has also been
proven to be useful in biodiversity studies for character-
izing R gene domains, namely NBS and LRR.
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Table 2 The gene-marker association for disease resistance in different crops
Species Trait Gene/QTLs Molecular marker Reference
Wheat Leaf rust (Puccinia recondita f.sp. tritici) Lr34 from T. aestivum SSR [37]
Lr 35 from T. speltoides STS and CAPS [38]

Stem rust (Puccinia graminis f. sp. tritici) Sr31 STS [39]

Yellow rust (Puccinia striiformis f. sp. tritici) Yr15 RAPD and SSR [40]
Rice Rice blast (Pyricularia oryzae) Pi5(t) CAPS [41]

Gall midge (Orseolia oryzae) Gm7 SA598 SCAR [42]
Maize Sugarcane mosaic virus (SCMV) Scm1 and Scm?2 SCAR and CAPS [43]
Barley Barley yellow mosaic virus rymé4/rym5 SSR [44, 45]

Leaf rust (Puccinia hordei) Rph7 CAPS [46]

RNA-based markers

Several biological responses of plants to biotic and abiotic
factors during growth and developmental processes may
regulate due to the expression of genes. Several methods
have been evolved for getting an insight into these bio-
logical responses of plants and lead to the generation of
markers based on polymerase chain reaction (PCR-based
markers). Fingerprinting markers are based on the ampli-
fication of a subset of fragments prepared from RNA or
DNA. The techniques summed up here depend on the
transcription of a specific region of the genome that is
most likely functional. Recently, Rustogi and Gupta [49]
reviewed molecular markers obtained from the expressed/
transcribed regions of genomes. These are treated here
likewise on the chance that they use cDNA or ESTS. The
techniques portrayed here may use the RNA pool straight-
forwardly, or after further preparing, utilizing cDNA or
ESTs combined with bioinformatics instruments to create
specifically or randomly designed primers.

Inter small RNA polymorphism

Endogenous noncoding small RNAs consisting of 20-24
nucleotides are ubiquitous in eukaryotic genomes, where
they play important regulatory roles Gui et al. [50] and they
provide an excellent source for molecular marker develop-
ment. The flanking sequences of small RNAs are conserved,
allowing the design of primers for use in PCR reactions and
fingerprinting. The technique developed by Gui et al. [50]
termed Inter small RNA polymorphism (iSNAP), exploits
this feature. The basic principle is to use primer pairs of
flanking small RNAs to initiate a PCR reaction and detect
length polymorphisms that are due to InDels present in the
small RNA pool [51]. According to the authors, the tech-
nique is reproducible, representing a high-throughput, non-
coding, sequence-based marker system. It can be used for
genome mapping and for genotyping.

EST-SSR
Sequencing of cDNA creates a lot of data, presently ac-
cessible in open information databases. Expressed

sequences tags (ESTs) are short regions of transcribed
sequences that are typically read in a direction and pro-
vide a precise way of gene expression analysis and assist
in detecting genetic diversity. When changed over to
cDNA, the expressed genes can be sequenced in two
ways, delivering 5 and 3" ESTs. The last fall more fre-
quently inside untranslated regions (UTRs), while 5’
ESTs are related to protein coding. Numerous accessible
bioinformatics apparatuses [52] permit these databases
to be searched to create EST-based molecular markers.
The ongoing increment in the accessibility of expressed
sequence tag (EST) data has encouraged the advance-
ment of microsatellite or simple sequence repeat (SSR)
markers in various plant species [53]; EST-SSRs do not
vary from normal genomic (gSSR) microsatellites in their
identification of amplification, the significant differences
in the development and specific location of primers, as
ESTSSRs are produced from the transcribed regions of
the genome. They are collected legitimately from se-
quence data utilizing the in silico method. Data mining
can be completed in numerous elective databases
intended for a specific group of plants, for example Tri-
ticeae, or all more regularly in NCBI-EST.

Targeted fingerprinting markers

Exploiting the genomic components, a novel group of
markers has been created, here named targeted finger-
printing markers (TFMs). They are defined as multi-
locus markers, produced in a semi-arbitrary and targeted
way at different regions of the genome, and apparently
compared to polymorphic sites of any gene or gene-
related area regardless of their capacity. This implies the
marker systems assembled here are (gene)-targeted
markers which do not really yield fingerprints engaged
with phenotypic mutations. TFM markers will in general
combine the advantageous features of different tech-
niques, highlights of a few essential procedures, while
likewise the integration of several methods to identify
genetic discontinuities or distinctiveness. Fingerprints
are created in a semi-arbitrary way, because of the
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incorporation of normal features of the plant genome,
banding designs are delivered to unknown yet targets
sites. This empowers the entire genome distribution and
preferable reproducibility can be accomplished with a
specific primer design or even with a changed PCR
protocol. Exploiting the basic genomic features makes
TEM procedures effectively adaptable between numer-
ous life forms and gives options in contrast to past AAD
markers.

Promoter anchored amplified polymorphism

The promoter regions that facilitate the transcription of
a gene are located too close to a particular gene [54];
along these lines, they can be utilized to be specify the
profiling of the genome of the investigated organism.
The promoter element of genes determines the point of
transcription initiation and change and the specificity
and rate of transcription [55]. The architecture of pro-
moter sequences of a specific gene exhibits high diver-
sity, comprising of many short motifs that act as the
recognition site for proteins having great importance in
transcription initiation [56]. This element of promoters
makes them reasonable for labelling with degenerate
primers to create length polymorphisms, effectively no-
ticeable by electrophoresis. Ache et al. designed a few
short oligonucleotide primers containing the degenerate
sequences of cotton (Gossypium L.) promoter regions.

Direct amplification of length polymorphisms

This technique, developed by Desmarais et al. [57], re-
sembles AAD but detects a larger number of polymor-
phisms and simplifies the procedure for recovering the
resulting banding patterns. It also has the advantages of
high-resolution fingerprinting in that it offers the possi-
bility of directly sequencing each new marker locus [58].
It was designed to obtain nucleotide sequence informa-
tion for DNA fragments from any genome with no a
priori sequence data. For PCR amplification, the univer-
sal sequencing primer “M13-40 USP” is incorporated in
the oligonucleotide set as a core. Selectivity is ensured
by adding further bases to the 3" end of the primers,
which are termed “selective primers”. The reverse primer
is also common “M13” which is a standard used in pri-
mer paired reactions. Primer sets with any desired length
can be designed by varying the composition of 3" bases
in the selective primer.

Targeted region amplified polymorphism

The second technique, called targeted region amplified
polymorphism (TRAP) and developed by Hu and Vick
[59], is like SRAP but is based on a priori sequence in-
formation. The PCR conditions are the same as de-
scribed for SRAP, with the priming and amplification
procedure having the same rationale. The PCR reaction
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consists of a fixed and arbitrary SRAP primer incorpor-
ating the aforementioned modifications, i.e. selective nu-
cleotides, filter sequences, and AT- or GC-motifs. The
fixed primer is designed from available partial sequences
of candidate genes, such as expressed sequence tags
(ESTs). The generation of fixed primers limits the use of
this technique to species where ESTs are known or re-
quires the generation of new sequence information for
primer development. Despite this limitation, it has been
widely used for several purposes in different plant spe-
cies [60]. Based on the use of ESTs to design primers,
this method could also be placed in the RNA-based
marker group, although it shares many common features
with SRAP.

Start codon targeted

Some of the transcribed regions of molecular markers
within the genome could have applications in genotyp-
ing of plants as they unmask the polymorphism that is
related directly to the function of genes. Start codon tar-
geted polymorphism (SCoT), a novel system of marker,
gets popularity quickly after being described by Collard
and Mackill [61]. The SCoT technique is depending on
the observation that a short region of conserved se-
quences of the plant is mostly surrounded by ATG start
codons of translation. A single primer is designed in the
ScoT technique with annealing the flanking region of
the initiation codon on both sides of the DNA strand.
Amplified fragments are distributed within the gene hav-
ing both minus and plus strands of DNA. The function
of primers used in the SCoT technique is advocated by
Gorji et al. [62]. These markers are more reproducible
and the length of primers and annealing temperature are
not the factors that determine the reproducibility of
markers [62, 63]. Most SCoT markers are dominant,
while co-dominant markers can also be developed dur-
ing the amplification process, and thus, they could be
used in the analysis of genetic diversity. These markers
have been used either in isolation or in combination
with different techniques to evaluate the diversity in gen-
etic makeup and to understand the processes and struc-
tures of the population across different families of the
plant [63].

Conserved region amplification polymorphism

Conserved region amplification polymorphism (CoRAP)
by Wang et al. [64] is a technique based on the
utilization of an arbitrary and fixed primer. Both SRAP
and TRAP use the same kind of arbitrary primer, al-
though CoRAP is much like TRAP to the utilization of a
fixed primer and this primer is directly generated from
the targeted ESTs. This is the only difference in arbitrary
primers which have different core sequences (CACGC),
mostly found in the intron regions of the plants. The



Hasan et al. Journal of Genetic Engineering and Biotechnology

intron core sequences ensure the utilization in genotyp-
ing of plants, while a fixed primer target coding se-
quences, in association with these generate more
reproducible and very reliable fingerprinting. This is the
advantage of CoRAP and TRAP that both derived from
ESTs and have specific binding sites on the exon of tar-
geted sequences; in spite of this, the arbitrary primers
mostly bind to other exon regions (TRAPS) or to most
of the introns at the time of PCR amplification. If these
gene elements are accurately distributed to allow the
successful PCR, the banding patterns obtained from fin-
gerprinting will be amplified. Indels in these regions will
certainly generate different distributions of amplified
products. If two individuals are very close, the banding
pattern resulting from the PCR product will be more
similar.

Applications of MAS in plant breeding

The advantages of MAS described below may have a deep
impact on crop plant breeding in the future and may
change the crop plant breeding paradigm [65]. In this re-
view, we defined the use of molecular markers in plant
breeding methodology and more emphasized the import-
ance of marker-assisted selection schemes. We have clas-
sified these schemes into various broad areas: evolution
and phylogeny, marker-assisted evaluation of breeding
material; cultivar identity/assessment of purity; assessment
of genetic diversity and parental selection; study heterosis;
identification of genomic regions under selection; marker-
assisted  introgression; marker-assisted backcrossing;
markers assisted pyramiding; early generation selection;
and combined MAS, although there some similarities be-
tween all these categories. In general, for the development
of a line, molecular markers have been integrated into the
conventional scheme of plant breeding or used for substi-
tution of conventional phenotypic selection.

Cultivar identity/assessment of “purity”

Seeds from different strains are to be often mixed be-
cause of difficulties in handling many seed samples
that are utilized between and within plant breeding
programmes. Markers may be utilized in conferring
the actual identity of plant individuals. High-level
genetic purity and their maintenance are more im-
portant in the production of cereal hybrids to exploit
heterosis. In hybrid rice, SSR and STS markers were
used to confirm purity, which was considerably sim-
pler than the standard “grow-out tests” that involve
growing the plant to maturity and assessing morpho-
logical and floral characteristics [66].

Study of heterosis
It was reported from a hybrid of maize and sorghum
that molecular or DNA markers have been used to
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define a heterotic group that may be used in the exploit-
ation of heterosis (hybrid vigour). The hybrid line is de-
veloped for the utilization in producing superior hybrids
and this developmental process of the line is more time
consuming and more expensive. Unfortunately, it is not
yet possible to predict the exact level of heterosis based
on DNA marker data, although there have been reports
of assigning parental lines to the proper heterotic groups
[67]. The ability of utilizing little subsets of DNA marker
information is combined with phenotypic information to
select a heterotic hybrid and hybrids has likewise been
proposed [68].

Identification of genomic region selection

Distinguishing proof of movement in allele frequencies
inside the genome can be significant data for breeders
since it makes them aware of screening explicit alleles or
haplotypes and can be utilized to configuration proper
breeding procedures [69]. Different utilizations of the
recognizable proof of genomic districts under choice are
for QTL mapping: the areas under selection can be fo-
cused for QTL investigation or used to approve recently
identified marker—trait affiliations [70]. At last, informa-
tion on genomic loci selection can be utilized for the ad-
vancement of new assortments with specific allele blends
utilizing MAS plans, for example, marker-assisted back-
crossing or early generation selection [71].

Assessment of genetic diversity and parental selection

Plant breeding programmes are greatly depending on
the high level of diversity in the genetic material in
attaining progress in the selection process. Expansion of
the genetic base of the core breeding material needs the
identification of various strains for hybridization with
elite cultivars [72]. Numerous studies investigating the
assessment of genetic diversity within breeding materials
for practically all crops have been reported. Molecular
markers have been an essential tool for the
characterization of genetic resources and they provide
more detailed information to plant breeders for assisting
in the selection of parents. In some cases, sequence in-
formation to a specific location (e.g. a specific resistance
gene or quantitative trait loci) within the genetic mater-
ial of the target is more desirable. For example, the com-
parison of marker haplotypes has enabled different
sources of resistance to Fusarium head blight, which is a
major disease of wheat worldwide, to be predicted [73].

Marker-assisted introgression

Introgression essentially implies the transfer of a particu-
larly desirable trait from one plant species to another
with the help of hybridization and frequent backcrossing.
Hospital F. 2009 [74], characterized introgression as the
procedure where an objective quality or QTL from a
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plant in population “A” is embedded to another plant in
population “B” by intersection both and afterward more
than once backcrossing to “B” which is known as the
beneficiary and additionally repetitive parent. In this
situation, DNA markers are valuable in controlling the
nearness of the objective quality or QTL. This is likewise
helpful in enhancing the recovery of the background
genome to the recipient. Introgression utilizing molecu-
lar markers is exceptionally successful in joining genes
or QTLs from landraces, on the grounds that the time
required creating an improved assortment and the issue
of linkage drag is diminished [75].

Evolution and phylogeny

Some time ago, the primary study about the evolution of
species or characters was dependent completely on geo-
graphical conditions and morphological variation among
the populations. The development of various techniques
in molecular biology offers more information to the gen-
etic makeup of an organism. Nowadays, a large number
of molecular markers are required for phylogeny to get
information about evolution and used to reconstruct the
genetic map of an individual. Due to the simplicity and
stability in genetic makeup, the molecular study of chlo-
roplasts has extended the information about the phyl-
ogeny of an individual and make them perfect markers.

Marker-assisted backcross breeding

Markers can be used in backcross breeding at three
phases of frontal area, recombinant, and foundation de-
terminations. At the main phase of forefront choice,
markers are utilized to select the desirable trait. The
utilization of markers here is strong because a few qual-
ities have relentless phenotypic selection methods or
passive alleles whose impact could have been suppressed
by the dominant genes. The recombinant selection is the
second stage which includes selecting backcross off-
spring with the character and firmly connected flanking
markers, so linkage drag can be decreased. The third
stage is referred to as the selection of background and it
includes selecting backcross descendants (for example
offspring previously selected for the desirable traits) util-
izing the background markers. In any case, the back-
ground markers must not be firmly connected to
markers yet ought to be perfect rice markers [17, 76].
This infers markers can be utilized to select against the
genome of the donor, for example decrease the heredi-
tary commitment of the donor parent while quickening
the enhancing the proportion of intermittent parent gen-
ome [77] (Table 3).

Marker-assisted pyramiding
The procedure of integrating multiple genes at the same
time or quantitative trait loci into a single genotype is
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known as pyramiding [91]. Pyramiding of traits is ex-
tremely fundamental for broad range resistance of dis-
ease from BLB of rice and to ensure the strength against
the durability of resistance. Molecular markers encour-
age determination because molecular or DNA-based
markers are non-destructive and encoding of markers
for various desirable genes can be tried utilizing a single
DNA test without phenotyping. Joining numerous genes
of disease resistance or QTLs to provide durability
against disease resistance has been the most across-the-
board utilization of pyramiding in plant breeding [92,
93]. Although it is yet conceivable to utilize traditional
breeding, it is troublesome or unthinkable at an early
generation because of the need to phenotypically screen
each plant for all characteristics being tested. This makes
it extremely difficult to assess plants from certain popu-
lations like F2 or for quality with ruinous bioassays [94]
(Table 4).

Common DNA markers like restriction fragment
length polymorphism (RFLP), randomly amplified poly-
morphic DNA (RAPD), and simple sequence repeats
(SSRs) have aided in the mapping and association studies
that led to the uncovering of genes of interest. These
DNA markers, on the other hand, are produced at ran-
dom from polymorphic locations in the genome, and
some can be found far away from the gene of interest,
suggesting that they are not related to the phenotype.
Therefore, such random DNA markers can be replaced
with functional markers (also known as perfect markers)
created using polymorphic regions within genes that
produce phenotypic trait variation [104]. Functional
markers are directly connected to the allele of the trait
of interest, unlike random DNA markers [52]. As a re-
sult, functional markers are equally preferred over ran-
dom DNA markers in marker-assisted breeding (MAB).
Several functional markers for plant breeding have been
developed and are now being utilized in breeding pro-
grammes (Table 5).

Advancement in marker-assisted selection

Targeting induced local lesions in the genome

Targeted induced local lesions in the genome (TILLING)
is a non-transgenic technique of reverse genetics and is
applicable to most crop plants. TILLING was developed
by McCallum in 1990 during the study of understanding
the functioning of two genes in Arabidopsis plants [141].
TILLING techniques involve the first establishment of
the mutagenic population through seed treatment with a
standard chemical mutagen like methyl methanesulfo-
nate (MMS) and ethyl methanesulfonate (EMS). The
variations in target nucleotide sequences of mutant indi-
viduals of the population are identified through the
utilization of the most important techniques such as
mass spectroscopy, liquid chromatography, array-based
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Species Trait Gene/QTLs Foreground selection  Background selection Reference

Barley Barley yellow dwarf virus Yd2 STS Not performed [78]
Leaf rust Rphg6 AFLP AFLP [79]
Stripe rust QTLs on 4H and 5H Not performed Not performed [80]
Yield QTLs on 2H and 3HL RFLP RFLP [81]

Maize Corn borer resistance QTLs on chromosome 7, 9 and 10 RFLP RFLP [82]
Earliness and yield QTLs on chromosome 5, 8 and 10 RFLP RFLP [83]

Rice Early blight Xa21 STS? RFLP [84]
Early blight Xa21 STS® AFLP [85]
Early blight Xa5, xa13 and xa21 STS, CAPS Not performed [86]
Blast Pi1 SSR ISSRP 87]
Deep roots QTLs on chromosome 1, 2, 7, and 9 RFLP and SSR SSR [88]
Tolerance, disease, resistance, ~ Subchr9 QTL, Xa21, Bph and blast QTLs,  SSR and STS Not performed [89]
quality and quality loci

Wheat Powdery mildew 22 Pm genes Phenotyping AFLP [90]

technologies, and enzymatic mismatch cleavage [142].
Later, more important bioinformatics tools such as pro-
ject aligned related sequences and evaluated SNPs (PAR-
SESNP) are applied for the analysis of mutations
induced by specific mutagens. TILLING is applicable for
any of the plant species but should not be affected by
the ploidy level and genome size. The most important
advantage of this technique is the identification of a
greater rate of gene mutations. This technique provides
the precise identification of new alleles at a lower cost in
a short time, so it is a time-saving bioinformatics tech-
nique that may be used in molecular genetics during
plant breeding programmes. The key steps involved in
TILLING are described in Fig. 3.

Virus-induced gene silencing

Virus-induced gene silencing (VIGS) is a virus-mediated
methodology that is used to exploit an RNA-mediated
defence mechanism. After the synthesis of siRNA, its
base pairs guide the complex of RNase in that condition
in which it targets a specific single-stranded RNA that

Table 4 The gene or QTL pyramiding in different crops

appears just like the dsRNA molecules [143]. Double-
stranded RNA intermediate molecules should be proc-
essed in a way in which the siRNA present in infected
cells should correspond to parts of the viral vector gen-
ome including any nonviral insert. Thus, the viral gen-
ome inserts into the cell of the infected part of the plant,
then the siRNA target to the complex of RNases that
corresponds to the mRNA of the host, and the symp-
toms of plants describe the loss of function of genes en-
coding the protein in infected plants [144]. The method
for high-throughput virus-induced gene silencing is
shown in Fig. 4. In recent years, VIGS has been applied
successfully in plant reverse genomics. It is a very sim-
ple, cost-effective, and high-throughput method. Mainly,
it is used in the identification of function loss of a gene
of interest [143, 145]. The role of VIGS has been investi-
gated to know the functioning of genes under abiotic
stresses in different species of plants and animals. The
studies about VIGS involving different model plants are
not discussed in this review; despite this, the review is
focused on the different crop plants. A wide variety of

Species Traits Gene from parent 1 Gene from parent 2 Selection stage Marker Reference
Barley Yellow mosaic virus rym1 rym5 F2 RFLP, CAPS [95]
Yellow mosaic virus rym4, rym9 rymé4, rym9 F1-derived doubled haploid RAPD, SSR [96]
Stripe rust Rspx QTL 5 F1-derived doubled haploid SSR [97]
Rice Bacterial blight xa5, xal3 xa4, xa21 F2 RFLP, STS [98]
Bacterial blight xa21, Bt RC7 gene, Bt F2 STS [99]
Blast Pil, Piz-5 Pil, Pita F2 RFLP, STS [100]
Brown hopper plant Bphi Bph2 F4 STS [101]
Insect resistance xa2l Bt F2 STS [102]
Wheat Powdery mildew Pm2 Pm4a F2 RFLP [103]
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Crop Trait/resistance Gene (s) Location in Sequence FW/REV References
chromosome
Wheat  Semi-dwarf stature Rht-B1 and Rht-D1 4B, 4D F-TCTCCTCCCTCCCCACCCCAAC [105]
R-CCATGGCCATCTCGAGCTGC
&
F-CGCGCAATTATTGGCCAGAGATAG
R-CCCCATGGCCATCTCGAGCTGCTA
Grain weight TaSus2-2B 2 F-CGCCCTGAGCCG CATCCACA [106]
R-CGCTCGCCCGC CATTTATTTCTCT
Grain weight TaGW2 6 F-ATGGGGAACAGAATAGGAGGGAGGA [107]
R-CGAGTATGCCTAGAATGGAAAGAC
Photoperiod response Phd-H1 2 F-ACGCCTCCCACTACACTG [108]
R-CACTGGTGGTAGCTGAGATT
Vernalization Vrn-D4 5 F-CATAATGCCAAGCCGGTGAGTAC [109]
R-ATGTCTGCCAATTAGCTAGC
Low molecular weight glutenin Glu-D3 and Glu-B3 1D F-CAGCTAAACCCATGCAAGC [110]
R-CAATGGAAGTCATCACCTCAA
Yellow pigment content Psy1 7A F-ACATGCCGCTACTCCTATCC [111]
R-GTAGAGTGGCCAGACAAGGT
Lipoxygenase gene Talox-B1 48 F-ATGATACTGGGCGGGCTCGT [112]
R-TCAGATGGAGATGCTGTTGGG
Powdery mildew Pm3 1A F-CAAGTACCAACCACAGCCAC [113]
R-CCATTGCAACCACAGGAACA
Stem rust resistance Sr45 1D F-GTCCA ACGACGGTCCG [114]
R-CTGGTCGGTAGGGAAGCTAG
Drought stress tolerance DREB1 3D F-GAATGGATCCCGGAAAGCAC [115]
R-GGGAATGAACCAAGCCACAG
Rice Semi-dwarf sd1 1 F-CACGCACGGGTTCTTCCAGGTG [116]
R-AGGAGAATAGGAGATGGTTTACC
Wide-compatibility gene Ss" 6 F-CGTCTTGCTTCTTCATTCCC [117]
R-GTAGGTAAACACAGGCAGAG
Photoperiod-thermo-sensitive pms3 (p/tms12-1) 12 F-GAATGCCATCTAAACACT [118]
genic male (PGMS and TGMS) R-A ACTCTTGATGGATGGTC
sterility
Fragrance badh2 8 F-AGTTATGGTCTGGCTGGTGC [119]
R-TTGTGTGCTACCCACCCTTC
Fragrance nksbad?2 4 F-ATGGCAACATGGAAGGTAGC [120]
R-CATCAGCAAGCTCCAAACAA
Low glutenin content Lgcl 10 F-TTCTACAATGAAGGCGATGC [121]
R-CTGGGCTTTAACGGGACT
&
F-ACCGTGTTATGGCAGTTT
R-ATTCAAGGGCTATCGTCT
Fe and Zn OsNAS3, OsNRAMP1 7 F-TCCATCGCTTGCTACCTCAC [122]
R-CCCGGAGATCGATCGAGACA
&
F-AGCACTCCCCCATCAATCAA
R-ACTACACGGGTGGCTCTTTG
Intermediate amylose content Wx-in 6 F-CAGCGTCGACGTAAGCCTAT [123]
R-CAGGCCCCTGAAATCCATGT
Bacterial blight resistance Xa3 11 F-GAATGGGTGGGGTTGGGAAG [124]
R-CCATGCACGCTTGTCGAATC
Brown planthopper resistance Bph14 3 F-CAATCCGAGCTTACGTGGTG [125]
R-GGTGGAGAAGGCAAGAGTCT
Blast resistance Pit 1 F-GTGACGGAAGTGCATGGGTA [126]
R-ACCAGGGAACCCGACAAGAA
Submergence tolerance SubA1 9 F-CTAGTTGGGCATACGATGGC [127]
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Table 5 Candidate genes for functional marker development (Continued)

Crop Trait/resistance Gene (s) Location in Sequence FW/REV References
chromosome
R-ACGCTTATATGTTACGTCAAC
Tolerance to phosphorus (P) deficiency ~ Pup 1 12 F-CTGGACTTGACCCCAATGTA [128]
R-TCTGATGGAGTGTTCGGAGT
Drought stress tolerance OsSAPK2 5 F-AAGGACATAGGGTCGGGGAA [129]
R-TGGCCAAATGTGTGGGAGTT
Maize Plant stature th1 1 F-CACATGAGCCCATGCCTCTC [130]
R-AAAGCGGTAAGTCCATGGGG
Plant height Dwarf8 1 F-ACACTATCACCGCTCTATTG [131]
R-ACTCTTTCCCTGACTTCATT
Qil content DGAT1-2 6 F-TGGCTCTGCAATCAGGAGAA [132]
R-TGAAGCAGCAAACAACGAGC
Forage quality for digestibility Bm3 4 F-TTCAACAAGGCGTACGGGAT [133]
R-AGTGGTTCTTCATGCCCTCG
Provitamin A ZmcrtRB3 2 F-GTCGGTACTGGCAAGTGGAA [134]
R-TAGTACGTGGCCATGACGTG
Sweetness sugaryl 4 F-TCCCGACTTCAGAACGGTTG [135]
R-ACAACAGAGCAACCCCAACA
Drought tolerance MYBET1 5 F-GGTACCCTGTCAAGGTTCGG [136]
R-AATTACTGGCCCCAGGTTCG
Barley Photoperiod response Phd-H1 7 F-CCTCTTCGCTATTAC GCCAG [137]
R ~GCCCTTCCCAACAGTTGCG
Vernalization requirements VRN-H 1 5 F-TTCATCATGGATCGCCAGTA [138]
R-AAAGCTCCTGCCAACTACGA
Powdery mildew NBS-LRR 2 F-CG GTATGGCGTCCGAT [139]
R-TTGTCGCTGAGGTCCATCTT
Leaf rust resistance Rph7 3H F-TGGAAACCACTGTACAGCCT [140]
R-CAGGCATGGGAGTGAACCTA
Photoperiod response Phd-H1 2H F-GTTGAGATCGACAGTCCCCA [137]

R-GGGCTCCTATCTCCAACTCC

vectors for the VIGS technique have been developed
with high silencing efficiency to expand its applications
in several crop plant species for the study of genes that
respond to abiotic stresses. The utility of VIGS has been
demonstrated in different crop plants’ tolerance to vari-
ous abiotic stresses. SIGRX1 gene silencing in tomato by
a satellite DNAmp-based VIGS vector resulted in yel-
lowing of leaves under salinity stress compared to vector
control plants due to a reduction in chlorophyll content,
suggesting the role of GRX1 in salt tolerance [146]. Fur-
thermore, the role of CaRAV1 and CaOXR1 has been
studied by TRV-VIGS in chilli pepper [147]. VIGS has
been used to study oxidative stress tolerance in the re-
cent past. A few studies [147, 148] described earlier in
this review that examined the role of chilli pepper genes,
like CaRAV1, CaOXR1, and CaPO2, have also described
oxidative stress damage in plants with these genes si-
lenced. Silencing of CaRAV1, CaOXR1, or CaPO2 indi-
vidually or co-silencing of CaRAV1/CaOXR1 in chilli
pepper resulted in enhanced lipid peroxidation under
stress (Fig. 4).

Genome editing (CRISPR)

Various crop plant has improved due to the utilization
of CRISPR genome editing technique [149]. The new
emerging technique of genome editing Cas9 technology
is becoming the technique of choice due to its many ad-
vantages such as easy to use, ability to cleave the methyl-
ated loci, and genome editing versatility [150, 151].
CRISPR RNAs and Cas protein are the two most im-
portant parts of the CRISPR technique. Trans-encoded
CRISPR RNA (tracrRNA) and CRISPR RNA (crRNA)
are two short-length RNA molecules that can cleave a
particular target site with the help of Cas9 endonuclease
(the most explored Cas protein). Single guide RNA or
sgRNA is the hybrid that results due to the artificial fu-
sion of tracrRNA and crRNA [152]. The RNA-guided
endonuclease is formed due to the joining of sgRNA and
Cas proteins; this RNA-guided endonuclease mediates
the cleave of a particular sequence in the genome [153].
On the basis of this Cas protein, the CRISPR—Cas sys-
tem is grouped into three types: [, II, and III. Casl and
Cas2 are two different proteins that are commonly
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present in all three types. Type I is present in both ar-
chaea and bacteria, while type II is only present in bac-
teria; however, type III is most commonly present in
archaea but also in some bacteria [154]. Genome editing
has been performed successfully in model plants like Ni-
cotiana tabacum [155], Arabidopsis [156], and some eco-
nomically important crops like maize [157] and wheat
[158] (Fig. 5).

Genomic-wide association studies in crops

Genomic-wide association studies (GWAS) take full ad-
vantage of ancient recombination event to identify the
genetic loci underlying traits at a relatively high reso-
lution. GWAS methodology became well established in
human genetic during a decade of great effort. With the
rapid development of sequencing technologies and

computational methods, GWAS are now becoming a
powerful tool for detecting natural variation underlying
complex traits in cops [159]. GWAS in crops usually
used a permanent resource—a population of diverse
(and preferably homozygous) varieties that can be re-
phenotyped for many traits and only need to be geno-
typed once—and one can subsequently generate specific
mapping population for a specific trait or QTLs in crops
[160]. GWAS have now been carried out successfully in
many crops, including rice, maize, foxtail millet, and sor-
ghum [161-165]. Based on the magnitude of resources
already developed and published, rice and maize are the
two major models for crop GWAS, and both have panels
of thousands of genotyped inbred and multiple environ-
ment trials conducted for several traits. In rice, 1083 cul-
tivated O. sativa spp. indica and O. sativa spp. japonica
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varieties and 446 wild rice accessions (Oryza rufipogon)
were collected and sequenced with low genome coverage
[166]. A high-density haplotype map of the rice genome
was constructed using data imputation, and a GWAS
was then conducted to characterize the allele associated
with 10 grain-related traits and flowering time using the
comprehensive data set of 1.3 million SNPs. A GWAS
was also carried out in 446 O. rufipogon accessions for
leaf sheath colour and tiller angle, which would have
stronger mapping power owing to a higher level of gen-
etic diversity in the wild species. Moreover, the GWAS
was performed based on the microarray-based genotyp-
ing approach. In total, 413 diverse accessions of O.
sativa were genotyped at 44,100 SNP variants and phe-
notyped for 34 traits, and the result showed the complex
genetic architecture of the traits in rice. In maize, the
genetic architecture of flowering time, leaf angle, leaf
size, and disease resistance traits were dissected by con-
ducting linkage mapping and GWAS jointly in the NAM
panel, and multiple related candidate genes were

identified [167—169]. The GWAS result demonstrated that
the genetic architecture of these traits is dominated by
many QTLs with small effects. Maize oil is an important
food and energy resource, and a GWAS in maize was re-
cently performed for maize kernel oil composition [170].
A total of 368 maize lines were analysed at 1 million SNPs
genome-wide, and 74 loci were found to be associated
with maize kernel oil concentration and fatty acid com-
position. These studies show that the GWAS method in
crops is a useful and robust strategy complementary to
classical biparental cross mapping and has the power to
genetically map multiple traits simultaneously. GWAS re-
sults are expected to be further utilized to investigate the
genetic basis of plant morphology, vield, and physiology in
more grasses, including close wild relatives of domesti-
cated crops. It is important to note that GWAS have a low
power for rare alleles, which make up a substantial pro-
portion of natural variation. In rice, 44% of the SNPs are
of low frequency (minor allele frequency < 0.05). In the
case of rare alleles, either the use of a large sample size or



Hasan et al. Journal of Genetic Engineering and Biotechnology

(2021) 19:128

Page 16 of 26

\

R

Nlcotlana

N

Introduce A. tumefaciens carrying Cas9
and sgRNA into Nicotiana leaf

[—

Arabldops1s

@

Extract and transform protoplast with

vy
s

plasmid carrying Cas9 and sgRNA
|

<

Extraction of
genomic DNA

@@]e—

NN

Primer F

RE PAM
NNNNNNNNNNNNNNNNNNNNNNNNNGGGNNNN

H

7
R Primer
PCR amplify across the target site
+RE
Lane 1 3
sgRNA - +
Cas9 - - +
I
<~ RE-resistant band
— —
— —

Digest PCR product with a restriction enzymes

=

Clone the restriction enzyme-resistant band from lane 3

Sequence

Fig. 5 A schematic drawing illustrating an example of genome editing for crop improvement through the CRISPR/Cas9 strategy

the construction of multiple biparental cross population
(e.g. NAM or MAGIC) may be helpful.

RNA-sequencing

RNA-sequencing (RNA-seq)-based genotyping retrieves
genotypes from RNA-seq data. Despite the great vari-
ation in genome size for different crops, there are no sig-
nificant changes in the number of genes or total gene
size. Because most repetitive regions are ignored, per-
forming transcriptome sequencing for SNP calling rather
than whole-genome resequencing is quite cost efficient.
For example, a recent study genotyped many SNPs and
expression of QTL (eQTL) mapping simultaneously
[170]. It would be much more expensive to genotype
368 maize genomes, because the repeat region occupies
more than 80% of the total maize genome. RNA-seq-
based sequencing has several weak points. Because the

SNP density in the genic region is much lower than that
in intergenic regions, the number of SNPs called from
RNA-seq data may not be large enough for GWAS, es-
pecially for high-LD crops. The existence of a strong
bias in SNP distribution raises another problem. In a
particular tissue at a particular time point, many
genes have very low or even no expression and thus
cannot be used in genotyping, but RNA preparation
of multiple tissues at multiple time points for a large
population would greatly increase the workload. Exon
sequencing-based genotyping, facilitated by exon cap-
ture, can also be applied to mapping of some large,
complex crop genomes [171-173].

Role of MAS in crop improvement
Genetic mapping of major genes and quantitative trait
loci (QTLs) for many important agricultural traits is
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increasing the intention of biotechnology with the con-
ventional breeding process. Exploitation of the informa-
tion derived from the map position of traits with
agronomical importance and of the linked molecular
markers can be achieved through marker-assisted selec-
tion (MAS) of the traits during the breeding process.
However, empirical applications of this procedure have
been shown that the success of MAS depends on several
factors, including the genetic base of the traits, the num-
ber of individuals that can be analysed, and the genetic
background in which the target gene must be trans-
ferred. MAS for simply inherited traits are gaining in-
creasing importance in breeding programmes, allowing
acceleration of the breeding process. Traits related to
disease resistance to pathogens and to the quality of
some crop products are offering some important exam-
ples of a possible routinary application of MAS. For
more complex traits, like yield and abiotic stress toler-
ance, several constraints have determined severe limita-
tions on efficient utilization of MAS in plant breeding,
even if there are a few successful applications in improv-
ing quantitative traits. Recent advances in genotyping
technologies together with comparative and functional
genomics approaches are providing a useful tool for the
selection of genotypes with superior agronomical
performances.

MAS for yield

Although some investigations provided examples on the
practical application of MAS to increase yield, it is be-
coming clear that an integrated approach involving trad-
itional methods of agricultural improvement [174] and a
combination of crop modelling and QTL mapping [175]
are required to select crop ideotypes for a given environ-
ment. In the following selection, some selected examples
of successful applications of MAS to increase yield in
important crop plants like maize, rice, barley, and soy-
bean are provided.

Rice

QTL alleles for yield components traits derived from the
wild rice relative Oryza rufipogon have recently been ex-
tensively studied by using advanced BC populations
[176]. In these studies, despite its inferior performance,
53% [177] and 33% [178] of the QTL allele originating
from O. rufipogon had a beneficial effect for yield and
yield components in the recipient rice elite cultivars.
The lower percentage reported in the second study may
be explained by a higher genetic similarity between the
elite line and O. rufipogon at the yield QTL alleles or by
the fact that in this cross the elite cultivar may have
more favourable alleles at most of the identified loci.
Some of the O. rufipogon yield QTLs identified were
linked to any deleterious negative QTLs and would
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directly be useful to develop breeding materials. In sev-
eral different instances, the O. rufipogon alleles showed
the same effects in different genetic background and en-
vironment, supporting the stability of these yield QTLs.
A thousand grain weight (TGW) QTL has recently been
identified on chromosome 6 by using BC inbred line de-
rived from a cross between the high-yield rice japonica
cv. Nipponbare and the low-yield indica cv. Kasalath
[179]. The QTL allele increasing TGW is derived from
the low yield cv., and when introgression by MAS into a
Nipppoabare NIL, this QTL increases TGW and yield
per plant by 10 and 15% respectively without any effect
on plant type. The genomic region in which this yield
QTL is located is tagged by several molecular markers
that can be used to introgress this QTL to increase yield
in high-yielding rice cultivars.

Maize

Marker-mediated backcrossing is a selection scheme
used in maize to monitor the transfer of favourable allele
at QTLs (foreground selection) and to hasten the return
to the recipient genotype in the remainder of the gen-
ome (background selection) (Bouchez et al., 2002). A
similar approach of marker-mediated backcrossing has
been used to generate series of maize NILs derived from
an elite recipient line (the recurrent line) and an exotic
donor line [180]. Marker-facilitated backcrossing and
marker-facilitated selfing were used for foreground and
background selection. As few as two BCs and one selfing
(to fix the introgression segment) generations were suffi-
cient to generate different NILs, each with different
introgression genomic regions. When crossed to a tester
line and evaluated in replicated field trials, different NILs
revealed having received donor segments increasing or
decreasing their yield performances. This breeding
scheme not only creates embanked elite lines but also
provides materials for the identification and mapping of
yield QTLs. A possible disadvantage of this approach is
that favourable epitasis effects between QTLs may not
be identified. Development of a reliable method for pre-
dicting hybrid performance in maize, without generating
and testing hundreds or thousands of single-cross com-
binations, has been the goal of numerous studies, using
both marker data and a combination of marker and phe-
notyping data. In order to explore heterosis (hybrid
vigour) and GxE interaction, Stuber et al. [180] used a
cross between two widely used elite maize inbred, B73
and Mol7. They identified and mapped QTL allele that
was predicted to increase hybrid yield. Markers were
used to introgress the QTLs into the inbred lines, and
the hybrid from the enhanced inbred lines yielded better
than hybrid from inbred lines that lacked the marker-
introgressed QTLs [180]. Whenever a QT for grain yield
was detected, the heterozygote had a higher phenotype



Hasan et al. Journal of Genetic Engineering and Biotechnology

than the respective homozygote (with only one excep-
tion) suggesting not only overdominance (or pseudo-
overdominance) but also these detected QTLs play a sig-
nificant role in heterosis. This conclusion was reinforced
by a high correlation between grain and the proportion
of heterozygous marker. However, for the trait governed
largely by additive gene action (this type of gene action
might prevail for some loci affecting grain yield), the
heterozygous QTL genotype would be the most
favourable. For this reason, an effective prediction of hy-
brid performance based on markers solely would require
knowledge of QTLs linked to the markers.

Role of MAS in stress tolerance

Besides a requirement for vernalization, overwintering
crops also require frost and cold tolerance. Cold toler-
ance is recognized as having a complex quantitative in-
heritance, making therefore problematic MAS approach
to increase tolerance phenotypic values. Nevertheless,
few examples of successful utilization of MAS for im-
proving cold tolerance in cold plants are available. In
barley, two tightly linked QTLs for low-temperature tol-
erance were identified on chromosome 5H [181]; these
QTLs were coincident with QTLs regulating mRNA
levels as well as protein accumulation of two character-
ized cold-regulated (COR) genes. Several genes with the
CBF transcription factor signature were mapped in a
cluster in this region. Since a CRT/DRE recognition site,
a potential site for interaction with a CBF transcription
factor was found in the genome regulatory sequence of
one of the two COR genes, the identified CBF genes rep-
resent candidates for the gene underlying the QTL
[181]. Because it has been demonstrated the CBFI over-
expression induces COR genes and enhances freezing
tolerance in Arabidopsis [182], these results support the
hypothesis that members of the CBF gene family may
regulate the stress. PCR-based markers (a RAPD marker
and an STS derived from the sequence of a wheat RFLP
mapped in the frost tolerance QTLs region on chromo-
some 5H) have recently been validated for their ability in
assessing frost tolerance level in two sets of winter and
spring barley genotypes and in doubled-haploid lines de-
rived from a cross between a highly tolerant and suscep-
tible genotype [183]. These two markers were shown to
discriminate efficiently between frost-tolerant and frost-
susceptible genotypes. Their use in different breeding
materials will clarify how much would be the gain in
frost tolerance obtained only by MAS with respect to
phenotypic selection in stressing environments. Rice has
evolved in tropical and sub-tropical areas, and hence, its
cultivation is vulnerable to low-temperature stress in
temperate-growing regions and high-elevation environ-
ments. Anthers at the booting stage are known to be
susceptible to low temperature, so cold stress results in
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delayed heading of maturation and yield reduction due
to spikelet sterility. Abe et al. [184] reported the tight as-
sociation of a SNP in a rice alternative oxidase gene
(OsAOXl1a) with two closely linked QTLs (Ctbl and
Ctb2) for low-temperature tolerance of anther at the
booting stage mapped to chromosome 4. They found
that the allelic variation in molecular mass of AOX iso-
forms among varieties differing in low-temperature tol-
erance co-segregate to the presence of the QTL. These
results suggest that exploitation of this SNO represent a
good tool for MAS of the cold-tolerant QTLs. Ctbl
locus has recently been physically mapped and seven
candidate genes for these QTLs have been identified
[185]. Aluminium toxicity is a major limiting factor for
agriculture in tropical and acidic soils. Using bread
wheat (7. aestivum) recombinant inbred lines, a single
locus for Al tolerance (referred to as Altgy) was found
on the long arm of chromosome 4D [186]. A single gene
controlling aluminium tolerance was also found in bar-
ley on chromosome 4H (Alp; Tang et al, 2000) and
microsatellite markers associated with this locus have
been identified (Raman et al., 2003); the microsatellite
marker Bmag353 has been validated in a F3 population
segregating for Al tolerance and the marker was found
to predict the Al tolerance phenotype with over 95% ac-
curacy. Previous reports showed that there is a con-
served genomic region on the log arm of homologous
chromosome 4 for Al tolerance among wheat (Altgy),
rye (Alt3), and barley (Alp) [187]. Based on common
markers, it was suggested that Altgy, Alt3, and Alp
genes are orthologous loci because of the high level of
synteny among chromosome 4DL, 4RL, and 4HL and
they may share a common function.

Role MAS in quality traits

Most quality traits show continuous variation and influ-
enced by environmental factors. Notwithstanding, some
examples of quality traits, for which MAS is reliable ap-
proach for selection, are now available for several im-
portant crops including tomato, barley, wheat, cotton,
and rice.

Tomato

Soluble-solids content is of paramount importance for
processing tomatoes, because lines with higher sugar
content require less energy input during the concentra-
tion process. To uncover the molecular basis of the
sugar content variation, a QTL for total soluble solids
(sugar and acids), named Brix9-2-5, derived from the
green fruited tomato species Lycopersicum pennellii, was
characterized [188]. The genetic basis of the QTL was
dissected by positional cloning and was shown to be the
Lin5 gene, coding for a fruit-specific apoplastic invertase
hypothesized to modulate fruit sink strength. The L.
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pennillii Brix allele increases the glucose (28%) and fruc-
tose (18%) content in various genetic backgrounds of
cultivated tomato and across different environments,
and confer around a 3-fold increase in soluble solid con-
tent (up to 15% of the fresh fruit weight). Brix9-2-5 was
shown to be partially dominant and independent of fruit
weight and yield.

Rice

In China, there is a strong emphasis on improving the
quality of indica hybrid rice varieties. “Zhenshan 977, the
female parent of several widely cultivated hybrid, is of
poor quality because of its high amylase content (AC),
hard gel consistency (GC), low gelatinization
temperature (GT), and chalky endosperm. These three
traits for cooking and eating quality are controlled by
the genomic region containing the Waxy locus. The eat-
ing and cooking quality of Zhenshan 97A (male-sterile)
has been improved by introgression of the Waxy gene
from Mighui 63 (restorer line) [189]. MAS were used
during three generations of backcrossing. An SSR
marker waxy, representing the Waxy gene, was Waxy re-
gion; two RFLP markers defining a 6.1-cm interval and
flanking the Waxy locus were used to select recombin-
ant between the flanking markers and the Waxy gene (to
ensure that the introgressed region was shorter than the
interval defined by two RFLP markers). A total of 118
AFLP fragments were used in background selection to
recover the genetic background of Zhenshan at unlinked
loci. The obtained selected lines and their hybrids with
Minghui 63, or Shanyou 63, showed reduced AC and an
increase in GC and GT, coupled with reduced grain opa-
city, results from this study also confirmed that the waxy
region has major effects on the three traits for cooking
and eating quality.

Wheat

The most important quality parameters in wheat relate
to the physical properties of the dough during bread
making, such as extensibility and resistance to extension.
These properties depend on the endosperm gluten pro-
tein, which comprises two major factors: gliadin and glu-
tenin [190]. Generally, high molecular weight (HMW)
glutenin have been found to be more important than gli-
adin and low molecular weight (LMW) glutenin is for
dough rheological properties. Breadmaking qualities es-
pecially dough strength are dependent on the compos-
ition of HMW glutenin subunits, particularly the alleles
Glu-Alb and Glu-Dld. SDS-PAGE of seed protein is used
for screening wheat lines for glutenin polypeptide pro-
files. This method is relatively efficient because allelic
variation at multiple loci can be assessed in a single gel
line. PCR-based molecular markers based on sequence
variation of the coding and promoter region of the

(2021) 19:128

Page 19 of 26

wheat HMW glutenin gene at the Glu-1 locus have been
developed [191]. When tested in a DH population segre-
gating for bread-making quality, DNA and SDS-PAGE
protein markers showed discrepancies of only 2 to 8.5%
depending on the marker assayed. PCR-based molecular
markers have also been developed for the Glu-Al locus
in Australian commercial wheat varieties [190]. These
cultivars show only one or two predominant alleles at
each HMW glutenin (Glu-1) homoeologous locus. The
product of a single multiplexed PCR reaction permitted
the discrimination of the major HMW glutenin in one
simple assay. These markers are currently used in MAS
for HMW glutenin in DH-based wheat breeding
programmes.

Relation between molecular markers and function markers

The recent progress in the area of plant molecular biol-
ogy and genomics has the potential to initiate a new
“Green Revolution”, which is of vital importance for the
development of drastically improved crop germplasm
[192]. Increasingly exact linkage of markers and genes to
traits will lead to more efficient plant breeding in the fu-
ture [193]. Genomics technologies are being applied to
the improvement of crop plants with encouraging results
[72]. For over 20 years, DNA markers have been the
most widely used molecular markers in crop improve-
ment, owing to their abundance and polymorphism.
Most of these markers are selectively neutral because
they are usually located in non-coding and non-
regulating regions of DNA [194]. The first plant DNA
markers were based on restriction fragment length poly-
morphisms (RFLPs) [195]. The majority of molecular
markers have been developed either from genomic li-
braries (RFLps and SSRs) or from random PCR amplifi-
cation of genomic DNA (RAPDs) or both (AFLPs).
However, when such markers are used for marker-
assisted selection in plant breeding, they may have some
limitations owing to genetic recombination giving rise to
false positives [196]. Function markers (FMs) are devel-
oped from the polymorphic site within genes that cas-
ually affect the target trait variation, ie. based on
functional characterization of the polymorphisms [104].
Hence, they are more meaningful in crop improvement.
It is comparatively easier to developed function markers
in plants such as rice, tomato, wheat, soybean, etc.
(Table 5), where either complete or nearly complete
genome sequence information is available than the other
in which little or no genomic information is available.
The fundamental difference between functional markers
(FMs), genomic molecular markers (GMMs), and ran-
dom DNA markers (RDMs) is their impact on the effect-
iveness of the selection. FMs, GMMs, and RDMs are too
limited to predict the breeding value based on limited
well-associated markers. In contrast, genomic selection
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is based on a dense set of markers from across the gen-
ome. Meuwissen et al. [197] made a first step toward
predicting a total genetic value using a genome-wide
dense map of highly informative markers. GS uses the
genome as the selective unit instead of using individual
genetic loci that are associated with a trait. One obvious
difference between GS markers and FM is the greater
number of GS markers required for genotyping in a
breeding population. FMs are powerful in trait-by-trait
selection owing to complete linkage with trait locus al-
leles, which reduces the amount of linkage drag when
used in combination with closely linked markers [198].
FMs allow for efficient selection of recombination be-
tween the target gene and closely linked markers in a
large seedling population [198] that could significantly
reduce the number of backcross (BC) generation needed.
The use of RDMs also bears the risk of being lost
through genetic recombination even in the presence of
flanking markers. Even GMMs can be lost through the
recombination [199]. Hence, the use of FMs is more effi-
cient for gene identification and selection in breeding
programmes compared to RDMs and GMMs [104].

Advantages of MAS breeding over conventional breeding
The use of molecular or DNA markers for selection and
screening of crop plants in a breeding programmes pro-
vide many advantages and therefore marker techniques
are more attractive to plant breeders.

a. Genotypic DNA markers can be obtained from any
tissue of crop plants and investigated plants already
screened at the seedling stage or even in seeds.
Thus, screening and selection can be performed at
an early stage for the specific traits that are
expressed in the adult plants (i.e. male sterility,
quality of fruit, and grain sensitivity to
photoperiod). Due to the availability of information
about the genotype of pre-flowering MAS allows
controlling pollination, e.g. in marker-assisted re-
current selection.

b. For traits with complex inheritance, every
individual genetic component contributing to the
trait can be selected separately. Moreover, multiple
characters that would normally be epistatic (i.e.
they show a certain positive or negative effect only
in combination with each other) can be maintained
and ultimately fixed.

c. Molecular markers help in the selection of targeted
alleles which are very difficult, more expensive, and/
or time consuming in scoring the phenotypes (e.g.
traits that are environmentally sensitive, while DNA
markers are neutral to environmental changes).

d. Selections can be made on a single plant basis
where this would not be possible by phenotypic

(2021) 19:128

Page 20 of 26

selection. Poor heritability does not pose a problem
if the selection is based on marker information.

e. Recessive genes in various crop plants can be
maintained without progeny tests required in each
generation, as heterozygous and homozygous crop
plants can be differentiated with the assistance of
codominant markers. During backcrossing, DNA or
molecular markers may help minimize the linkage
drag around a gene of interest and are important to
reduce the generation needed to recover the genetic
background of a recurrent parent.

f. The time of choice of parents for crossing DNA
markers can also be applied . Here, DNA markers
can help in minimizing diversity in genetic makeup,
and in this way, they support heterosis exploitation,
or they can reduce the diversity in gene complexity
build-up in elite inbred germplasm are not to be
preserved.

Limitations in MAS

i. Marker-assisted selection methods are more costly.
It needs a well-equipped laboratory viz expensive
chemicals and equipment’s glassware.

ii. The detection of different linked DNA markers
(such as RFLP, RAPD, AFLP, SNP, SRP, etc.), is
more time consuming, difficult, and much
laborious.

iii. Molecular marker-assisted selection requires the
trained manpower in handle the sophisticated
equipment, DNA isolation, and study of DNA
markers

iv. The utilization of MAS is very difficult in QTL
study due to their cumulative effects, which are
greatly affected by environmental factors and
genetic background.

v. Sometimes, marker-assisted selection (MAS) uses
radioisotopes for labelling the DNA, which may lead
to serious hazards for health. This is a major disad-
vantage of markers based on RFLP. However,
markers based on PCR are safe in this regard.

vi. It has been reported from this study that marker-
assisted selection may become least efficient than
the selection of phenotypes in the long term.

Conclusions

The most recent 30 years have seen a continuous im-
provement in the molecular marker technique from re-
striction fragment length polymorphism (RFLP) to single
nucleotide polymorphism (SNPs) and the diversity of
array technology based on molecular markers. Headways
in the sequencing advancements have prompted the im-
provement of NGS stages that are minimal effort with
high throughput. The fundamental purpose for this lies
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in erroneous phenotyping. Several efforts have been con-
structed to generate precise, new, and more efficient
markers in plant breeding for agricultural importance
(e.g. rice, maize, potato), but less research has been per-
formed for developing markers in underutilized crops.
Other scientific fields such as phylogenetics and molecu-
lar ecology have little information about the molecular
marker techniques still now. The CRISPR technology
has changed plants’ reproducing and hereditary qualities,
and analysts are concentrating on altering the genomes
of all financially significant plants. The major disadvan-
tage of some methods in MAS is the need for prelimin-
ary information of the genome, in some cases, which
requires additional and excess time-consuming labora-
tory work. It can be anticipated that most of the
methods discussed in this review article could provide a
structured database which could be utilized alone or in a
mix with sequence-level characters in specific fields of
plant science where they have not yet been used.

Abbreviations

AFLP: Amplified fragment length polymorphism; CAPS: Cleavage-amplified
polymorphic sequence; CRISPR: Cluster regularly interspaced short
palindromic repeat; DALP: Direct amplification of length polymorphism;
iPBS: Inter primer binding site; ISAP: Inter SINE amplified polymorphism;
iSNAP: Inter small RNA polymorphism; MAS: Marker-assisted selection;

PAAP: Promoter anchored amplified polymorphism; QTL: Quantitative trait
loci; RAD: Restriction site-associated DNA sequencing; RAPD: Random
amplified polymorphic DNA; RBIP: Retrotransposon-based insertion
polymorphism; REMAP: Retrotransposon microsatellite amplified
polymorphism; RFLP: Restriction fragment length polymorphism;

RGAP: Resistance gene analogue polymorphism; SCoT: Start codon targeted;
SNP: Single nucleotide polymorphism; SSR: Simple sequence repeat;

TFM: Targeted fingerprinting markers; TILLING: Targeted induced local lesions
in genome; TRAP: Targeted region amplified polymorphism

Acknowledgements
We are thankful to the Department of Botany, Aligarh Muslim University,
Aligarh, India, for providing the research facilities.

Authors’ contributions

NH conceptualized and written the review article; NS and NN prepared the
literature survey report; SC supervised the report; RAL revised the final
version for the submission. All authors have read and approved the
manuscript.

Availability of data and materials
Not applicable

Declarations
Ethics approval and consent to participate

Not applicable

Consent for publication
Not applicable

Competing interests
The authors declare that there is no conflict of interest.

(2021) 19:128

Page 21 of 26

Received: 20 February 2021 Accepted: 17 August 2021
Published online: 27 August 2021

References

1. Pingali PL (2012) Green revolution: impacts, limits, and the path ahead.
Proc Natl Acad Sci 109(31):12302-12308. https://doi.org/10.1073/pnas.
0912953109

2. Tilman D, Cassman KG, Matson PA, Naylor R, Polasky S (2002) Agricultural
sustainability and intensive production practices. Nature 418(6898):671-677.
https://doi.org/10.1038/nature01014

3. Bose J, Munns R, Shabala S, Gilliham M, Pogson B, Tyerman SD (2017)
Chloroplast function and ion regulation in plants growing on saline soils:
lessons from halophytes. J Exp Bot 68(12):3129-3143. https;//doi.org/10.1
093/jxb/erx142

4. Bailey-Serres J, Fukao T, Ronald P, Ismail A, Heuer S, Mackill D (2010)
Submergence tolerant rice: SUB1's journey from landrace to modern
cultivar. Rice 3(2):138-147. https://doi.org/10.1007/512284-010-9048-5

5. Song WY, Wang GL, Chen LL, Kim HS, Pi LY, Holsten T, Gardner J, Wang B,
Zhai WX, Zhu LH, Fauquet C, Ronald P (1995) A receptor kinase-like protein
encoded by the rice disease resistance gene, Xa21. Science 270(5243):1804-
1806. https://doi.org/10.1126/science.270.5243.1804

6. QuS, LiuG, Zhou B, Bellizzi M, Zeng L, Dai L, Han B, Wang GL (2006) The
broad-spectrum blast resistance gene Pi9 encodes a nucleotide-binding
site-leucine-rich repeat protein and is a member of a multigene family in
rice. Genetics 172(3):1901-1914. https//doi.org/10.1534/genetics.105.044891

7. JiH, Kim SR, Kim YH, Suh JP, Park HM, Sreenivasulu N, Misra G, Kim SM,
Hechanova SL, Kim H, Lee GS, Yoon UH, Kim TH, Lim H, Suh SC, Yang J, An
G, Jena KK (2016) Map-based cloning and characterization of the BPH18
gene from wild rice conferring resistance to brown planthopper (BPH)
insect pest. Sci Rep 6(1):34376. https;//doi.org/10.1038/srep34376

8. Govindaraj M, Vetriventhan M, Srinivasan M (2015) Importance of genetic
diversity assessment in crop plants and its recent advances: an overview of
its analytical perspectives. Genet Res Int 2015:431487

9. LiJY, Wang J, Zeigler RS (2014) The 3,000 rice genomes project: new
opportunities and challenges for future rice research. Gigascience 3(1):2047-
217X

10. Yonemaru J, Yamamoto T, Fukuoka S, Uga Y, Hori K, Yano M (2010) Q-TARO:
QTL annotation rice online database. Rice 3(2-3):194-203. https.//doi.org/1
0.1007/512284-010-9041-z

11, Xu K, Xu X, Ronald PC, Mackill DJ (2000) A high-resolution linkage map of
the vicinity of the rice submergence tolerance locus Sub1. Mol Gen Genet
263(4):681-689. https://doi.org/10.1007/5004380051217

12. Mohler V, Singriin C (2004) General considerations: marker-assisted
selection. In: Molecular marker systems in plant breeding and crop
improvement. Springer, Berlin, Heidelberg, pp 305-317

13. Yang HB, Kang WH, Nahm SH, Kang BC (2015) Methods for developing
molecular markers. In: Current technologies in plant molecular breeding.
Springer, Dordrecht, pp 15-50

14. Madhumati B (2014) Potential and application of molecular markers
techniques for plant genome analysis. Int J Pure App Biosci 2(1):169-188

15.  Freeland JR (2017) The importance of molecular markers and primer design
when characterizing biodiversity from environmental DNA. Genome 60(4):
358-374. https//doi.org/10.1139/gen-2016-0100

16. Park J, Suh 'Y, Kim S (2020) A complete chloroplast genome sequence of
Gastrodia elata (Orchidaceae) represents high sequence variation in the
species. Mitochondrial DNA B 5(1):517-519. https://doi.org/10.1080/238023
59.2019.1710588

17.  Ashkani S, Rafii M, Sariah M, Akmar AS, Rusli I, Rahim HA, Latif M (2011)
Analysis of simple sequence repeat markers linked with blast disease
resistance genes in a segregating population of rice (Oryza sativa). Genet
Mol Res 10(3):1345-1355. https://doi.org/10.4238/vol10-3gmr1331

18.  Shanti ML, Shenoy W, Devi GL, Kumar VM, Premalatha P, Kumar GN,
Shashidhar HE, Zehr UB, Freeman WH (2010) Marker-assisted breeding for
resistance to bacterial leaf blight in popular cultivar and parental lines of
hybrid rice. J Plant Pathol 92(2):495-501

19.  Elshire RJ, Glaubitz JC, Sun Q, Poland JA, Kawamoto K, Buckler ES, Mitchell
SE (2011) A robust, simple genotyping-by-sequencing (GBS) approach for
high diversity species. PLoS One 6(5):e19379. https://doi.org/10.1371/journal.
pone.0019379

20. Peterson BK, Weber JN, Kay EH, Fisher HS, Hoekstra HE (2012) Double digest
RADseq: an inexpensive method for de novo SNP discovery and


https://doi.org/10.1073/pnas.0912953109
https://doi.org/10.1073/pnas.0912953109
https://doi.org/10.1038/nature01014
https://doi.org/10.1093/jxb/erx142
https://doi.org/10.1093/jxb/erx142
https://doi.org/10.1007/s12284-010-9048-5
https://doi.org/10.1126/science.270.5243.1804
https://doi.org/10.1534/genetics.105.044891
https://doi.org/10.1038/srep34376
https://doi.org/10.1007/s12284-010-9041-z
https://doi.org/10.1007/s12284-010-9041-z
https://doi.org/10.1007/s004380051217
https://doi.org/10.1139/gen-2016-0100
https://doi.org/10.1080/23802359.2019.1710588
https://doi.org/10.1080/23802359.2019.1710588
https://doi.org/10.4238/vol10-3gmr1331
https://doi.org/10.1371/journal.pone.0019379
https://doi.org/10.1371/journal.pone.0019379

Hasan et al. Journal of Genetic Engineering and Biotechnology

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

genotyping in model and non-model species. PLoS One 7(5):e37135.
https://doi.org/10.1371/journal.pone.0037135

Bourgeois Y, Boissinot S (2019) On the population dynamics of junk: A
review on the Population Genomics of Transposable Elements. Genes 10(6):
419. https.//doi.org/10.3390/genes10060419

Gao B, Shen D, Xue S, Chen C, Cui H, Song C (2016) The contribution of
transposable elements to size variations between four teleost genomes.
Mob DNA 7(1):4. https://doi.org/10.1186/513100-016-0059-7

Morgante M, Brunner S, Pea G, Fengler K, Zuccolo A, Rafalski A (2005) Gene
duplication and exon shuffling by helitron-like transposons generate
intraspecies diversity in maize. Nat Genet 37(9):997-1002. https://doi.org/1
0.1038/ng1615

Negi P, Rai AN, Suprasanna P (2016) Moving through the stressed genome:
emerging regulatory roles for transposons in plant stress response. Front
Plant Sci 7:1448

Roy NS, Choi JY, Lee SI, Kim NS (2015) Marker utility of transposable
elements for plant genetics, breeding, and ecology: a review. Genes Genom
37(2):141-151. https;//doi.org/10.1007/513258-014-0252-3

Fan F, Cui B, Zhang T, Ding G, Wen X (2014) LTR-retrotransposon activation,
IRAP marker development and its potential in genetic diversity assessment
of masson pine (Pinus massoniana). Tree Genet Genomes 10(1):213-222.
https://doi.org/10.1007/511295-013-0677-x

Agarwal M, Shrivastava N, Padh H (2008) Advances in molecular marker
techniques and their applications in plant sciences. Plant Cell Rep 27(4):
617-631

Jing R, Vershinin A, Grzebyta J, Shaw P, Smykal P, Marshall D, Ambrose MJ,
Ellis THN, Flavell AJ (2010) The genetic diversity and evolution of field pea
(Pisum) studied by high throughput retrotransposon-based insertion
polymorphism (RBIP) marker analysis. BMC Evol Biol 10(1):44. https://doi.
0rg/10.1186/1471-2148-10-44

Wenke T, Seibt KM, Dobel T, Muders K, Schmidt T (2015) Inter-SINE
amplified polymorphism (ISAP) for rapid and robust plant genotyping. In:
Plant Genotyping. Humana Press, New York, pp 183-192

Kalendar R, Antonius K, Smykal P, Schulman AH (2010) iPBS: a universal
method for DNA fingerprinting and retrotransposon isolation. Theor Appl
Genet 121(8):1419-1430. https://doi.org/10.1007/500122-010-1398-2
Monden Y, Fujii N, Yamaguchi K, lkeo K, Nakazawa Y, Waki T, Tahara M
(2014) Efficient screening of long terminal repeat retrotransposons that
show high insertion polymorphism via high-throughput sequencing of the
primer binding site. Genome 57(5):245-252. https//doi.org/10.1139/gen-2
014-0031

Ramirez-Prado JS, Abulfaraj AA, Rayapuram N, Benhamed M, Hirt H (2018)
Plant immunity: from signaling to epigenetic control of defense. Trends
Plant Sci 23(9):833-844. https://doi.org/10.1016/j.tplants.2018.06.004

Sarris PF, Cevik V, Dagdas G, Jones JD, Krasileva KV (2016) Comparative
analysis of plant immune receptor architectures uncovers host proteins
likely targeted by pathogens. BMC Biol 14(1):8. https.//doi.org/10.1186/51291
5-016-0228-7

Saijo Y, Loo EPI, Yasuda S (2018) Pattern recognition receptors and signaling
in plant-microbe interactions. Plant J 93(4):592-613. https;//doi.org/10.1111/
1pj.13808

Gebhardt C, Valkonen JP (2001) Organization of genes controlling disease
resistance in the potato genome. Annu Rev Phytopathol 39(1):79-102.
https://doi.org/10.1146/annurev.phyto.39.1.79

Tian YP, Valkonen JP (2012) Mapping of the avirulence determinant of
Potato virus Y strain O corresponding to the gene Ny for hypersensitive
resistance in potato. Mol Plant-Microbe Interact 26(3):297-305

Suenaga K, Singh RP, Huerta-Espino J, William HM (2003) Microsatellite
markers for genes Lr34/Yr18 and other quantitative loci for leaf rust and
stripe rust resistance in bread wheat. Phytopathology 93(7):881-890. https://
doi.org/10.1094/PHYTO0.2003.93.7.881

Seyfarth R, Feuillet C, Schachermayr G, Winzeler M, Keller B (1999)
Development of molecular marker for the adult plant leaf rust resistance
gene Lr35 in wheat. Theor Appl Genet 99(3-4):554-560. https://doi.org/10.1
007/5001220051268

Mago R, Spielmeyer W, Lawrence GJ, Lagudah ES, Ellis JG, Pryor A (2002)
Identification and mapping of molecular markers linked to rust resistance
genes located on chromosome 1RS of rye using wheat-rye translocation
lines. Theor Appl Genet 104(8):1317-1324. https.//doi.org/10.1007/500122-
002-0879-3

(2021) 19:128

40.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51

52.

53.

54.

55.

56.

57.

58.

59.

60.

Page 22 of 26

Chague V, Fahima T, Dahan A, Sun GL, Korol AB, Ronin Y, Grama A, Roder
ME, Nevo E (1999) Isolation of microsatellite and RAPD markers flanking the
Yr15 gene of wheat using NiLs and bulked segregant analysis. Genome
42(6):1050-1056. https://doi.org/10.1139/g99-064

Jeon J-S, Chen D, Yi G-H, Wang GL, Ronald PC (2003) Genetic and physical
mapping of Pi5(t), a locus associated with broad-spectrum resistance to rice
blast. Mol Gen Genomics 269(2):280-289. https://doi.org/10.1007/500438-
003-0834-2

Sardesai N, Kumar A, Rajyashri KR, Nair S, Mohan M (2002) Identification
of an AFLP marker linked to Gm7, a gall midge resistance gene and its
conversion to a SCAR marker for its utility in marker aided selection in
rice. Theor Appl Genet 105(5):691-698. https://doi.org/10.1007/500122-
002-1035-9

Dussle CM, Quint M, Xu ML, Melchinger AE, Libberstedt T (2002)
Conversion of AFLP fragments tightly linked to SCMV resistance genes
Scmv1 and Scmv2 into simple PCR based markers. Theor Appl Genet 105(8):
1190-1195. https://doi.org/10.1007/500122-002-0964-7

Graner A, Streng S, Kellermann A, Schiemann A, Baner E, Waugh R, Pellio B,
Ordon F (1999) Molecular mapping of the rym5 locus encoding resistance
to different strains of the barley yellow mosaic virus complex. Theor Appl
Genet 98(2):285-290. https://doi.org/10.1007/5001220051070

Williams KJ (2003) The molecular genetics of disease resistance in barley.
Aust J Agric Res 54(12):1065-1079. https://doi.org/10.1071/AR02219

Graner A, Streng S, Drescher A, Jin Y, Borovkova |, Steffenson B (2000)
Molecular mapping of the leaf rust resistance gene Rph7 in barley. Plant
Breed 119(5):389-392. https.//doi.org/10.1046/}.1439-0523.2000.00528 X
Poczai P, Varga |, Laos M, Cseh A, Bell N, Valkonen JPT, Hyvonen J (2013)
Advances in plant gene targeted and functional markers: a review. Plant
Methods 9(1):6. https.//doi.org/10.1186/1746-4811-9-6

Boyd LA, Ridout C, O'Sullivan DM, Leach JE, Leung H (2013) Plant-pathogen
interactions: disease resistance in modern agriculture. Trends Genet 29(4):
233-240. https://doi.org/10.1016/jtig.2012.10.011

Singh RB, Srivastava S, Rastogi J, Gupta GN, Tiwari NN, Singh B, Singh RK
(2014) Molecular markers exploited in crop improvement practices. Res
Environ Life Sci 7(4):223-232

Gui Y, Yan G, Bo S, Tong Z, Wang Y, Xiao B, Lu X, Li Y, Wu W, Fan L (2011)
iSNAP: a small RNA-based molecular marker technique. Plant Breed 130(5):
515-520. https://doi.org/10.1111/].1439-0523.2011.01872.x

Zhu Q-H, Spriggs A, Matthew L, Fan L, Kennedy G, Gubler F, Helliwell C
(2008) A diverse set of microRNAs and microRNA-like small RNAs in
developing rice grains. Genome Res 18(9):1456-1465. https://doi.org/10.11
01/gr.075572.107

Varshney RK, Mahendar T, Aggarwal RK, Bérner A (2007) Genic molecular
markers in plants: development and applications. In: Genomics-assisted crop
improvement. Springer, Dordrecht, pp 13-29

Pandey MK, Monyo E, Ozias-Akins P, Liang X, Guimarées P, Nigam SN, Cook DR
(2012) Advances in Arachis genomics for peanut improvement. Biotechnol
Adv 30(3):639-651. https://doi.org/10.1016/j biotechadv.2011.11.001
Schoenfelder S, Fraser P (2019) Long-range enhancer-promoter contacts in
gene expression control. Nat Rev Genet 20(8):437-455. https://doi.org/10.1
038/s41576-019-0128-0

Shahmuradov IA, Gammerman AJ, Hancock JM, Bramley PM, Solovyev W
(2003) PlantProm: a database of plant promoter sequences. Nucleic Acids
Res 31(1):114-117. https//doi.org/10.1093/nar/gkg041

Haberle V, Stark A (2018) Eukaryotic core promoters and the functional basis
of transcription initiation. Nat Rev Mol Cell Biol 19(10):621-637. https.//doi.
0rg/10.1038/541580-018-0028-8

Desmarais E, Lanneluc |, Lagnel J (1998) Direct amplification of length
polymorphisms (DALP), or how to get and characterize new genetic
markers in many species. Nucleic Acids Res 26(6):1458-1465. https://doi.
org/10.1093/nar/26.6.1458

Chung YS, Choi SC, Jun TH, Kim C (2017) Genotyping-by-sequencing: a
promising tool for plant genetics research and breeding. Hortic Environ
Biotechnol 58(5):425-431. https.//doi.org/10.1007/513580-017-0297-8

Hu J, Vick BBA (2003) Target region amplification polymorphism: a novel
marker technique for plant genotyping. Plant Mol Biol Report 21(3):289-294.
https://doi.org/10.1007/BF02772804

Vaseeharan B, Rajakamaran P, Jayaseelan D, Vincent AY (2013) Molecular
markers and their application in genetic diversity of penaeid shrimp. Aquac
Int 21(2):219-241. https://doi.org/10.1007/510499-012-9582-9


https://doi.org/10.1371/journal.pone.0037135
https://doi.org/10.3390/genes10060419
https://doi.org/10.1186/s13100-016-0059-7
https://doi.org/10.1038/ng1615
https://doi.org/10.1038/ng1615
https://doi.org/10.1007/s13258-014-0252-3
https://doi.org/10.1007/s11295-013-0677-x
https://doi.org/10.1186/1471-2148-10-44
https://doi.org/10.1186/1471-2148-10-44
https://doi.org/10.1007/s00122-010-1398-2
https://doi.org/10.1139/gen-2014-0031
https://doi.org/10.1139/gen-2014-0031
https://doi.org/10.1016/j.tplants.2018.06.004
https://doi.org/10.1186/s12915-016-0228-7
https://doi.org/10.1186/s12915-016-0228-7
https://doi.org/10.1111/tpj.13808
https://doi.org/10.1111/tpj.13808
https://doi.org/10.1146/annurev.phyto.39.1.79
https://doi.org/10.1094/PHYTO.2003.93.7.881
https://doi.org/10.1094/PHYTO.2003.93.7.881
https://doi.org/10.1007/s001220051268
https://doi.org/10.1007/s001220051268
https://doi.org/10.1007/s00122-002-0879-3
https://doi.org/10.1007/s00122-002-0879-3
https://doi.org/10.1139/g99-064
https://doi.org/10.1007/s00438-003-0834-2
https://doi.org/10.1007/s00438-003-0834-2
https://doi.org/10.1007/s00122-002-1035-9
https://doi.org/10.1007/s00122-002-1035-9
https://doi.org/10.1007/s00122-002-0964-7
https://doi.org/10.1007/s001220051070
https://doi.org/10.1071/AR02219
https://doi.org/10.1046/j.1439-0523.2000.00528.x
https://doi.org/10.1186/1746-4811-9-6
https://doi.org/10.1016/j.tig.2012.10.011
https://doi.org/10.1111/j.1439-0523.2011.01872.x
https://doi.org/10.1101/gr.075572.107
https://doi.org/10.1101/gr.075572.107
https://doi.org/10.1016/j.biotechadv.2011.11.001
https://doi.org/10.1038/s41576-019-0128-0
https://doi.org/10.1038/s41576-019-0128-0
https://doi.org/10.1093/nar/gkg041
https://doi.org/10.1038/s41580-018-0028-8
https://doi.org/10.1038/s41580-018-0028-8
https://doi.org/10.1093/nar/26.6.1458
https://doi.org/10.1093/nar/26.6.1458
https://doi.org/10.1007/s13580-017-0297-8
https://doi.org/10.1007/BF02772804
https://doi.org/10.1007/s10499-012-9582-9

Hasan et al. Journal of Genetic Engineering and Biotechnology

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

Collard BCY, Mackill DJ (2009) Start codon targeted (SCoT) polymorphism: a
simple, novel DNA marker technique for generating gene-targeted markers
in plants. Plant Mol Biol Report 27(1):86-93. https://doi.org/10.1007/511105-
008-0060-5

Gorji AM, Matyas KK, Dublecz Z, Decsi K, Cernak |, Hoffmann B, Taller J,
Polgar Z (2012) In vitro osmotic stress tolerance in potato and identification
of major QTLs. Am J Potato Res 89(6):453-464. https:;//doi.org/10.1007/51223
0-012-9268-x

Gorji AM, Poczai P, Polgar Z, Taller J (2011) Efficiency of Arbitrarily Amplified
Dominant Markers (SCOT, ISSR and RAPD) for Diagnostic Fingerprinting in
Tetraploid Potato. Am J Potato Res 88(3):226-237. https://doi.org/10.1007/
$12230-011-9187-2

Wang Q, Zhang B, Lu Q (2008) Conserved region amplification
polymorphism (CoRAP), a novel marker technique for plant genotyping in
Salvia miltiorrhiza. Plant Mol Biol Report 27:139-143

Koebner RM, Summers RW (2003) 21st century wheat breeding: plot
selection or plate detection? Trends Biotechnol 21(2):59-63. https://doi.
0rg/10.1016/50167-7799(02)00036-7

Dar SH, Hussain W, Sanghera GS (2013) Advances in hybrid rice technology
through applications of novel technologies. Crop Improvement: An
Integrated Approach. MD Publications Pvt Ltd, New Delhi, pp 61-67
Bidhendi MZ, Choukan R, Darvish F, Mostafavi K, Majidi E (2012) Classifying
of maize inbred lines into heterotic groups using diallel analysis.
Environments 7:2252-2250

Boeven PH, Longin CFH, Wirschum T (2016) A unified framework for hybrid
breeding and the establishment of heterotic groups in wheat. Theor Appl
Genet 129(6):1231-1245. https://doi.org/10.1007/500122-016-2699-x

Steele KA, Price AH, Shashidhar HE, Witcombe JR (2006) Marker-assisted
selection to introgress rice QTLs controlling root traits into an Indian upland
rice variety. Theor Appl Genet 112(2):208-221. https://doi.org/10.1007/
s00122-005-0110-4

Fang DD, Jenkins JN, Deng DD, McCarty JC, Li P, Wu J (2014) Quantitative
trait loci analysis of fiber quality traits using a random-mated recombinant
inbred population in Upland cotton (Gossypium hirsutum L.). BMC Genomics
15(1):397

Herzog E, Frisch M (2011) Selection strategies for marker-assisted
backcrossing with high-throughput marker systems. Theor Appl Genet
123(2):251-260. https://doi.org/10.1007/500122-011-1581-0

Xu'Y, McCouch SR, Zhang Q (2005) How can we use genomics to improve
cereals with rice as a reference genome? Plant Mol Biol 59(1):7-26. https://
doi.org/10.1007/511103-004-4681-2

Steiner B, Buerstmayr M, Michel S, Schweiger W, Lemmens M, Buerstmayr H
(2017) Breeding strategies and advances in line selection for Fusarium head
blight resistance in wheat. Trop Plant Pathol 42(3):165-174. https://doi.org/1
0.1007/540858-017-0127-7

Hospital F (2009) Challenges for effective marker-assisted selection in plants.
Genetica 136(2):303-310. https.//doi.org/10.1007/510709-008-9307-1

Dwivedi N, Kumar R, Paliwal R, Kumar U, Kumar S, Singh M, Singh RK (2015)
QTL mapping for important horticultural traits in pepper (Capsicum annuum
L). J Plant Biochem Biotechnol 24(2):154-160. https.//doi.org/10.1007/513
562-013-0247-1

Jena KK, Mackill DJ (2008) Molecular markers and their use in marker-
assisted selection in rice. Crop Sci 48(4):1266-1276. https://doi.org/10.2135/
cropsci2008.02.0082

Kumar S, Rao M (2014) Conventional and molecular breeding for bacterial
leaf blight and blast resistance in rice. Res Rev J Ecol 3:1-3

Jefferies SP, King BJ, Barr AR, Warner P, Logue SJ, Langridge P (2003) Marker-
assisted backcross introgression of the Yd2 gene conferring resistance to
barley yellow dwarf virus in barley. Plant Breed 122(1):52-56. https://doi.
0rg/10.1046/].1439-0523.2003.00752.x

van Berloo R, Aalbers H, Werkman A, Niks RE (2001) Resistance QTL
confirmed through development of QTL- NILs for barley leaf rust resistance.
Mol Breed 8(3):187-195. https://doi.org/10.1023/A:1013722008561

Toojinda T, Baird E, Booth A, Broers L, Hayes P, Powell W, Thomas W, Vivar H,
Young G (1998) Introgression of quantitative trait loci (QTLs) determining stripe
rust resistance in barley: an example of marker-assisted line development.
Theor Appl Genet 96(1):123-131. https//doi.org/10.1007/5001220050718
Schmierer DA, Kandemir N, Kudrna DA, Jones BL, Ullrich SE, Kleinhofs
A (2004) Molecular marker-assisted selection for enhanced yield in
malting barley. Mol Breed 14(4):463-473. https://doi.org/10.1007/511
032-004-0903-1

(2021) 19:128

82.

83.

84.

85.

86.

87.

88.

89.

90.

92.

93.

94.

95.

96.

97.

98.

99.

100.

Page 23 of 26

Willcox MC, Khairallah MM, Bergvinson D, Crossa J, Deutsch JA, Edmeades
GO, Gonzalez-de-Leodn D, Jiang C, Jewell DC, Mihm JA, Williams WP,
Hoisington D (2002) Selection for resistance to southwestern corn borer
using marker-assisted and conventional backcrossing. Crop Sci 42(5):1516—
1528. https://doi.org/10.2135/cropsci2002.1516

Bouchez A, Hospital F, Causse M, Gallais A, Charcosset A (2002) Marker-
assisted introgression of favorable alleles at quantitative trait loci between
maize elite lines. Genetics 162(4):1945-1959. https://doi.org/10.1093/
genetics/162.4.1945

Chen S, Lin XH, Xu CG, Zhang QF (2000) Improvement of bacterial blight
resistance of ‘Minghui 63, an elite restorer line of hybrid rice, by molecular
markerassisted selection. Crop Sci 40(1):239-244. https://doi.org/10.2135/
cropsci2000.401239x

Chen S, Xu CG, Lin XH, Zhang Q (2001) Improving bacterial blight resistance
of ‘6078, an elite restorer line of hybrid rice, by molecular marker-assisted
selection. Plant Breed 120(2):133-137. https://doi.org/10.1046/).1439-0523.2
001.00559.x

Sanchez AC, Brar DS, Huang N, Li Z, Khush GS (2000) Sequence tagged site
marker-assisted selection for three bacterial blight resistance genes in rice.
Crop Sci 40(3):792-797. https;//doi.org/10.2135/cropsci2000.403792x

Liu SX, Anderson JA (2003) Marker assisted evaluation of Fusarium head
blight resistant wheat germplasm. Crop Sci 43(3):760-766. https://doi.org/1
0.2135/cropsci2003.7600

Shen L, Courtois B, McNally KL, Robin S, Li Z (2001) Evaluation of near-
isogenic lines of rice introgressed with QTLs for root depth through marker-
aided selection. Theor Appl Genet 103(1):75-83. https://doi.org/10.1007/
5001220100538

Toojinda T, Tragoonrung S, Vanavichit A, Siangliw JL, Pa-In N,
Jantaboon J, Siangliw M, Fukai S (2005) Molecular breeding for rainfed
lowland rice in the Mekong region. Plant Prod Sci 8(3):330-333. https//
doi.org/10.1626/pps.8.330

Zhou RH, Zhu ZD, Kong XY, Huo NX, Tian QZ, Li P, Jin CY, Dong YC, Jia JZ
(2005) Development of wheat near-isogenic lines for powdery mildew
resistance. Theor Appl Genet 110(4):640-648. https://doi.org/10.1007/
500122-004-1889-0

Ejeta G (2007) Breeding for Striga resistance in sorghum: exploitation of an
intricate host-parasite biology. Crop Sci 47:5-216

Dwivedi SL, Crouch JH, Mackill DJ, Xu Y, Blair MW, Ragot M, Upadhyaya HD,
Ortiz R (2007) The molecularization of public sector crop breeding: progress,
problems, and prospects. Adv Agron 95:163-318. https://doi.org/10.1016/
50065-2113(07)95003-8

Ji Z,ShiJ, Zeng Y, Qian Q, Yang C (2014) Application of a simplified marker-
assisted backcross technique for hybrid breeding in rice. Biologia 69(4):463-
468. https.//doi.org/10.2478/511756-014-0335-2

Miah G, Rafii MY, Ismail MR, Puteh AB, Rahim HA, Islam KN, Latif MA (2013)
A review of microsatellite markers and their applications in rice breeding
programs to improve blast disease resistance. UMS 14(11):22499-22528.
https://doi.org/10.3390/ijms 141122499

Okada Y, Kanatani R, Arai S, Ito K (2004) Interaction between barley yellow
mosaic disease-resistance genes rym1 and rym5, in the response to BaYMV
strains. Breed Sci 54(4):319-325. https;//doi.org/10.1270/jsbbs.54.319

Werner K, Friedt W, Ordon F (2005) Strategies for pyramiding resistance
genes against the barley yellow mosaic virus complex (BaMMV, BaYMV,
BaYMV-2). Mol Breed 16(1):45-55. https.//doi.org/10.1007/511032-005-3445-2
Castro AJ, Capettini F, Corey AE, Filichkina T, Hayes PM, Kleinhofs A,
Kudrna D, Richardson K, Sandoval-Islas S, Rossi C, Vivar H (2003)
Mapping and pyramiding of qualitative and quantitative resistance to
stripe rust in barley. Theor Appl Genet 107(5):922-930. https://doi.org/1
0.1007/500122-003-1329-6

Huang N, Angeles ER, Domingo J, Magpantay G, Singh S, Zhang G,
Kumaravadivel N, Bennett J, Khush GS (1997) Pyramiding of bacterial blight
resistance genes in rice: marker-assisted selection using RFLP and PCR.
Theor Appl Genet 95(3):313-320. https://doi.org/10.1007/5001220050565
Datta K, Baisakh N, Thet KM, Tu J, Datta SK (2002) Pyramiding transgenes for
multiple resistance in rice against bacterial blight, yellow stem borer and
sheath blight. Theor Appl Genet 106(1):1-8. https://doi.org/10.1007/500122-
002-1014-1

Hittalmani S, Parco A, Mew TV, Zeigler RS, Huang N (2000) Fine mapping
and DNA marker-assisted pyramiding of the three major genes for blast
resistance in rice. Theor Appl Genet 100(7):1121-1128. https.//doi.org/10.1
007/5001220051395


https://doi.org/10.1007/s11105-008-0060-5
https://doi.org/10.1007/s11105-008-0060-5
https://doi.org/10.1007/s12230-012-9268-x
https://doi.org/10.1007/s12230-012-9268-x
https://doi.org/10.1007/s12230-011-9187-2
https://doi.org/10.1007/s12230-011-9187-2
https://doi.org/10.1016/S0167-7799(02)00036-7
https://doi.org/10.1016/S0167-7799(02)00036-7
https://doi.org/10.1007/s00122-016-2699-x
https://doi.org/10.1007/s00122-005-0110-4
https://doi.org/10.1007/s00122-005-0110-4
https://doi.org/10.1007/s00122-011-1581-0
https://doi.org/10.1007/s11103-004-4681-2
https://doi.org/10.1007/s11103-004-4681-2
https://doi.org/10.1007/s40858-017-0127-7
https://doi.org/10.1007/s40858-017-0127-7
https://doi.org/10.1007/s10709-008-9307-1
https://doi.org/10.1007/s13562-013-0247-1
https://doi.org/10.1007/s13562-013-0247-1
https://doi.org/10.2135/cropsci2008.02.0082
https://doi.org/10.2135/cropsci2008.02.0082
https://doi.org/10.1046/j.1439-0523.2003.00752.x
https://doi.org/10.1046/j.1439-0523.2003.00752.x
https://doi.org/10.1023/A:1013722008561
https://doi.org/10.1007/s001220050718
https://doi.org/10.1007/s11032-004-0903-1
https://doi.org/10.1007/s11032-004-0903-1
https://doi.org/10.2135/cropsci2002.1516
https://doi.org/10.1093/genetics/162.4.1945
https://doi.org/10.1093/genetics/162.4.1945
https://doi.org/10.2135/cropsci2000.401239x
https://doi.org/10.2135/cropsci2000.401239x
https://doi.org/10.1046/j.1439-0523.2001.00559.x
https://doi.org/10.1046/j.1439-0523.2001.00559.x
https://doi.org/10.2135/cropsci2000.403792x
https://doi.org/10.2135/cropsci2003.7600
https://doi.org/10.2135/cropsci2003.7600
https://doi.org/10.1007/s001220100538
https://doi.org/10.1007/s001220100538
https://doi.org/10.1626/pps.8.330
https://doi.org/10.1626/pps.8.330
https://doi.org/10.1007/s00122-004-1889-0
https://doi.org/10.1007/s00122-004-1889-0
https://doi.org/10.1016/S0065-2113(07)95003-8
https://doi.org/10.1016/S0065-2113(07)95003-8
https://doi.org/10.2478/s11756-014-0335-2
https://doi.org/10.3390/ijms141122499
https://doi.org/10.1270/jsbbs.54.319
https://doi.org/10.1007/s11032-005-3445-2
https://doi.org/10.1007/s00122-003-1329-6
https://doi.org/10.1007/s00122-003-1329-6
https://doi.org/10.1007/s001220050565
https://doi.org/10.1007/s00122-002-1014-1
https://doi.org/10.1007/s00122-002-1014-1
https://doi.org/10.1007/s001220051395
https://doi.org/10.1007/s001220051395

Hasan et al. Journal of Genetic Engineering and Biotechnology

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

112

114.

115.

116.

117.

118.

119.

Sharma PN, Torii A, Takumi S, Mori N, Nakamura C (2004) Marker-assisted
pyramiding of brown planthopper (Nilaparvata lugens Sta°l) resistance
genes Bph1 and Bph2 on rice chromosome 12. Hereditas 140(1):61-69.
https://doi.org/10.1111/].1601-5223.2004.01726.x

Jiang GH, Xu CG, Tu JM, Li XH, He YQ, Zhang QF (2004) Pyramiding of
insect- and diseaseresistance genes into an elite indica, cytoplasm male
sterile restorer line of rice, 'Minghui 63". Plant Breed 123(2):112-116. https.//
doi.org/10.1046/j.1439-0523.2003.00917 x

Liu SP, Li X, Wang CY, Li XH, He YQ (2003) Improvement of resistance to
rice blast in Zhenshan 97 by molecular marker-aided selection. Acta Bot Sin
45:1346-1350

Andersen JR, Lubberstedt T (2003) Functional markers in plants. Trends
Plant Sci 8(11):554-560. https://doi.org/10.1016/j.tplants.2003.09.010

Zhang X, Yang S, Zhou Y, He Z, Xia X (2006) Distribution of the Rht-B1b,
Rht-D1b and Rht8 reduced height genes in autumn-sown Chinese wheats
detected by molecular markers. Euphytica 152(1):109-116. https;//doi.org/1
0.1007/510681-006-9184-6

Liu Y, He ZH, Appels R, Xia XC (2012) Functional markers in wheat: Current
status and future prospects. Theor Appl Genet 125(1):1-10. https://doi.org/1
0.1007/500122-012-1829-3

Su Z, Hao C, Wang L, Dong Y, Zhang X (2011) Identification and
development of a functional marker of TaGW2 associated with grain weight
in bread wheat (T. aestivum L.). Theor Appl Genet 122(1):211-223. https://
doi.org/10.1007/500122-010-1437-z

Andeden E, Yediay F, Baloch F, Shaaf S, Kilian B, Nachit M, Ozkan H (2011)
Distribution of vernalization and photoperiod genes (Vrn-A1, Vin-B1, Vin-D1,
Vrn-B3, Ppd-D1) in Turkish bread wheat cultivars and landraces. Cereal Res
Commun 39(3):352-364. https.//doi.org/10.1556/CRC.39.2011.3.5

Feuillet C, Stein N, Rossini L, Praud S, Mayer K, Schulman A, Eversole K,
Appels R (2012) Integrating cereal genomics to support innovation in the
Triticeae. Funct Integr Genom 12(4):573-583. https://doi.org/10.1007/510142-
012-0300-5

Zhao XL, Ma EW, Gale EKR, Lei ZS, He ZH, Sun QX, Xia XC (2007)
Identification of SNPs and development of functional markers for LMW-GS
genes at Glu-D3 and Glu-B3 loci in bread wheat (Triticum aestivum L.). Mol
Breed 20(3):223-231. https://doi.org/10.1007/511032-007-9085-y

. He X, Zhang Y, He Z, Wu YP, Xiao YG, Ma CX, Xia XC (2008) Characterization

of phytoene synthase 1 gene (Psy1) located on common wheat
chromosome 7A and development of a functional marker. Theor Appl
Genet 116(2):213-221. https://doi.org/10.1007/500122-007-0660-8

Geng H, Xia X, Zhang L, Qu Y, He Z (2012) Development of functional
markers for Lipoxygenase gene Talox-B1 on chromosome 4 BS in common
wheat. Crop Sci 52(2):568-576. https.//doi.org/10.2135/cropsci2011.07.0365

. Tommasini L, Yahiaoui N, Srichumpa P, Keller B (2006) Development of

functional markers specific for seven Pm3 resistance alleles and their
validation in the bread wheat gene pool. Theor Appl Genet 114(1):165-175.
https://doi.org/10.1007/500122-006-0420-1

Periyannan S, Bansal U, Bariana H, Deal K, Luo M, Dvorak J, Lagudah E
(2014) Identification of a robust molecular marker for the detection of the
stem rust resistance gene Sr45 in common wheat. Theor Appl Genet 127(4):
947-955. https://doi.org/10.1007/500122-014-2270-6

Huseynova IM (2018) Application of PCR-based functional markers for
identification of DREB1 genes in Triticum aestivum L. SF Biotechnol
Bioeng J 1:1

Wang J, Nakazaki T, Chen S, Chen W, Saito H, Tsukiyama T, Okumoto Y, Xu
Z, Tanisaka T (2009) Identification and characterization of the erect-pose
panicle gene EP conferring high grain yield in rice (Oryza sativa L.). Theor
Appl Genet 119(1):85-91. https.//doi.org/10.1007/500122-009-1019-0

Xin YY, Hong LY, Fei TJ, Qasim SM, Zhi-Xiong C, Lan W, Jin-Quan L,
Xiang-Dong L, Yong-Gen L (2012) Wide-compatibility gene Ss"
exploited by functional molecular markers and its effect on fertility of
intersubspecific rice hybrids. Crop Sci 52(2):669-675. https.//doi.org/1
0.2135/cropsci2011.04.0232

Qi 'Y, Wang L, Gui J, Zhang L, Liu Q, Wang J (2017) Development and
validation of a functional co-dominant SNP marker for the photoperiod
thermo-sensitive genic male sterility pms3 (p/tms12-1) gene in rice. Breed
Sci 67(5):535-539. https;//doi.org/10.1270/jsbbs.16138

Shi' W, Yang Y, Chen S, Xu M (2008) Discovery of a new fragrance
allele and the development of functional markers for the breeding of
fragrant rice varieties. Mol Breed 22(2):185-192. https://doi.org/10.1007/
$11032-008-9165-7

(2021) 19:128

120.

121.

122.

125.

126.

127.

132.

133.

134.

135.

136.

137.

138.

Page 24 of 26

Amarawathi Y, Singh R, Singh AK, Singh VP, Mohapatra T, Sharma TR (2008)
Mapping of quantitative trait loci for basmati quality traits in rice (Oryza
sativa L.). Mol Breed 21:49-65

Chen T, Meng-xiang T, Zhang Y, Zhu Z, Zhao L, Zhao Q, Lin J, Zhou L,
Wang C (2010) Development of simple functional markers for low glutelin
content gene 1 (Lgc1) in rice (Oryza sativa). Rice Sci 17(3):173-178. https.//
doi.org/10.1016/51672-6308(09)60014-7

Anuradha K, Agarwal S, Rao YV, Rao KV, Viraktamath BC, Sarla N (2012)
Mapping QTLs and candidate genes for iron and zinc concentrations in
unpolished rice of Madhukar x Swarna RILs. Gene 508(2):233-240. https://
doi.org/10.1016/j.gene.2012.07.054

. Zhou L, Chen S, Yang G, Zha W, Cai H, Li S, Chen Z, Liu K, Xu H, You A

(2018) A perfect functional marker for the gene of intermediate amylose
content Wx-in in rice (Oryza sativa L.). Crop Breed Appl Biotechnol 18(1):
103-109. https://doi.org/10.1590/1984-70332018v18n1a14

. Hur YJ, Jeung J, Kim SY, Park H, Cho J, Lee JY, Sohan Y, Song YC, Park

D, Lee C et al (2013) Functional markers for bacterial blight resistance
gene Xa3 in rice. Mol Breed 31(4):981-985. https://doi.org/10.1007/511
032-012-9831-7

Zhou L, Chen Z, Lang X, Du B, Liu K, Yang G, Hu G, Li S, He G, You A (2013)
Development and validation of a PCR-based functional marker system for
the brown planthopper resistance gene Bph14 in rice. Breed Sci 63(3):347-
352. https://doi.org/10.1270/jsbbs.63.347

Hayashi K, Yasuda N, Fujita Y, Koizumi S, Yoshida H (2010) Identification of
the blast resistance gene Pit in rice cultivars using functional markers. Theor
Appl Genet 121(7):1357-1367. https://doi.org/10.1007/500122-010-1393-7
Neeraja C, Maghirang-Rodriguez R, Pamplona A, Heuer S, Collard BCY,
Septiningsih EM, Vergara G, Sanchez D, Xu K, Ismail AM et al (2007) A
marker-assisted backcross approach for developing submergence tolerant
rice cultivars. Theor Appl Genet 115(6):767-776. https://doi.org/10.1007/
500122-007-0607-0

. Chin JH, Gamuyao R, Dalid C, Bustamam M, Prasetiyono J, Moeljopawiro S,

Wissuwa M, Heuer S (2011) Developing rice with high yield under
phosphorus deficiency: Pup1 sequence to application. Plant Physiol 156(3):
1202-1216. https;//doi.org/10.1104/pp.111.175471

. Lou D, Wang H, Liang G, Yu D (2017) OsSAPK2 Confers abscisic acid

sensitivity and tolerance to drought stress in rice. Front Plant Sci 8:993.
https://doi.org/10.3389/fpls.2017.00993

. Doebley J, Stec A, Gustus C (1995) Teosinte branched1 and the origin of

maize: Evidence for epistasis and the evolution of dominance. Genetics
141(1):333-346. https//doi.org/10.1093/genetics/141.1.333

. Thornsberry JM, Goodman MM, Doebley J, Kresovich S, Nielsen D, Buckler

ES (2001) Dwarf8 polymorphisms associate with variation in flowering time.
Nat Genet 28(3):286-289. https://doi.org/10.1038/90135

Chai Y, Hao X, Yang X, Allen WB, Li J, Yan J, Shen B, Li J (2012) Validation of
DGAT1-2 polymorphisms associated with oil content and development of
functional markers for molecular breeding of high-oil maize. Mol Breed
29(4):939-949. https://doi.org/10.1007/511032-011-9644-0

Lubberstedt T, Zein |, Andersen J, Wenzel G, Krutzfeldt B, Eder J, Ouzunova M,
Chun S (2005) Development and application of functional markers in maize.
Euphytica 146(1-2):101-108. https//doi.org/10.1007/510681-005-0892-0

Zhou Y, Han Y, Li Z, Fu Y, Fu Z, Xu S, Li J, Yan J, Jang X (2012) ZmcrtRB3
encodes a carotenoid hydroxylase that affects the accumulation of a-
carotene in maize kernel. J Integr Plant Biol 54(4):260-269. https://doi.org/1
0.1111/j.1744-7909.2012.01106.x

Chhabra R, Hossain F, Muthusamy V, Baveja A, Mehta BK, Zunjare RU (2019)
Development and validation of breeder-friendly functional markers of
sugaryl gene encoding starch-debranching enzyme affecting kernel
sweetness in maize (Zea mays). Crop Pasture Sci 70(10):868-875. https://doi.
org/10.1071/CP19298

Assenov B, Andjelkovic V, Ignjatovic-Micic D, Pagnotta MA (2013)
Identification of SNP mutations in MYBF-1 gene involved in drought stress
tolerance in maize. Bulg J Agric Sci 19:181-185

Dunford RP, Yano M, Kurata N, Sasaki T, Huestis G, Rocheford T, Laurie DA
(2002) Comparative mapping of the barley Phd-H1 photoperiod response
gene region, which lies close to a junction between two rice linkage
segments. Genetics 161(2):825-834. https//doi.org/10.1093/genetics/161.2.825
Fu D, Szucs P, Yan L, Helguera M, Skinner JS, von Zitzewitz J, Hayes PM,
Dubcovsky J (2005) Large deletions within the first intron in VRN-1 are
associated with spring growth habit in barley and wheat. Mol Genet
Genomics 273(1):54-65. https://doi.org/10.1007/500438-004-1095-4


https://doi.org/10.1111/j.1601-5223.2004.01726.x
https://doi.org/10.1046/j.1439-0523.2003.00917.x
https://doi.org/10.1046/j.1439-0523.2003.00917.x
https://doi.org/10.1016/j.tplants.2003.09.010
https://doi.org/10.1007/s10681-006-9184-6
https://doi.org/10.1007/s10681-006-9184-6
https://doi.org/10.1007/s00122-012-1829-3
https://doi.org/10.1007/s00122-012-1829-3
https://doi.org/10.1007/s00122-010-1437-z
https://doi.org/10.1007/s00122-010-1437-z
https://doi.org/10.1556/CRC.39.2011.3.5
https://doi.org/10.1007/s10142-012-0300-5
https://doi.org/10.1007/s10142-012-0300-5
https://doi.org/10.1007/s11032-007-9085-y
https://doi.org/10.1007/s00122-007-0660-8
https://doi.org/10.2135/cropsci2011.07.0365
https://doi.org/10.1007/s00122-006-0420-1
https://doi.org/10.1007/s00122-014-2270-6
https://doi.org/10.1007/s00122-009-1019-0
https://doi.org/10.2135/cropsci2011.04.0232
https://doi.org/10.2135/cropsci2011.04.0232
https://doi.org/10.1270/jsbbs.16138
https://doi.org/10.1007/s11032-008-9165-7
https://doi.org/10.1007/s11032-008-9165-7
https://doi.org/10.1016/S1672-6308(09)60014-7
https://doi.org/10.1016/S1672-6308(09)60014-7
https://doi.org/10.1016/j.gene.2012.07.054
https://doi.org/10.1016/j.gene.2012.07.054
https://doi.org/10.1590/1984-70332018v18n1a14
https://doi.org/10.1007/s11032-012-9831-7
https://doi.org/10.1007/s11032-012-9831-7
https://doi.org/10.1270/jsbbs.63.347
https://doi.org/10.1007/s00122-010-1393-7
https://doi.org/10.1007/s00122-007-0607-0
https://doi.org/10.1007/s00122-007-0607-0
https://doi.org/10.1104/pp.111.175471
https://doi.org/10.3389/fpls.2017.00993
https://doi.org/10.1093/genetics/141.1.333
https://doi.org/10.1038/90135
https://doi.org/10.1007/s11032-011-9644-0
https://doi.org/10.1007/s10681-005-0892-0
https://doi.org/10.1111/j.1744-7909.2012.01106.x
https://doi.org/10.1111/j.1744-7909.2012.01106.x
https://doi.org/10.1071/CP19298
https://doi.org/10.1071/CP19298
https://doi.org/10.1093/genetics/161.2.825
https://doi.org/10.1007/s00438-004-1095-4

Hasan et al. Journal of Genetic Engineering and Biotechnology

139.

140.

142.

145.

146.

147.

152.

153.

154.

155.

156.

157.

158.

Madsen LH, Collins NC, Rakwalska M, Backes G, Sandal N, Krusell L, Jensen J,
Waterman EH, Jahoor A, Ayliffe M (2003) Barley disease resistance gene
analogs of the NBSLRR class: Identification and mapping. Mol Genet
Genomics 269(1):150-161. https://doi.org/10.1007/500438-003-0823-5
Brunner S, Keller B, Feuillet C (2003) A large rearrangement involving genes
and low copy DNA interrupts the micro-collinearity between rice and barley
at the Rph7 locus. Genetics 164(2):673-683. https://doi.org/10.1093/
genetics/164.2.673

. McCallum CM, Comai L, Greene EA, Henikoff S (2000) Targeting induced

local lesions in genomes (TILLING) for plant functional genomics. Plant
Physiol 123(2):439-442. https;//doi.org/10.1104/pp.123.2.439

Kurowska M, Daszkowska-Golec A, Gruszka D, Marzec M, Szurman M,
Szarejko |, Maluszynski M (2011) TILLING - a shortcut in functional
genomics. J Appl Genet 52(4):371-390. https://doi.org/10.1007/513353-011-
0061-1

. Comai L, Henikoff S (2006) TILLING: practical single-nucleotide mutation

discovery. Plant J 45(4):684-694. https://doi.org/10.1111/j.1365-313X.2006.02
670X

. Gupta PK, Sonwane AA, Singh NK, Meshram CD, Dahiya SS, Pawar SS, Gupta

SP, Chaturvedi VK Saini M (2012) Intracerebral delivery of small interfering
RNAs (siRNAs) using adenoviral vector protects mice against lethal
peripheral rabies challenge. Virus Res 163(1):11-18. https://doi.org/10.1016/j.
virusres.2011.08.004

Lu R, Malcuit |, Moffett P, Ruiz MT, Peart J, Wu AJ, Rathjen JP, Bendahmane
A, Day L, Baulcombe DC (2003) High throughput virus-induced gene
silencing implicates heat shock protein 90 in plant disease resistance. EMBO
J22(21):5690-5699. https://doi.org/10.1093/emboj/cdg546

Guo L, Lu Z (2010) Global expression analysis of miRNA gene cluster and
family based on isomiRs from deep sequencing data. Comput Biol Chem
34(3):165-171. https://doi.org/10.1016/j.compbiolchem.2010.06.001

Lee SC, Choi DS, Hwang IS, Hwang BK (2010) The pepper oxidoreductase
CaOXR1 interacts with the transcription factor CaRAV1 and is required for
salt and osmotic stress tolerance. Plant Mol Biol 73(4-5):409-424. https://doi.
0rg/10.1007/511103-010-9629-0

. Choi HW, Hwang BK (2012) The pepper extracellular peroxidase CaPO2 is

required for salt, drought and oxidative stress tolerance as well as resistance
to fungal pathogens. Planta 235(6):1369-1382. https://doi.org/10.1007/50042
5-011-1580-z

. Feng Z, Zhang B, Ding W, Liu X, Yang DL, Wei P, Cao F, Zhu S, Zhang F,

Mao Y, Zhu JK (2013) Efficient genome editing in plants using a CRISPR/Cas
system. Cell Res 23(10):1229-1232. https://doi.org/10.1038/cr.2013.114

. Hsu PD, Scott DA, Weinstein JA, Ran FA, Konermann S, Agarwala V, Li Y,

Fine EJ, Wu X, Shalem O, Cradick TJ, Marraffini LA, Bao G, Zhang F (2013)
DNA targeting specificity of RNA-guided Cas9 nucleases. Nat Biotechnol
31(9):827-832. https;//doi.org/10.1038/nbt.2647

. Lozano-Juste J, Cutler SR (2014) Plant genome engineering in full bloom.

Trends Plant Sci 19(5):284-287. https://doi.org/10.1016/j.tplants.2014.02.014
Qi LS, Larson MH, Gilbert LA, Doudna JA, Weissman JS, Arkin AP, Lim WA
(2013) Repurposing CRISPR as an RNA-guided platform for sequence-
specific control of gene expression. Cell 152(5):1173-1183. https://doi.org/1
0.1016/j.cell.2013.02.022

Niewoehner O, Jinek M, Doudna JA (2013) Evolution of CRISPR RNA
recognition and processing by Cas6 endonucleases. Nucleic Acids Res 42(2):
1341-1353. https://doi.org/10.1093/nar/gkt922

Makarova KS, Haft DH, Barrangou R, Brouns SJ, Charpentier E, Horvath P,
Moineau S, Mojica FJ, Wolf Y1, Yakunin AF, van der Oost J, Koonin EV (2011)
Evolution and classification of the CRISPR- Cas systems. Nat Rev Microbiol
9(6):467-477. https://doi.org/10.1038/nrmicro2577

Shan Q, Wang Y, Li J, Zhang Y, Chen K, Liang Z, Zhang K, Liu J, Xi JJ, Qiu JL,
Gao C (2013) Targeted genome modification of crop plants using a CRISPR-
Cas system. Nat Biotechnol 31(8):686-688. https://doi.org/10.1038/nbt.2650
Ali Z, Eid A, Ali S, Mahfouz MM (2018) Pea early-browning virus-
mediated genome editing via the CRISPR/Cas9 system in Nicotiana
benthamiana and Arabidopsis. Virus Res 244:333-337. https://doi.org/1
0.1016/j.virusres.2017.10.009

Svitashev S, Young JK, Schwartz C, Gao H, Falco SC, Cigan AM (2015)
Targeted mutagenesis, precise gene editing, and site-specific gene insertion
in maize using Cas9 and guide RNA. Plant Physiol 169(2):931-945. https//
doi.org/10.1104/pp.15.00793

Ma X, Zhang Q, Zhu Q, Liu W, Chen Y, Qiu R, Wang B, Yang Z, Li H, Lin Y,
Xie Y, Shen R, Chen S, Wang Z, Chen Y, Guo J, Chen L, Zhao X, Dong Z, Liu

(2021) 19:128

159.

160.

162.

163.

164.

165.

169.

174.

175.

177.

Page 25 of 26

YG (2015) A robust CRISPR/Cas9 system for convenient, highefficiency
multiplex genome editing in monocot and dicot plants. Mol Plant 8(8):
1274-1284. https;//doi.org/10.1016/.molp.2015.04.007

Zargar SM, Raatz B, Sonah H, Bhat JA, Dar ZA, Agrawal GK, Rakwal R (2015)
Recent advances in molecular marker techniques: insight into QTL
mapping, GWAS and genomic selection in plants. J Crop Sci Biotechnol
18(5):293-308. https.//doi.org/10.1007/512892-015-0037-5

Atwell S, Huang YS, Vilhjdlmsson BJ, Willems G, Horton M, Li Y, Nordborg M
(2010) Genome-wide association study of 107 phenotypes in Arabidopsis
thaliana inbred lines. Nature 465(7298):627-631. https://doi.org/10.1038/na
ture08800

. Huang X, Sang T, Zhao Q, Feng Q, Zhao Y, Li C, Han B (2010) Genome-wide

association studies of 14 agronomic traits in rice landraces. Nat Genet
42(11):961-967. https://doi.org/10.1038/ng.695

Chia JM, Song C, Bradbury PJ, Costich D, De Leon N, Doebley J, Hufford MB,
Ware D (2012) Maize HapMap2 identifies extant variation from a genome in
flux. Nat Genet 44(7):803-807. https://doi.org/10.1038/ng.2313

Jia G, Huang X, Zhi H, Zhao Y, Zhao Q, Li W, Han B (2013) A haplotype map
of genomic variations and genome-wide association studies of agronomic
traits in foxtail millet (Setaria italica). Nat Genet 45(8):957-961. https://doi.
0rg/10.1038/ng.2673

Tian F, Bradbury PJ, Brown PJ, Hung H, Sun Q, Flint-Garcia S, Buckler ES
(2011) Genome-wide association study of leaf architecture in the maize
nested association mapping population. Nat Genet 43(2):159-162. https//
doi.org/10.1038/ng.746

Zhao J, Perez M, Hu J, Salas FMG (2016) Genome-wide association study for
nine plant architecture traits in sorghum. Plant Genome 9(2):1-14

. Huang X, Zhao Y, Li C, Wang A, Zhao Q, Li W, Han B (2012) Genome-wide

association study of flowering time and grain yield traits in a worldwide
collection of rice germplasm. Nat Genet 44(1):32-39. https.//doi.org/10.103
8/ng.1018

. Buckler ES, Holland JB, Bradbury PJ, Acharya CB, Brown PJ, Browne C,

McMullen MD (2009) The genetic architecture of maize flowering time.
Science 325(5941):714-718. https.//doi.org/10.1126/science.1174276

. Kump KL, Bradbury PJ, Wisser RJ, Buckler ES, Belcher AR, Oropeza-Rosas MA,

Holland JB (2011) Genome-wide association study of quantitative resistance
to southern leaf blight in the maize nested association mapping
population. Nat Genet 43(2):163-168. https://doi.org/10.1038/ng.747

Juliana P, Singh RP, Singh PK, Poland JA, Bergstrom GC, Huerta-Espino J,
Bhavani S, Crossa J, Sorrells ME (2018) Genome-wide association mapping
for resistance to leaf rust, stripe rust and tan spot in wheat reveals potential
candidate genes. Theor Appl Genet 131(7):1405-1422. https.//doi.org/10.1
007/500122-018-3086-6

. Li H, Peng Z, Yang X, Wang W, Fu J, Wang J, Yan J (2013) Genome-wide

association study dissects the genetic architecture of oil biosynthesis in
maize kernels. Nat Genet 45(1):43-50. https://doi.org/10.1038/ng.2484

. Mascher M, Richmond TA, Gerhardt DJ, Himmelbach A, Clissold L, Sampath

D, Stein N (2013) Barley whole exome capture: a tool for genomic research
in the genus Hordeum and beyond. Plant J 76(3):494-505. https://doi.org/1
0.1111/tpj.12294

. Turner EH, Ng SB, Nickerson DA, Shendure J (2009) Methods for genomic

partitioning. Annu Rev Genomics Hum Genet 10(1):263-284. https://doi.
org/10.1146/annurev-genom-082908-150112

. Katz Y, Wang ET, Airoldi EM, Burge CB (2010) Analysis and design of RNA

sequencing experiments for identifying isoform regulation. Nat Methods
7(12):1009-1015. https.//doi.org/10.1038/nmeth.1528

Lande R, Thompson R (1990) Efficiency of marker-assisted selection in the
improvement of quantitative traits. Genetics 124(3):743-756. https//doi.
0rg/10.1093/genetics/124.3.743

Yin X, Stam P, Kropff MJ, Schapendonk AHCM (2003) Crop modeling, QTL
mapping, and their complementary role in plant breeding. Agron J 95(1):
90-98. https://doi.org/10.2134/agronj2003.0090

. Tanksley SD, Nelson JC (1996) Advanced backcross QTL analysis: a method

for the simultaneous discovery and transfer of valuable QTLs from
unadapted germplasm into elite breeding lines. Thero Appl Genet 92(2):
191-203. https://doi.org/10.1007/BF00223376

Verbyla AP, Eckermann PJ, Thompson R, Cullis BR (2003) The analysis of
quantitative trait loci in multi-environment trials using a multiplicative mixed
model. Aust J Agric Res 54(12):1395-1408. https://doi.org/10.1071/AR02239

. Septiningsih EM, Prasetiyono J, Lubis E, Tai TH, Tjubaryat T, Moeljopawiro S,

McCouch SR (2003) Identification of quantitative trait loci for yield and yield


https://doi.org/10.1007/s00438-003-0823-5
https://doi.org/10.1093/genetics/164.2.673
https://doi.org/10.1093/genetics/164.2.673
https://doi.org/10.1104/pp.123.2.439
https://doi.org/10.1007/s13353-011-0061-1
https://doi.org/10.1007/s13353-011-0061-1
https://doi.org/10.1111/j.1365-313X.2006.02670.x
https://doi.org/10.1111/j.1365-313X.2006.02670.x
https://doi.org/10.1016/j.virusres.2011.08.004
https://doi.org/10.1016/j.virusres.2011.08.004
https://doi.org/10.1093/emboj/cdg546
https://doi.org/10.1016/j.compbiolchem.2010.06.001
https://doi.org/10.1007/s11103-010-9629-0
https://doi.org/10.1007/s11103-010-9629-0
https://doi.org/10.1007/s00425-011-1580-z
https://doi.org/10.1007/s00425-011-1580-z
https://doi.org/10.1038/cr.2013.114
https://doi.org/10.1038/nbt.2647
https://doi.org/10.1016/j.tplants.2014.02.014
https://doi.org/10.1016/j.cell.2013.02.022
https://doi.org/10.1016/j.cell.2013.02.022
https://doi.org/10.1093/nar/gkt922
https://doi.org/10.1038/nrmicro2577
https://doi.org/10.1038/nbt.2650
https://doi.org/10.1016/j.virusres.2017.10.009
https://doi.org/10.1016/j.virusres.2017.10.009
https://doi.org/10.1104/pp.15.00793
https://doi.org/10.1104/pp.15.00793
https://doi.org/10.1016/j.molp.2015.04.007
https://doi.org/10.1007/s12892-015-0037-5
https://doi.org/10.1038/nature08800
https://doi.org/10.1038/nature08800
https://doi.org/10.1038/ng.695
https://doi.org/10.1038/ng.2313
https://doi.org/10.1038/ng.2673
https://doi.org/10.1038/ng.2673
https://doi.org/10.1038/ng.746
https://doi.org/10.1038/ng.746
https://doi.org/10.1038/ng.1018
https://doi.org/10.1038/ng.1018
https://doi.org/10.1126/science.1174276
https://doi.org/10.1038/ng.747
https://doi.org/10.1007/s00122-018-3086-6
https://doi.org/10.1007/s00122-018-3086-6
https://doi.org/10.1038/ng.2484
https://doi.org/10.1111/tpj.12294
https://doi.org/10.1111/tpj.12294
https://doi.org/10.1146/annurev-genom-082908-150112
https://doi.org/10.1146/annurev-genom-082908-150112
https://doi.org/10.1038/nmeth.1528
https://doi.org/10.1093/genetics/124.3.743
https://doi.org/10.1093/genetics/124.3.743
https://doi.org/10.2134/agronj2003.0090
https://doi.org/10.1007/BF00223376
https://doi.org/10.1071/AR02239

Hasan et al. Journal of Genetic Engineering and Biotechnology

179.

180.

181.

183.

184.

185.

186.

187.

188.

189.

192.

193.

194.

195.

197.

components in an advanced backcross population derived from the Oryza
sativa variety IR64 and the wild relative O. rufipogon. Theor Appl Genet
107(8):1419-1432. https.//doi.org/10.1007/500122-003-1373-2

Ishimaru K (2003) Identification of a locus increasing rice yield and
physiological analysis of its function. Plant Physiol 133(3):1083-1090. https.//
doi.org/10.1104/pp.103.027607

Stuber CW, Polacco M, Lynn M (1999) Synergy of empirical breeding,
marker-assisted selection, and genomics to increase crop yield potential.
Crop Sci 39(6):1571-1583. https://doi.org/10.2135/cropsci1999.3961571x
Francia E, Rizza F, Cattivelli L, Stanca AM, Galiba G, Toth B, Pecchioni N
(2004) Two loci on chromosome 5H determine low-temperature tolerance
in a ‘Nure'(winter)xTremois'(spring) barley map. Theor Appl Genet 108(4):
670-680. https://doi.org/10.1007/500122-003-1468-9

. Jaglo-Ottosen KR, Gilmour SJ, Zarka DG, Schabenberger O, Thomashow MF

(1998) Arabidopsis CBF1 overexpression induces COR genes and enhances
freezing tolerance. Science 280(5360):104-106. https.//doi.org/10.1126/
science.280.5360.104

Toth B, Francia E, Rizza F, Stanca AM, Galiba G, Pecchioni N (2004)
Development of PCR-based markers on chromosome 5H for assisted
selection of frost-tolerant genotypes in barley. Mol Breed 14(3):265-273.
https://doi.org/10.1023/B:MOLB.0000047774.01769.e6

Abe A, Takagi H, Fujibe T, Aya K, Kojima M, Sakakibara H, Terauchi R (2012)
OsGA200x1, a candidate gene for a major QTL controlling seedling vigor in rice.
Theor Appl Genet 125(4):647-657. https//doiorg/10.1007/500122-012-1857-z
Saito K, Hayano-Saito Y, Maruyama-Funatsuki W, Sato Y, Kato A (2004) Physical
mapping and putative candidate gene identification of a quantitative trait
locus Ctb1 for cold tolerance at the booting stage of rice. Theor Appl Genet
109(3):515-522. https://doi.org/10.1007/500122-004-1667-z

Riede CR, Francl LJ, Anderson JA, Jordahl JG, Meinhardt SW (1996)
Additional sources of resistance to tan spot of wheat. Crop Sci 36(3):771-
777. https://doi.org/10.2135/cropsci1996.0011183X003600030040x
Miftahudin CT, Ross K, Scoles GJ, Gustafson JP (2005) Targeting the
aluminum tolerance gene Alt3 region in rye, using rice/rye micro-
colinearity. Theor Appl Genet 110(5):906-913. https://doi.org/10.1007/
500122-004-1909-0

Fridman E, Liu YS, Carmel-Goren L, Gur A, Shoresh M, Pleban T, Eshed Y,
Zamir D (2002) Two tightly linked QTLs modify tomato sugar content via
different physiological pathways. Mol Gen Genomics 266(5):821-826.
https://doi.org/10.1007/500438-001-0599-4

Zhou P, Tan Y, He Y, Xu C, Zhang Q (2003) Simultaneous improvement for
four quality traits of Zhenshan 97, an elite parent of hybrid rice, by
molecular marker-assisted selection. Theor Appl Genet 106(2):326-331.
https://doi.org/10.1007/500122-002-1023-0

. Ma W, Zhang W, Gale KR (2003) Multiplex-PCR typing of high molecular

weight glutenin alleles in wheat. Euphytica 134(1):51-60. https;//doi.org/10.1
023/A:1026191918704

. Radovanovic N, Cloutier S (2003) Gene-assisted selection for high molecular

weight glutenin subunits in wheat doubled haploid breeding programs.
Mol Breed 12(1):51-59. https://doi.org/10.1023/A:1025484523771

Gupta PK, Rustgi S, Kulwal PL (2005) Linkage disequilibrium and association
studies in higher plants: present status and future prospects. Plant Mol Biol
57(4):461-485. https;//doi.org/10.1007/511103-005-0257-z

Yang SY, Saxena RK, Kulwal PL, Ash GJ, Dubey A, Harper JD, Upadhyaya HD,
Gothalwal R, Kilian A, Varshney RK (2011) The first genetic map of pigeon
pea based on diversity arrays technology (DArT) markers. J Genet 90(1):103-
109. https://doi.org/10.1007/512041-011-0050-5

McKay JR, Latta RG (2002) Adaptive divergence population: markers, QTLs
and traits. Trends Ecol Evol 17(6):285-291. https://doi.org/10.1016/50169-534
7(02)02478-3

Bernatsky R, Tanksley S (1986) Towards a saturated linkage map in tomato
based on isozymes and random cDNA sequences. Genet 112(4):887-898.
https://doi.org/10.1093/genetics/112.4.887

. Frisch M, Bohn M, Melchinger TE (1999) Minimum sample size and optimal

positioning of flanking markers in marker-assisted backcrossing for transfer
of a target gene. Crop Sci 39(4):967-975. https://doi.org/10.2135/cropscil
999.0011183X003900040003x

Meuwissen THE, Hayes BJ, Goddard ME (2001) Prediction of total genetic
value using genome-wide dense marker maps. Genetics 157(4):1819-1829.
https://doi.org/10.1093/genetics/157.4.1819

(2021) 19:128

198.

Page 26 of 26

Frisch M, Melchinger AE (2005) Selection theory for marker-assisted
backcrossing. Genetics 170(2):909-917. https://doi.org/10.1534/genetics.104.
035451

. Gujaria N, Kumar A, Dauthal P, Dubey A, Hiremath P, Bhanu Prakash A,

Farmer A, Bhide M, Shah T, Gaur PM, Upadhyaya HD, Bhatia S, Cook DR,
May GD, Varshney RK (2011) Development and use of genic molecular
markers (GMMs) for construction of a transcript map of chickpea (Cicer
arietinum L.). Theor Appl Genet 122(8):1577-1589. https://doi.org/10.1007/
500122-011-1556-1

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Submit your manuscript to a SpringerOpen®
journal and benefit from:

» Convenient online submission

» Rigorous peer review

» Open access: articles freely available online
» High visibility within the field

» Retaining the copyright to your article

Submit your next manuscript at » springeropen.com



https://doi.org/10.1007/s00122-003-1373-2
https://doi.org/10.1104/pp.103.027607
https://doi.org/10.1104/pp.103.027607
https://doi.org/10.2135/cropsci1999.3961571x
https://doi.org/10.1007/s00122-003-1468-9
https://doi.org/10.1126/science.280.5360.104
https://doi.org/10.1126/science.280.5360.104
https://doi.org/10.1023/B:MOLB.0000047774.01769.e6
https://doi.org/10.1007/s00122-012-1857-z
https://doi.org/10.1007/s00122-004-1667-z
https://doi.org/10.2135/cropsci1996.0011183X003600030040x
https://doi.org/10.1007/s00122-004-1909-0
https://doi.org/10.1007/s00122-004-1909-0
https://doi.org/10.1007/s00438-001-0599-4
https://doi.org/10.1007/s00122-002-1023-0
https://doi.org/10.1023/A:1026191918704
https://doi.org/10.1023/A:1026191918704
https://doi.org/10.1023/A:1025484523771
https://doi.org/10.1007/s11103-005-0257-z
https://doi.org/10.1007/s12041-011-0050-5
https://doi.org/10.1016/S0169-5347(02)02478-3
https://doi.org/10.1016/S0169-5347(02)02478-3
https://doi.org/10.1093/genetics/112.4.887
https://doi.org/10.2135/cropsci1999.0011183X003900040003x
https://doi.org/10.2135/cropsci1999.0011183X003900040003x
https://doi.org/10.1093/genetics/157.4.1819
https://doi.org/10.1534/genetics.104.035451
https://doi.org/10.1534/genetics.104.035451
https://doi.org/10.1007/s00122-011-1556-1
https://doi.org/10.1007/s00122-011-1556-1

	Abstract
	Background
	Main body of the abstract
	Short conclusion

	Background
	Main text
	Types of DNA markers used in MAS
	Reliability
	DNA quantity and quality
	Specialized system
	Level of polymorphism
	Affordability

	Classification of molecular markers
	DNA markers
	Hybridization-based
	PCR-based DNA markers
	Transposable element markers
	Retrotransposons microsatellite amplification polymorphism
	Retrotransposon-based insertion polymorphism
	Inter-SINE amplified polymorphism
	Inter-primer binding site amplification

	Resistance gene-based markers
	Resistance gene analogue polymorphism

	RNA-based markers
	Inter small RNA polymorphism
	EST-SSR

	Targeted fingerprinting markers
	Promoter anchored amplified polymorphism
	Direct amplification of length polymorphisms
	Targeted region amplified polymorphism
	Start codon targeted
	Conserved region amplification polymorphism

	Applications of MAS in plant breeding
	Cultivar identity/assessment of “purity”
	Study of heterosis
	Identification of genomic region selection
	Assessment of genetic diversity and parental selection
	Marker-assisted introgression
	Evolution and phylogeny
	Marker-assisted backcross breeding
	Marker-assisted pyramiding

	Advancement in marker-assisted selection
	Targeting induced local lesions in the genome
	Virus-induced gene silencing
	Genome editing (CRISPR)
	Genomic-wide association studies in crops
	RNA-sequencing
	Role of MAS in crop improvement
	MAS for yield
	Rice
	Maize
	Role of MAS in stress tolerance
	Role MAS in quality traits
	Tomato
	Rice
	Wheat
	Relation between molecular markers and function markers

	Advantages of MAS breeding over conventional breeding

	Limitations in MAS
	Conclusions
	Abbreviations
	Acknowledgements
	Authors’ contributions
	Availability of data and materials
	Declarations
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	References
	Publisher’s Note

