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Abstract To feed the ever-increasing population on earth, production of food
crops must increase at an unprecedented pace with limited inputs and little or no
harm to the environment. The target is more challenging in the face of a changing
climate scenario. The main focus should be on developing technologies and crop
genotypes suitable for the input-poor and low-yielding areas that represent the
lion’s share of the cultivable areas of the world. Plant breeding is evolving; more
so with the advancement of molecular biological sciences. Emerging concepts of
structural and functional genomics, transcriptomics, proteomics, and metabolomics
approaches contribute towards identification of target genes and eQTL (expression-
quantitative trait loci) for effective deployment. The genome editing technologies
creating site-directed mutation can facilitate development of nontransgenic
designer crop genotypes having wider adaptation. Plant breeding approaches
should focus on the natural resources to identify and deploy useful gene(s)/alleles
to develop genotypes with enhanced yield potential, better stress tolerance and,
quality end products. Improvement in mapping efforts like genomic selection (GS),
marker-assisted recurrent selection (MARS), and next-generation mapping, viz.
NAM (nested association mapping), MAGIC (multiparent advanced generation
intercross) would accelerate breeding progress with improved genotyping and
phenotyping facilities. Plant biotechnology and genetic engineering techniques
would continue to play a pivotal role in making a crop widely adaptable to the
changed climate. Improving crop efficiencies in utilization of solar radiation,
inorganic nitrogen, water and other inputs would render crops suitable for
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climate-resilient agriculture. Policies should be in place to make technologies
accessible and affordable by all sections of users globally.

6.1 Introduction

Crop yield is a complex trait; it depends not only on genetic factors but to a larger
extent on the nongenetic factors as well. Therefore, manipulating the yield potential
of crops to meet the ever-increasing demand for food is a big challenge. Given
current agricultural growth and crop production, it is quite unlikely that the target of
feeding 9.1 billion people on the Earth by 2050 will be met easily. It has been
predicted that the current production has to be increased by 70 % to meet the target
(FAO 2011). However, the approaches adopted to achieve this goal have to be quite
different from those used in the past; it cannot be as harsh to the environment as
previous approaches. Therefore, the strategies should be to maximize crop produc-
tion with less inputs and energies, and with the least or no harm to the environment;
this is where science in general and, plant breeding, genetics and genomics in
particular have a pivotal role to play.

As crop yield is highly influenced by the environment, the focus should be on
beating the environment where the crop is grown. Typically, a crop variety with
higher yield potential may not grow well and produce satisfactorily if the required
inputs and growing conditions are not met. A larger part of the global crop-
producing areas are of the poor yielding or low-input type. Specific approaches
and strategies are needed to enhance yield in such environments. Crop varieties
designed especially for such situations should therefore be the focus of the climate-
resilient crop breeding program in the future.

Reduction of yield loss is indirectly yield gain. More attention is needed in
tackling yield-reducing factors such as drought, salinity, heat, flood, frost, etc.,
whose intensities are predicted to be greater in the changing climate scenario. Plant
breeding can play an important role in reducing yield loss by developing varieties
suited to local stress conditions and by making them more resilient to biotic (e.g.,
insects, diseases, and viruses) and abiotic challenges (e.g., droughts and floods).
Genes conferring increased drought tolerance may also have a widespread impact
on yield (Nelson et al. 2007). Studies estimated that the global yield loss due to
biotic stresses averages over 23 % of the estimated attainable yield across major
cereals (FAOSTAT 2009). Yield stability is the other factor of importance, which in
fact is a difficult breeding target. However, there is evidence for genetic control of
stability making it an achievable target (Kraakman et al. 2004). Similarly, trans-
genic approaches are also likely to improve yield stability (Nelson et al. 2007). A
single gene was able to substantially increase yield in many crops including rice and
wheat leading to the Green Revolution. In parallel with the increase in yield,
sustaining it in the changing climatic scenario is another important issue that
needs greater emphasis so as to adopt appropriate strategies for development of
suitable technologies.



6 Emerging Concepts and Strategies for Genomics and Breeding 243

Plant breeding has been evolving; it has transitioned from a skillful “art” to a
technology-dependent “science.” Infusion of newer scientific technologies has
made plant breeding more precise, productive, and predictable. It has become
possible to identify the required plants from segregating progenies even at the
seedling stage, representing huge savings in time, energy, and costs. Incorporation
of genomics and reverse genetics approaches in plant breeding has shown hope of
increasing and sustaining crop production even in changing climatic situations.
However, maintaining resistance to rapidly evolving pests and pathogens is going
to be an essential mainstay of any breeding program. Interactions between breeders,
pathologists, and agronomists must be maintained to ensure that crops and cropping
systems change coordinately (Tester and Langridge 2010).

Problems on the agricultural front are emerging with every passing day;
challenges are presenting themselves constantly. Newer and more effective
strategies and approaches are being used to tackle these problems and challenges.
In the field of genetics, genomics, and plant breeding numerous strategies and
approaches are being tested regularly. However, only a few are retained over
time. In this chapter, emerging strategies and approaches in the field of genomics
and plant breeding are discussed in the light of increasing crop production under
changing climatic conditions.

6.2 Requirement for New Approaches and Strategies in
Genomics and Plant Breeding

Agriculture with intense support from science, technology, and regulatory policies
has made substantial progress in terms of producing more food worldwide. Global
food grain production has increased from 850 million tons (mt) in 1960 to 2,350 mt
in 2007 (Godfray et al. 2010). It has saved millions of people from starvation and
untimely death globally, in the developing countries in particular. However, the
situation now is not rosy, either; it is intensifying and worsening with the passing of
time. Further, the challenges faced today are different in terms of their nature,
extent, and attributes. The pressure for enhanced food production is enormous
owing to the ever-growing population. About 1.0 billion people were added in a
span of 12 years from 1999 to 2011 raising the global population from 6.0 to 7.0
billion (Table 6.1). It is predicted that by 2050, there will be 9.1 billion people on
earth. To feed such a huge population, our current productivity has to be increased
by about 70 % by this time. However, the global cultivated area of over 1.5 billion
ha, which represent some 12 % of the world’s land surface, is under tremendous
pressure due to rapid urbanization, industrialization, and other nonagricultural uses.
As per FAO’s estimate, by 2050, 70 % of the global population will be urban. So,
more food has to be produced from limited areas. Secondly, irrigation is crucial for
crop production. Agriculture is responsible for about 70 % of all fresh water
withdrawn for human uses. Water is becoming a scarcer commodity everyday
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Table 6.1 Growth of world’s

lai Year Population® Time span (years)

t

population 1 200 mn
1650 500 mn 1,649
1804 1.0 bn 154
1927 2.0 bn 123
1960 3.0 bn 33
1975 4.0 bn 15
1987 5.0 bn 12
1999 6.0 bn 12
2011 7.0 bn 12
2027° 8.0 bn 16
2050° 9.1 bn 23

Source: FAO (2011)
“mn million, bn billion
"Projected

leaving less water to produce more food. In large areas in India and China, ground
water levels are falling by 1-3 m per year. The quality of produce is becoming a
priority among consumers. Energy is becoming costlier leaving less scope not to be
efficient. On top of it all, changes in climatic conditions have started showing an
impact on crop production through untimely flood, heat waves, and prolonged
drought (Ciais et al. 2005; Lobell et al. 2008; Ortiz et al. 2008; Peltonen-Sainio
et al. 2010). So, more food has to be produced from a limited area, with less water,
minimum energy, and least harm to the environment; a daunting task indeed.

Food security for the growing population is a matter of concern globally.
However, the less developed countries are predicted to be particularly vulnerable
in terms of food security. The reasons are (1) most of these countries are net
importers of cereals (Dixon et al. 2009); (2) many of their national agricultural
research services lack sufficient capacity for timely delivery of agricultural
technologies (Kosina et al. 2007); and (3) the majority are located in regions that
are vulnerable to climate change (Lobell et al. 2008). The net impact of a food crisis
would be enormous and would certainly put humanity in threat. It demands
preparedness in order to lessen the impact, if one cannot prevent it. The science
of genetics, genomics, and plant breeding has to be advanced and utilized fully to
meet this challenge.

6.3 Genomic Approach

Genomics can be defined as the generation of information about living things by
systematic approaches that can be performed on an industrial scale (Brent 2000).
The “information” means the genetic message coded in the DNA sequences, the
genome of an organism. Such information is revealed through DNA sequencing
approaches, which Weinstein (1998) referred to as “omics.” With specialized
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objectives and purpose fulfilled, the genomics approaches may be classified as
structural, functional, and comparative genomics. Currently, more specialized
branches such as proteomics, transcriptomics, and metabolomics have also come
into being. All these classes of genomics provide information about genome
organization, linkage, protein complement, gene regulation as well as phylogeny
and evolutions.

6.3.1 Structural Genomics

One of the specialized branches of genomics is structural genomics, which focuses
mainly on the physical aspects of the genome through the construction and com-
parison of gene maps and sequences, as well as gene discovery, localization, and
characterization. With the availability of more and more genome sequences that
have been sequenced at a speed never thought of before, it has become imperative
to determine structure and assign function to the different genes inscribed in the
sequences, a challenge to the scientific community, indeed. However, with
advances in the tools of structural biology, the challenge has largely been met
through large-scale determination of three-dimensional structural models for all
known proteins, protein families or protein domains from which most others can be
predicted computationally with a reasonable degree of accuracy. It is believed that
the benefit of structural genomics will be much higher than envisaged. The most
prominent benefit will be to establish the relationship between one-dimensional
sequence information and three-dimensional structure of the protein. Structural
genomics may well provide the means of coming to grips with this important
intellectual challenge (Burley et al. 1999).

The major goal of structural genomics is to provide a structural template for a
large fraction of protein domains. With various approaches, structures of a section
of the protein families have been predicted. Approximately 20 % of the known
families with three or more members currently have a representative structure. As
per estimates, the number of apparent protein families will be considerably larger
than previously thought. However, the vast majority of these families will be small,
and it will be possible to obtain structural templates for 70-80 % of protein domains
with an achievable number of representative structures, by systematically sampling
the larger families (Yan and Moult 2005). So, translating the outcome of structural
genomics into a practical product that can be applied for human welfare will take
some time.

6.3.2 Functional Genomics

The branch of genomics that deals with revealing the function of genes and other
parts of the genome is known as functional genomics. It is the emerging field of
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molecular biology that is attempting to make use of the vast wealth of data
produced by genome sequencing projects to describe genome function in a mean-
ingful way. It primarily uses high-throughput techniques like DNA microarrays,
transcriptomics, proteomics, metabolomics, and mutation analysis to describe the
function and interactions of genes. The functional genomics approaches are more
powerful and robust than the conventional genetic approaches in assessing pheno-
type largely with respect to the scale and automation involved in the investigation.

Microarray technology, which involves hybridization of unknown samples with
a GeneChip containing DNA/RNA probes, is of great use in finding gene/protein
function. The use of microarrays for expression profiling was first published in 1995
(Schena et al. 1995) and the first complete eukaryotic genome (Saccharomyces
cerevisiae) on a microarray was published in 1997 (Lashkari et al. 1997). Plants
under biotic and abiotic stresses can be subjected to characterization through
microarray analysis. The expression profiles thus generated can provide extensive
data for identification of genes involved in the resistance-susceptibility reaction. A
first-generation maize GeneChip containing 1,500 ESTs/gene could identify
117 genes that were either induced or repressed 6 h after inoculation with the
fungus Cochliobolus carbonum (Baldwin et al. 1999). The function of the genes
thus identified has to be confirmed on an individual gene basis. A powerful reverse
genetics approach like gene-silencing, TILLING, Eco-TILLING, or any other gene
knock-out technique should help resolve this issue with better resolution
(Marteinssen 1998; Baulcombe 1999).

The variety of methods available for global analysis of protein profiles and
cataloging protein—protein interactions on a genome-wide scale are technically
complex and demanding. However, newer and improved technology and
algorithms for collecting, displaying, and analyzing the vast amounts of quantita-
tive expression data are being developed (Eisen 1998). Such information is yet to be
used in plants extensively. However, a lot has been achieved in regard to plant-
resistance genes (Michelmore 2000).

6.3.3 Comparative Genomics

Comparative genomics is the analysis and comparison of genetic materials from
different taxa including species, subspecies and even genera to study evolution,
gene function, and other important traits. The purpose is to gain a better under-
standing of how species have evolved and to determine the function of genes and
noncoding regions of the genome. It also provides insight into the uniqueness of and
homology between different taxa. Here, comparison of the sequences are made for
gene location, gene structure (with respect to exon number, exon length, intron
length sequence similarity), and gene characteristics (e.g., splice sites, codon usage,
conserved synteny). It involves the use of computer programs that can line up
multiple genomes and look for regions of similarity among them. In recent time, a
number of species including crop plants have been fully sequenced and, the
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sequences are available in the public domain. Such sequences are valuable genomic
tools and have been used for gene identification for specific target traits like drought
tolerance, thermotolerance and so on.

In the process of evolution, only a finite number of chromosomal rearrangements
have occurred in angiosperm plants. Therefore, large blocks of genetic material
would be syntenic between the genomes of related species/genera, and this has been
well documented in Arabidopsis and Brassica species (Gale and DeVos 1998).
With more and more crop sequences being available, it would be possible to predict
the position of most of the genes, if not all, in each part of the genome. However, for
prediction of a gene from a sequence, a number of considerations as well as
comparisons are required to be made. For simplicity and efficiency of the job of
comparison and identifying the number of gene(s) to the maximum correct possible,
a number of computer software programs are used. For example, GenScan,
GeneWise, Procrustes, Rosseta, SGP1 (Syntetic Gene Prediction), CEM
(Conserved Exon Method), GenomeScan, SGP-2, TwinScan, SLAM, and
DoubleScan are commonly used for specific purposes. Similarly, a wide range of
genome comparison tools is now available, viz., DIALIGN, ASSIRS (Acclerated
Search for Slmilarity Regions in Chromosomes), MUMmer (Maximal Unique
Match (mer)), and GLASS (GLobal Alignment SyStem). Chain et al. (2003)
categorized them as (1) pair-wise local alignment comparison tools; (2) global
alignment tools: pair-wise alignment, multisequence alignment and multigenome
alignment; (3) substring maximum-exact-match tools; and (4) alignment viewing
tools. All of these tools have their own niches, advantages, and limitations; so the
user has to determine which one is applicable for a specific purpose.

One of the challenges in comparative genomics is to distinguish “orthologs”
from “paralogs,” particularly in large diverse resistance gene families (Michelmore
2000). Similarly, the chromosomal positions of resistance gene candidate
sequences seem not to be preserved between grass species (Liester et al. 1998).
For example, homologs of the RPM gene are missing from susceptible genotypes
of Arabidopsis (Grant et al. 1998; Stahl et al. 1999). Further, in several species,
resistance genes seem to be either telomeric or close to the centromere. It may
happen because chromosome rearrangements often involve changes close to the
telomere and centromere; therefore chromosomal position may contribute to the
lack of synteny of some resistance genes (Michelmore 2000).

The advantage of sequence similarity is that the PCR primer designed based on
such sequences should be applicable for all species having similar sequences. Using
such a concept, a large number of resistance-gene candidate sequences have been
cloned from diverse species (Meyers et al. 1999; Rivkin et al. 1999; Pan et al.
2000). In addition to gene and regulatory gene identification, comparative genomics
may provide information regarding allelic variations, which may be helpful in
reasoning the specificity at molecular level. Such study has been reported in
resistance genes of crop plants (Ellis et al. 1999).

An important application of comparative genomics has been found in Sorghum
(Sorghum bicolor) whose genome sequence information has become an important
reference for genomics, transcriptomics, and other applications of systems biology
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in sugarcane (Paterson et al. 2009; Wang et al. 2010). Phylogenetically, sorghum is
very closely related to the Saccharum genus and current commercial sugarcane
hybrids; both belong to the subtribe Saccharinae of the family Poaceae. Comparison
of ESTs from sorghum with sugarcane revealed 97 % mean sequence identities as
against 93 % and 86 % with maize and rice, respectively (Paterson et al. 2009).
Further, comparison of 20 sugarcane BACs to their respective homologous regions
in sorghum led to the identification of 209 and 189 genes from sugarcane and
sorghum respectively, based on ESTs and gene-calling algorithms (Paterson et al.
2009; Wang et al. 2010). This shows the practical utility of comparative genomics
for accumulating information in less studied crops.

6.3.4 Transcriptomics

Transcriptome refers to the complete set of transcripts in a cell, and their quantity,
for a particular developmental stage or physiological state. Transcriptomics i.e., the
study of the transcriptome aims to comprehensively profile all the information that
appears in the RNA pool within a system (e.g., a cell, body fluid, or tissue).
Understanding the transcriptome helps in interpreting the functional elements of
the genome and revealing the molecular constituents of cells and tissues, and also in
understanding development and diseases. The key aims of transcriptomics can be
noted as: to catalog all species of transcript, including mRNAs, noncoding RNAs,
and small RNAs; to determine the transcriptional structure of genes, in terms of
their start sites, 5’ and 3’ ends, splicing patterns and other posttranscriptional
modifications; and to quantify the changing expression levels of each transcript
during development and under different conditions (Wang et al. 2009). It is
important to note that the information carried in the transcriptome is not necessarily
a direct recapitulation of information from the genome, nor is it generated only
during DNA-dependent RNA synthesis. In fact, the sequence of an RNA molecule
can become modified by a number of processes, including differential splicing and
RNA editing. Therefore, transcriptome profiling needs validation through various
methods including real-time quantitative polymerase chain reaction (Q-PCR)
(Tsiridis and Giannoudis 2006).

A number of technologies varying in approach have been developed for estima-
tion and quantification of the transcriptomes. The hybridization-based approaches
typically involve incubating fluorescently labeled cDNA with custom-made
microarrays or commercial high-density oligo microarrays. Specialized
microarrays have also been designed and are available. Genomic tiling microarrays
that represent the genome at high density allow the mapping of transcribed regions
to a very high resolution, from several base pairs (bp) to ~100 bp. In general, the
hybridization-based approaches are high-throughput and relatively inexpensive.
Conversely, the sequence-based approaches directly determine the cDNA
sequence. The sequencing of cDNA or EST libraries through Sanger chemistry is
relatively low throughput, expensive and generally not quantitative. Tag-based
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methods including serial analysis of gene expression (SAGE), cap analysis of gene
expression (CAGE) and massively parallel signature sequencing (MPSS) are high-
throughput and can provide precise, “digital” gene expression levels. In recent time,
RNA-Seq (RNA sequencing), a high-throughput DNA sequencing method has been
used for both mapping and quantifying transcriptomes. It has successfully been
applied to Scharomyces cerevisiae, Schizosaccharomyces pombe, Arabidopsis
thaliana, mouse, and human cells (Lister et al. 2008; Nagalakshmi et al. 2008).

For effective identification of candidate gene(s), expression analysis has been
combined with genetic or quantitative trait loci (QTL) mapping, an approach called
“genetical genomics” (Jansen and Nap 2001). In this approach, total mRNA/cDNA
from the tissue/organ of each individual of a mapping population (e.g., recombinant
inbred line, RIL) is hybridized with the microarray carrying a high number of
cDNA fragments representing the tissue of interest, and quantitative data are
recorded against each gene on the filter (de Koning and Haley 2005; Fig. 6.1).
The expression data are then subjected to QTL analysis. The QTL so-detected are
called expression QTL (eQTL). The genetical genomics unravels genes and gene
products that are involved in metabolic and regulatory (e.g., developmental)
pathways. For each gene (cDNA) or gene product analyzed in the segregating
population, QTL analysis will pinpoint the regions of the genome influencing its
expression. Thus genetical genomics can identify candidate gene(s) by combining
the QTL information from all genes and gene products that are analyzed. It will
indicate what portion of the variation in gene expression maps to the genes
themselves (cis-acting factors), as opposed to other genomic locations (transacting
factors) (Jansen and Nap 2001). The approach of regulatory network construction
by combining eQTL and mapping and regulatory candidate gene selection has been
used for studying genes associated with flowering behavior in Arabidopsis
(Keurentjes et al. 2011). With the advent of more sophisticated analytical tools
and powerful software for data analysis, it will find more footage in the crop
improvement program in the future.

6.3.5 Metabolomics

Each living cell produces an array of metabolic intermediates or end products
valuable for its survival or defense, called metabolites. Levels of metabolites can
be related to the response of the cells to the genetic or environmental changes. The
set of metabolites synthesized by a biological system constitute its “metabolome”
(Oliver et al. 1998). The metabolomes share some basic functional groups viz.,
hydroxyls, alcohols, steroids, alkyls, benzyl rings, etc. The combinations of these
functional groups lead to the development of unique compounds varying in their
solubility, stability, melting points, and reactivities typical of plant metabolism
(Roessner and Beckles 2009). Simultaneous detection and analysis of such
compounds has led to the emergence of a new field of “omics” called
“metabolomics,” that is, the description of the metabolic state of a biological
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system in response to environmental and genetic perturbations (Oliver et al. 1998;
Fiehn et al. 2001; Villas-Boas et al. 2007). A number of analytical technologies are
needed to enable the separation, detection, and quantification of the metabolomes
present in a cell. The most common platforms are liquid and gas chromatography
both coupled with mass spectrometry (LC-MS and GC-MS) and nuclear magnetic
resonance spectroscopy (NMR).

The primary objective of metabolomics is to associate the relative changes in
quantitative metabolite levels with functional assignments so as to understand and
predict the behavior of a complex system like plants (Oliver et al. 1998). The
metabolic profile provides a readout of the metabolic state of an individual that
cannot be obtained directly from DNA genotyping, gene expression, or proteomic
profiling analyses. The metabolic changes would be the key in identification of the
enzymes involved in the biochemical pathways, which in turn would be linked to
the underlying gene. Several studies have been reported using metabolomic
approaches for gene function analysis and QTL identification (Kazuki 2006),
genotype discrimination (Taylor et al. 2002) as well as metabolite characterization
so as to identify the regulatory keys and gene function (Saghatelian et al. 2004).
With the advancement of analytical tools and techniques and, sophistication of data
handling software, metabolomics holds great promise. The pharmacometabolomic
approach (Clayton et al. 2006) is useful for providing information on pathways that
contribute to determination of the individual pharmacokinetic and pharmacody-
namic behaviors of a drug associated with response as well as insight into the
mechanisms responsible for individual variation in terms of drug side effects and
toxicity (Corona et al. 2012).

Like other important plant traits such as yield and flowering time, metabolite
levels in plant tissues (m-trait) are also a quantitative trait, and QTLs responsible
for such m-traits (e.g., level of seed vitamin E) have been identified (Giles 2007).
By taking advantage of the high-density linkage map of molecular markers, a
number of causal genes responsible for each mQTL could be deduced for further
investigation of regulatory systems in complicated plant metabolism pathways. The
analysis of the relationship between m-traits and other important agronomic and
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biological traits such as yield, taste, and biomass in tomato indicated that there are
certain correlations among these traits (Grossman and Takahashi 2001; Schauer
et al. 2006). The growth rate of Arabidopsis seedlings is to some extent predictable
from the metabolome signature (Meyer et al. 2007). In the near future,
metabolomics could also play a key role in the evaluation of genetically modified
crops, and in understanding plant systems and, developing further biotechnology
applications.

6.3.6 Proteomics

A central dogma of molecular biology states that the genetic information written in
the DNA molecule is passed through mRNA, to ultimately express in terms of
protein; the path is not straight forward, though. The presence of posttranslational
modification and posttranslational truncation of proteins, and protein—ligand
interactions are a few examples that illustrate the complexity of the system.
Therefore, the study of proteins has long been important but it gained momentum
only during the last decade with the development of technology capable of
performing large-scale analyses and identification of proteins (Issaq et al. 2002;
Wang and Hanash 2003). This achievement has opened the door for comprehensive
studies of proteins related to a genome, called proteomics (Wilkins et al. 1996).
Isolation of protein from sample and their identification is more critical. However,
introduction of matrix-assisted laser desorption ionization and time-of-flight
(MALDI-TOF) mass spectrometry and electro-spray ionization (ESI) tandem
mass spectrometry has revolutionized the field.

The technique of proteomics has been used for various purposes including
studying the protein—protein interaction and identification of multisubunit
complexes. It has already been applied in crops like maize (Chang et al. 2000),
chickpea (Bhushan et al. 2007; Pandey et al. 2008), rice, and Arabidopsis (Tsugita
et al. 1996) to generate useful information for genomics and crop breeding.

6.4 Emerging Concepts of Genomics

6.4.1 Genome Editing

The genome is the store house of genetic information. So, attaining the ability to
read and edit genes in any organism has long been a goal in order to have in-depth
knowledge and understanding of the genetic control of any cellular activities, and
applying such knowledge to improve agricultural productivity, cure human
diseases, and so on. A recently developed genomic technology called “genome
editing” has promised to realize this goal through an unmatched level of precision
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in studying gene function and biological mechanisms potentially in any system
ranging from fruit flies, human cell lines, zebra fish to plants and hosts of other
organisms. It enables efficient and precise genetic modification via induction of a
double-strand break (DSB) in a specific genomic target sequence, followed by the
generation of desired modifications during subsequent DNA break repair (Bibikova
et al. 2002, 2003). This DSB is induced by a “zinc finger nuclease” (ZFN) (Kim
etal. 1996; Bibikova et al. 2001) or by “transcription activator-like effector (TALE)
nuclease (TALEN)” (Wood et al. 2011) at desired loci that can be repaired by the
error-prone nonhomologous end-joining (NHEJ) (Jackson and Bartek 2009; Lieber
2010; Moynahan and Jasin 2010) method to yield small insertions and deletions
(indels) at the break sites. The ZFN and TALEN can effectively be used to
introduce into endogenous loci the targeted modifications, namely “gene disrup-
tion,” “gene correction,” and “targeted gene addition.”

Gene Disruption. It is the simplest approach of genome editing in which a
targeted gene is rendered nonfunctional or knocked out by introduction of error
through engineered ZFNs. This process has been used in Drosophila (Beumer et al.
2008), mouse (Geurts et al. 2009), and zebrafish (Doyon et al. 2008) with varying
degrees of success. In Drosophila, ZFNs targeting exonic sequences delivered via
mRNA injection into the early fly embryo produced up to 10 % of the progeny with
mutation for the gene of interest (Beumer et al. 2008). The success has been found
to be more pronounced in zebrafish where up to 50 % germline mosaicism at the
targeted gene was reported (Doyon et al. 2008; Meng et al. 2008; Foley et al. 2009).
Engineered ZFNs were used to knockout the dihydrofolate reductase (DAfr) gene in
Chinese hamster ovary (CHO) cells, a mammal cell line. A plasmid encoding the
ZFNs was introduced by transient transfection, which resulted in disruption
frequencies of up to 15 % of alleles in the cell population (Santiago et al. 2008).

Gene Correction. It involves a homology-directed repair (HDR) mechanism in
which a single nucleotide or short heterologous stretches from an episomal donor
can be transferred to the chromosome following a ZFN-induced DSB. The endoge-
nous repair machinery uses the investigator-provided donor as a template for
repairing the DSB via the synthesis-dependent strand annealing process (Bozas
et al. 2009). This technique, also called “allele editing” enables the study of gene
function, de novo creation of point mutations at a native locus, and facilitates gene
correction. The robustness of this approach was demonstrated in human interleukin-
2 receptor-y (IL2RG) (Urnov et al. 2005) and three other genes (Maeder et al. 2008).

Gene correction through ZFNs has also been achieved in plants (tobacco)
(Townsend et al. 2009); the ZFN-expressing plasmids were codelivered to tobacco
protoplasts along with a linear donor molecule encoding a point mutation that
corrects the endogenous gene to an herbicide-resistant form. In 75-96 % of all
the herbicide-resistant calli, the correction had occurred.

Gene Addition. The ZFN driven approach has enabled transfer of gene-sized
heterologous DNA sequences from an episomal or linear extrachromosomal
donor to the target genome. Initially, this work was optimized in flies; it has now
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been extended to human beings where transgenes of up to 8 kb in length were added
to the genome through ZFNs in the IL2ZRG gene (Moehle et al. 2007). Similarly,
ZFNs were used to generate an isogenic panel of mouse ES cells carrying a defined
series of alleles for an endogenous gene (Goldberg et al. 2010).

Good news for the plant biologists is that gene addition through ZFNs has been
reported in plants including tobacco and maize. In tobacco, ZFNs targeting an
endogenous endochitinase gene successfully added an herbicide-resistance marker
in nearly 10 % of the cases (Cai et al. 2009). Similarly in maize, ZFNs targeted to
the gene encoding an enzyme required for the production of phytate were
introduced with a donor carrying an herbicide-resistance marker (Shukla et al.
2009). The ZFN-edited plants were fertile, and showed normal Mendelian fashion
of inheritance for the target trait. The success of this approach has promise for use in
“trait stacking” in major crop species like rice, maize, wheat, soybean, etc.

The application of ZFN and TALEN techniques and its potential impact in plant
breeding is enormous. Testing candidate loci may become a straightforward task, as
locus-specific knockouts or allelic replacement allow both functional validation and
a direct means of estimating the effects of individual alleles. It would allow editing
alleles at loci of known agronomic interest directly in the individual lines, entirely
bypassing the process of backcrossing. A likely possibility of this technique in the
near future is the targeted replacement of deleterious mutation in elite breeding
lines. Thus, genomic editing is likely to be an attractive and potential alternative to
current transgenic technologies (Morrell et al. 2012). However, certain issues like
specificities, off-target, process optimization, etc., must be resolved carefully
before it can be used routinely.

6.4.2 Next-Gen Sequencing

Revealing genetic diversity and putting them to use for crop production is the
primary goal of the plant breeding exercises. Modern molecular biological tools
including the molecular markers, viz., restriction fragment length polymorphism
(RFLP), random amplified polymorphic DNA (RAPD), amplified fragment length
polymorphism (AFLP), and simple sequence repeats (SSR), etc., have now been
used extensively for this purpose. However, each marker system has its own
strengths and limitations. Further, speed, efficiency, and accuracy are the other
factors limiting the life and utility of these systems. The single nucleotide polymor-
phism (SNP) is the sequence-based marker system that had overcome many such
limitations. However, the cost involved in sequencing the gene or target sequence in
order to generate the SNP is very high and, may even be prohibitive in certain cases.

Since the early 1990s, DNA sequence production has almost exclusively been
carried out with capillary-based, semiautomated implementations of Sanger bio-
chemistry (Sanger et al. 1977; Hunkapiller et al. 1991). It takes place in a “cycle
sequencing” reaction, in which cycles of template denaturation, primer annealing,
and primer extension are performed. Each round of primer extension is
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stochastically terminated by the incorporation of fluorescently labeled dideoxynu-
cleotides (ddNTPs). In the resulting mixture of end-labeled extension products, the
label on the terminating ddNTP of any given fragment corresponds to the nucleo-
tide identity of its terminal position. Sequence is determined by high-resolution
electrophoretic separation of the single-stranded, end-labeled extension products in
a capillary-based polymer gel. Laser excitation of fluorescent labels as fragments of
discreet lengths exit the capillary provides the readout that is represented in a
Sanger sequencing “trace.” Software translates these traces into DNA sequence,
while also generating error probabilities for each base-call (Ewing and Green 1998;
Ewing et al. 1998). After three decades of gradual improvement, the Sanger
biochemistry can be applied to achieve read-lengths of up to ~1,000 bp, and
per-base “raw” accuracies as high as 99.999 % with costs on the order of $0.50
per kilobase (Shendure and Ji 2008).

In order to incorporate speed, accuracy, and automation, several newer and
improved technologies have been developed that use cyclic-array sequencing and
are generally categorized as next-generation sequencing (NGS) (Shendure and Ji
2008). Basically, the concept of cyclic-array sequencing involves sequencing of a
dense array of DNA features by iterative cycles of enzymatic manipulation and
imaging-based data collection (Mitra and Church 1999). It has been commercially
utilized in a number of products like 454-sequencing, solexa technology, the
SOLiD platform, the Polonator, and the HeliScope Single Molecule Sequencer
technology.

These platforms have a lot in common and differences in their work flows
(Table 6.2). Library preparation is accomplished by random fragmentation of
DNA, followed by in vitro ligation of common adaptor sequences. The clonally
clustered amplicons to serve as sequencing features can be generated by approaches
like in situ polonies (Mitra and Church 1999), emulsion PCR (Dressman et al. 2003)
or bridge PCR (Fedurco et al. 2006). The sequencing is done through synthesis, i.e.,
serial extension of primed templates through polymerase or ligase (Brenner et al.
2000; Mitra et al. 2003; Shendure et al. 2005; Turcatti et al. 2008). Data are
acquired by imaging of the full array at each cycle.

Advantages of second-generation or cyclic-array strategies, relative to Sanger
sequencing, includes (1) in vitro construction of a sequencing library, followed by
in vitro clonal amplification to generate sequencing features, which circumvents
several bottlenecks that restrict the parallelism of conventional sequencing (that is,
transformation of E. coli and colony picking). (2) Array-based sequencing enables a
much higher degree of parallelism than conventional capillary-based sequencing.
As the effective size of sequencing features can be of the order of 1 pm, hundreds of
millions of sequencing reads can potentially be obtained in parallel by rastered
imaging of a reasonably sized surface area. (3) Because array features are
immobilized to a planar surface, they can be enzymatically manipulated by a single
reagent volume. Although microliter-scale reagent volumes are used in practice,
these are essentially amortized over the full set of sequencing features on the array,
dropping the effective reagent volume per feature to the scale of picoliters or
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femtoliters. Collectively, these differences translate into dramatically lower costs
for DNA sequence production (Shendure and Ji 2008).

The disadvantages of second-generation DNA sequencing includes (1) shorter
read-length, i.e., read-lengths are currently much shorter than conventional
sequencing, (2) low accuracy, i.e., base-calls generated by the new platforms are
less accurate than those of Sanger sequencing. In times to come, these parameters
will be taken care of to make it more effective in terms of quantity as well as
quality.

The important applications of next-generation sequencing include (1) full-
genome resequencing, (2) mapping of structural rearrangements, (3) “RNA-Seq,”
analogous to expressed sequence tags (EST) or serial analysis of gene expression
(SAGE), (4) large-scale analysis of DNA-methylation, by deep sequencing of
bisulfite-treated DNA; and (5) “ChIP-Seq,” or genome-wide mapping of
DNA-protein interactions, by deep sequencing of DNA fragments pulled down
by chromatin immunoprecipitation. However, many more new applications are
expected in the coming days (Shendure and Ji 2008).

6.4.3 Gene Discovery and Deployment

Discovery and deployment of a useful gene is a major scientific challenge deter-
mining the success of developing plant varieties suitable for climate-resilient
agriculture. Therefore, several approaches have been put in place for high-throughput
gene discovery. The gene silencing technique that employs double-stranded RNA
(dsRNA)-mediated interference of functional genes has been effectively and widely
used in plants. Similarly, the virus-induced gene silencing (VIGS) technique has
also been used to knockout endogenous genes in a transient manner. In VIGS,
the vector virus carries a sequence from the plant; the transcript of both the viral and
the homologous endogenous gene are degraded by the posttranscriptional gene
silencing (PTGS) mechanism (Kumagi et al. 1995; Burton et al. 2000; Ratcliff
et al. 2001). However, these techniques are not smooth functioning in plant systems;
transformation efficiency is a primary factor of concern. Gene knockout through
transposon and T-DNA insertion were also tested in large scale in plant systems for
functional annotation of genes (Krysan et al. 1996). Several insertion mutant
populations were developed and gene function could be assigned through analysis
of mutant phenotype (Winkler et al. 1998). Although it is a powerful technique,
the degree of target specificity is a factor to be considered; sometimes it fails to
knock the gene of interest. It might not be so effective in species having more than
one genome such as soybean, a paleopolyploid. Targeting induced local lesion in
genome (TILLING; McCallum et al. 2000) is the other effective and high-
throughput reverse genetics approach for identification and study of mutation in plants.
It has been successfully utilized in maize and soybean (Till et al. 2004; Slade
et al. 2005; Mizoi et al. 2006; Horst et al. 2007). Such approaches would be of
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immense help in identifying useful genes for deployment in breeding programs to
develop crop varieties suitable for changed climatic conditions.

6.5 Modern Plant Breeding Approach

6.5.1 Molecular Plant Breeding

Plant breeding is as old as agriculture. However, it as a branch of science and field
of research received attention and importance only after Mendel’s principles of
character transmission were rediscovered and realized i.e., after 1900 ap (Allard
1960). With the understanding of how genes control different traits of importance
and become transmitted from one generation to another, plant breeders started
incorporating gene(s) of choice to the desired genetic backgrounds through differ-
ent hybridization and selection techniques. However, genes are not independent of
the environment (external and internal), and often show their impact through
interactions. The understanding of statistics and biometrical genetics helped in
unraveling the role of the major and minor genes and the environment, and showed
a way to manipulate such traits i.e., the quantitative traits. The locus that governs
such quantitative traits is often called the quantitative trait locus (pl. loci) (QTL, in
short). Using genetic principles in breeding, breeders succeeded in enhancing the
yield of crops as well as crops’ capacity to resist disease and insect-pest attacks to a
great extent. With deployment of specific alleles of genes, yield of wheat and rice
were enhanced to such an extent that it saved millions of poor people from hunger,
particularly in Asia and Africa. This success of plant breeding in the 1970s was
christened the “green revolution,” and the key person behind it, Norman E. Borlaug,
was conferred with a Nobel Prize for Peace. Thus, the success of modern plant
breeding is unquestionable and well documented (Fehr 1984). It is difficult to
believe that such a feat would have been achieved without the clear understanding
of the principles of plant breeding and genetics.

With the rise of global population and corresponding increase in
eco-environmental problems, the plant breeding techniques demand modernization
for enhanced efficiency and environment suitability. Presently, the techniques of
plant breeding need to be such that they deliver hugely in the fastest possible time
and with the least harm to ecosystems. This led to the introduction and application
of molecular biological tools and techniques for modernization of conventional
plant breeding, now called “molecular plant breeding” or “molecular breeding,” for
short. The last three decades have witnessed the development and use of a number
of molecular markers, including RFLP, RAPD, AFLP, SSR, and SNP, etc., for
various purposes of crop breeding and experimentations. These markers have
enabled the breeders to select the desired plant from a large segregating population
in an efficient and environment-independent way. Because of its effectiveness,
molecular marker-assisted breeding has become equivalent to the conventional
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breeding process for many giant agricultural companies including Monsanto, Pio-
neer, etc (Paul 2009). Markers have made it possible to breed traits from otherwise
discarded varieties back into cultivated crops. The conventional backcrossing
program has become more potent with the addition of molecular markers, nowa-
days called the marker-assisted backcrossing (MAB) program. The success of this
technique has been recognized by the transfer of many important traits, disease and
insect resistance in particular, into crops including rice, maize, soybean, etc. The
most prominent success has been the development of submergence-tolerant rice,
which was developed by transferring the submergence-tolerance gene (QTL) (sub-
1) from an Indian landrace to an improved cultivar (e.g., Swarna) through MAB.
Thus, molecular breeding has empowered the breeders to tackle even QTL, which
the conventional plant breeder found difficult to handle because of its complex
genetics and sensitivity to environmental fluctuations. With the availability of a
large number of markers, efficient computing power and incorporation of modern
concepts like genomic selection (GS), it has become possible to make breeding
decisions based on every gene influencing a trait, not just a few. Although molecu-
lar breeding has a long way to go to meet the goal of feeding the millions of people
on earth, its promise has begun to catch the hype.

6.5.1.1 Allele Mining

Allele mining is an approach to identify naturally occurring allelic variants at loci
of agronomic importance, i.e., those genes that affect crop characteristics and
performance. In this sense, it includes analysis of noncoding and regulatory regions
(“promoter mining”) of the candidate genes in addition to analyzing sequence
variations in the coding regions of the agronomically important genes (Rangan
et al. 1999; Latha et al. 2004). The alleles of genes that are candidates for the target
trait can be identified using a variety of approaches including mutant screens (Johal
and Briggs 1992; Whitham et al. 1994; Bishop et al. 1996), QTL analysis (Backes
et al. 1995; Xiao et al. 1996; Bernacchi et al. 1998), association mapping (Crossa
et al. 2007; Gonzélez-Martinez et al. 2007), and genome-wide surveys for the
signature of artificial selection (Vigouroux et al. 2002; Casa et al. 2005; Yamasaki
et al. 2005; Chapman et al. 2008). Such novel and important alleles recovered at
loci of agronomic importance can be integrated into crop breeding programs using
conventional or molecular approaches for combating biotic and abiotic challenges,
to enhance yield, improve storage and nutritional qualities. However, success of
allele mining operations is dependent on the availability of diverse germplasm
collections (Kumar et al. 2010), as wild relatives of the crops are the repository of
the useful new alleles not already present in the crop gene pool (Tanksley and
McCouch 1997; Gur and Zamir 2004; Johal et al. 2008; Prada 2009).

Two approaches that are generally utilized for identification of sequence
polymorphisms for a given gene in the naturally occurring populations includes
(1) modified TILLING and (2) sequencing-based allele mining (Kumar et al. 2010).
TILLING (McCallum et al. 2000) is a reverse genetics approach that can identify



6 Emerging Concepts and Strategies for Genomics and Breeding 259

point mutation in a target gene by heteroduplex analysis (Till et al. 2004). TILLING
or its modified version Eco-TILLING is based on the enzymatic cleavage of
heteroduplex DNA formed due to mismatch in sequence between reference and
test genotype with a single-strand specific nuclease (e.g., Cel-1, S1, mungbean
nuclease, etc.) under specific conditions followed by detection through Li-Cor
genotyper or capillary electrophoresis (CE) separation. At the site of point muta-
tion, there will be cleavage by the nuclease to produce two cleaved products whose
sizes will be equal to the size of the full-length product. The presence, type, and
location of point mutation or SNP will be confirmed by sequencing the amplicon
from the test genotype that carries the mutation. Conversely, the sequence-based
TILLING approach involves amplification of alleles in diverse genotypes through
PCR followed by identification of nucleotide variation by DNA sequencing. Both
approaches are not cost-effective, as claimed. However, with the advent of newer
sequencing technologies, the second- and third-generation sequencing technologies
in particular, that are capable of producing at low cost, with more read length and
high throughput, sequence-based allele mining is expected to generate data at an
economically affordable level.

The most important application of allele mining is the discovery of superior
alleles from unutilized natural plant genetic resources. A number of such alleles has
already been identified and used in crop improvement. It can also be used to reason
the molecular basis of novel trait variations and pinpoint the nucleotide sequence
changes associated with superior alleles. It may pave the way for molecular
discrimination among related species, development of allele-specific molecular
markers, facilitating introgression of novel alleles through MAS or deployment
through genetic engineering (Kumar et al. 2010).

6.5.1.2 Quantitative Trait Locus Mapping

The QTL-mapping approach generally begins with the crossing of two parental
inbred lines for a number of generations to form preferably a population of
recombinant homozygous lines. There are several methods for QTL mapping
ranging from the simplest method of single-marker analysis (Sax 1923) to more
sophisticated methods such as interval mapping (Lander and Botstein 1989; Haley
and Knott 1992), joint mapping (Kearsey and Hyne 1994), multiple regression
(Wright and Mowers 1994; Whittaker et al. 1996), and composite interval mapping
(Zeng 1994). Analytical complexities are taken care of with various software
packages including MAPMAKER/QTL (Lincoln et al. 1993), JoinMap (Stam
1993), QTL Cartographer (Basten et al. 1994), PLABQTL (Utz and Melchinger
1996), QGene (Nelson 1997), and TASSEL (Buckler 2007). This approach has
proved to be quite useful for plant breeding and has been successful in identifying
loci of large effect and dissecting the genetic basis of fairly simple traits. A detailed
discussion of QTL analysis has been given in Chap. 4.

The QTL approach will be important in terms of climate-resilient agricultural
activities. Most of the traits particularly important in the event of climate change are
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quantitative in nature. Moreover, QTLs for tolerance to traits including drought,
heat, frost, flood, etc., have been reported in different genetic backgrounds. Now,
accumulating useful QTLs is the major goal for crop improvement in the changing
climatic situation. In this regard, various approaches as described in this chapter
will be the foci of the future for climate-resilient plant breeding. QTL mapping for a
drought-tolerance trait has been done in different crops including maize, wheat,
barley, cotton, sorghum, and rice (Quarrie et al. 1994; Teulat et al. 1997; Sari-Gorla
et al. 1999; Saranga et al. 2001; Sanchez et al. 2002; Bernier et al. 2008). In pearl
millet, a major QTL associated with grain yield in drought stress environments has
been identified on linkage group 2 (LG 2), which accounts for up to 32 % of the
phenotypic variation of grain yield (Yadav et al. 2011).

The primary disadvantages of the QTL mapping approach is the time involved in
creating populations, limited information and inferences that can be made from
alleles in two parental lines, the small number of recombination events captured in
most mapping populations and a necessary focus on traits that can be readily and
accurately phenotyped (Morrell et al. 2012). To overcome such limitations and to
map QTL with higher precision, approaches like marker-assisted recurrent selec-
tion (MARS) and genome-wide selection (GWS) have been used for such types of
study (Ravi et al. 2011).

6.5.1.3 Association Mapping

Association or linkage disequilibrium (LD) mapping approaches assess the corre-
lation between phenotype and genotype in populations of unrelated individual lines.
The association-mapping panels (Risch and Merikangas 1996) sample more genetic
diversity, can take advantage of many more generations of recombination, and
avoid the generation of time-consuming crosses that are necessary for QTL
mapping (Myles et al. 2009). Unlike QTLs identified through biparental mapping
strategies that can span tens of megabases, the recombination event that is captured
in most association panels enables a much greater genetic resolution. With a large
panel and with sufficiently dense genome-wide marker coverage, association
mapping can potentially map causative loci to individual nucleotide changes.
However, much higher resolution can be achieved through genome-wide associa-
tion studies (GWAS). Huang et al. (2010) used low-coverage resequencing of the
genomes of a panel of more than 500 rice landraces and found 80 loci associated
with 14 agronomic traits. Several of these associations were previously
characterized showing authenticity of the results. Precision of similar kind was
also reported in A. thaliana (Atwell et al. 2010). These results suggest limits to the
precision available in association mapping studies, particularly in inbreeding
organisms (Atwell et al. 2010; Hamblin et al. 2011).



6 Emerging Concepts and Strategies for Genomics and Breeding 261

6.5.1.4 Marker-Assisted Recurrent Selection

The plant breeder usually uses a conventional recurrent selection process in order to
increase the frequencies of desirable QTL alleles at multiple loci. Now, two related
approaches have been proposed for similar purposes (1) F, enrichment followed by
inbreeding (Howes et al. 1998; Wang et al. 2007); and (2) MARS (Edward and
Johnson 1994; Hospital et al. 1997; Johnson 2004; Bernardo and Charcosset 2006).
In both these approaches, the starting material usually is an F, population. The
primary goal is to develop an improved recombinant inbred (RI) in the case of self-
pollinated crops and with superior testcross performance for cross-pollinated crops.
In F, enrichment, the F, plants with undesirable alleles are culled in order to
increase the frequency of desirable alleles that in another way increases the
probability of recovering inbred with desirable alleles at all the loci. Usually, this
selection cycle is run only once, because a second or third round of enrichment adds
little advantage (Wang et al. 2007). However, in MARS multiple cycles of selection
are performed based on markers (Edward and Johnson 1994; Johnson 2004;
Eathington et al. 2007). The step in MARS involves (1) identifying F, plants or
F,-derived progenies that have the desirable allele at most of the target QTLs, (2)
recombining selfed progenies from these selected individuals, and (3) repeating the
procedure for 2-3 cycles. In the MARS approach, a selection index is created based
on weight given to markers according to the relative magnitude of their estimated
effects on the trait (Lande and Thompson 1990; Edward and Johnson 1994). The
selection index is given by M; = Zb;X;;, where M; is the marker score of the jth
individual, b; is the weight given to the ith marker locus and X; is given score 1 if
the jth individual is homozygous for the marker allele with favorable effect, and —1
if the individual is homozygous for the marker allele with un/less favorable effect.
The value of the b; weight can be obtained from multiple regressions of trait values
on X;; (Lande and Thompson 1990; Hospital et al. 1997). MARS is now being used
in several crops. Success has been reported in sweet corn where MARS increased
the frequency of the favorable alleles from 0.50 to >0.80 at 18 out of 31 markers
used in selection (Edward and Johnson 1994), and five marker loci became fixed for
the favorable alleles. Similarly, in another F, population, the frequency of the
favorable marker allele increased to >0.80 at 11 out of 35 markers used in selection.
This shows the power of the approach. It has now been tried in other crops including
wheat and success is underway. A possible disadvantage of MARS is the necessity
of extra numbers of generations for cyclic selection based on markers (Bernardo
2008).

6.5.1.5 Genome-Wide Selection or Genomic Selection

GWS refers to marker-based selection without significance testing and without
identifying a subset of markers associated with the trait (Meuwissen et al. 2001).
Here, the effects of all the markers on the quantitative trait (i.e., breeding value) are
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fitted as random effects in a linear model. Trait values are then predicted as the sum
of an individual’s breeding values across all the markers used, and selection is
subsequently based on these genome-wide predictions. Therefore, the first step of
genomic selection (GS) is the estimation of marker effects and the designing of
genomic prediction models from a training population. The second step consists of
two or three cycles of early-generation genotypic selection and intercrossing,
allowing accumulation of favorable alleles. GWS leads to high correlations
between predicted and true breeding value for a quantitative trait (Meuwissen
et al. 2001). It has been shown that GS can increase efficiency of breeding for
yield potential in elite x elite crosses, but it cannot introduce new genetic variability
into the most adapted backgrounds. Trait-based breeding will combine and
introgress yield potential traits coming from various genetic resources into the
most adapted recipient parent (Reynolds et al. 2011).

6.5.1.6 Next-Generation Mapping of Complex Traits

Mapping complex traits is always difficult and challenging. Various approaches
have already been proposed and used with limited success. In recent times, next-
generation sequencing (NSG) approaches have also been used for this purpose.
Basically, NSG mapping is comprised of three major steps (1) development of the
mapping population, (2) extraction of DNA and preparation of libraries, and (3)
assembling short reads and genotyping. The NSG approaches have the potential to
map QTL more effectively. However, such approaches may also lack sufficient
power. Whole-genome resequencing (WGR) (Huang et al. 2009), restriction site-
associated DNA (RAD, Baird et al. 2008) and phenotype-based selection and
introgression followed by whole-genome resequencing (PSIseq, Earley and Jones
2011) are NSG-based mapping approaches. WGR and RAD use a bulk segregant
population and require large mapping populations to detect multiple loci with weak
effect (Ehrenreich et al. 2010). In PSIseq, populations with a divergent complex
trait are hybridized and then selected for a specific phenotype across multiple
generations of backcrosses. The trait of interest is selected for each generation,
and offspring are mated to the other parental line expressing the unselected pheno-
type (introgression and backcrossing). Over multiple generations of selection and
backcrossing this hybrid population becomes homozygous for the majority of the
unselected parent’s genome while loci from the selected parent, which contribute to
the selected trait, remain. Using high-throughput sequencing, the breakpoints of
introgression are mapped, which eventually map the regions harboring genes
influencing the trait. The power and effectiveness of PSIseq have been shown in
the Drosophila system. However, it can be used in other systems as well. It does not
require existing high-quality reference genomes. Unlike other NSG mapping
approaches, it can find multiple loci with small mapping populations (Earley and
Jones 2011). With the wider applications of NSGs, these mapping approaches will
find a popular place in plant breeding programs of the future.
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6.5.2 Next-Generation Mapping Populations

A multiparent populations concept, called next-generation populations (NGPs), has
evolved and been used recently with the aim to overcome the shortcomings of
biparental QTL mapping and association mapping populations. In principle, it
combines the controlled crosses of QTL mapping with multiple parents and multi-
ple generations of intermating. The NGPs are often larger than traditional QTL
populations, and many lines are crossed in parallel; this increases the rate of
effective recombination per generation and maximizes “genetic map expansion,”
thereby improving genetic resolution compared to traditional biparental mapping
(Rockman and Kruglyak 2008). Like association mapping panels, NGPs will more
effectively sample rare alleles than typical biparental populations. It also has the
power to overcome some of the difficulties of association mapping, including
population structure and the unknown frequency of causative mutations. Further,
it allows better estimation of allelic effects than is possible under standard associa-
tion mapping approaches purely because of equal contribution of all the parents
involved (Macdonald and Long 2007).

6.5.2.1 Nested Association Mapping Population

The nested association mapping (NAM) population is a form of next-generation
population. Here, diverse strains are crossed to a reference parent (Yu et al. 2008).
The resultant Fs are self-fertilized for several generations in order to develop a
series of RILs (Fig. 6.2). The members of the RIL families are either sequenced or
genotyped and compared with the reference lines. In maize, 25 diverse corn lines
were used as the parental lines and each parental line was crossed to the B73 maize
inbred to produce an F; population. The F; plants were then self-fertilized for six
generations in order to create a total of 200 homozygous RILs per family, for a total
of 5,000 RILs within the NAM population.

NAM combines the advantages and eliminates the disadvantages of two con-
ventional methods for identifying QTLs: linkage analysis and association mapping.
In principle, the linkage analysis depends upon the recent genetic recombination
while the association mapping takes advantage of historic recombination. Linkage
analysis suffers from low-resolution mapping while association mapping needs
extensive knowledge of SNPs. The NAM takes advantage of both historic and
recent recombination events and, eliminates the disadvantages associated with both
of the traditional approaches. It has successfully been utilized in the study of
numerous traits in maize (Buckler et al. 2009; Brown et al. 2011; Kump et al.
2010; Tian et al. 2011). The NAM population has tremendous potential to be used
in genome-wide association studies and for study of agronomic traits useful for
changing climatic conditions.
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Fig. 6.2 Schematic diagram of NAM population generation
6.5.2.2 Multiparent Advanced Generation Intercross Population

The multiparent advanced generation intercross (MAGIC) is another form of next-
generation population, which involves intercrossing of multiple parents, forming a
single large population (Cavanagh et al. 2008; Kover et al. 2009) (Fig. 6.3). It is also
called recombinant inbred advanced intercross line (RIAIL) populations (Rockman
and Kruglyak 2008). Multiparent crosses have a long history in plant breeding
(Harlan and Martini 1929; Suneson 1956) and have been a source of considerable
insight into evolutional processes in crops (Allard et al. 1972; Clegg et al. 1972).
However, adoption of such mapping populations will vary with the crop species
depending upon the ease or complexities with which crosses can be made. For
example, designs that involve repeated outcrossing (e.g., MAGIC) are difficult to
implement in self-pollinated crops such as soybean (Cavanagh et al. 2008).
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6.6 Advanced Approaches for Utilization of Plant Genetic
Resources

6.6.1 Introgression of Desirable QTL Through Wide
Hybridization

Wild or weedy relatives of crop species are an important reservoir of agronomically
superior traits. Such species possess the genes/alleles that helped it survive in
changed climatic conditions over the years. Such wild relatives of crops have
contributed several important traits for improvement of current cultivars of rice,
wheat, maize, barley, and other crops (Hajjar and Hodgkin 2007). In the recent past,
the genetic and cytogenetic approaches have contributed significantly towards such
transfer of genes from alien species into various crops including rice (Ashikari et al.
2005) and potato (Maxted et al. 2007). An understanding of its genetic and genomic
basis would help in planning breeding programs for transfer of the desirable genes
from such species to otherwise elite crop cultivars in a more effective and efficient
way. The molecular approaches have the technical ability to overcome problems
such as linkage drag, shattering, etc., associated with transfer of desirable alleles
from wild species. Several molecular marker-supported approaches have been
utilized for efficient transfer of desirable traits from wild species into tomato,
barley, rice, and so on. Approaches like introgression line (IL, Eshed and Zamir
1995), single segment substitution lines or 3-S lines (Talukdar and Zhang 2007),
chromosome segment substitution lines (CSSLs, Wang et al. 2004), and stepped
aligned inbred recombinant strains (STAIRS; Koumproglou et al. 2002) have
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shown promise in transfer of traits mostly governed by major genes. However,
these can also be used for other traits for enrichment of genetic variations and
development of hardy crops that can survive and sustain themselves against the
vagaries of nature.

6.6.2 Advanced Backcross QTL Analysis

It has been proved time and again that despite the inferior phenotype, the exotic
germplasm contain QTLs that can increase the yield and quality of elite breeding
lines. However, these QTLs are often linked with undesirable traits making their
application difficult. Efforts to overcome such hurdles have motivated the develop-
ment of a new molecular breeding strategy, referred to as the advanced backcross
(AB) QTL method (Tanksley and Nelson 1996), which integrates QTL analysis
with variety development, by simultaneously identifying and transferring favorable
QTL alleles from unadapted to cultivated germplasm. The AB-QTL strategy has so
far been tested in tomato, rice, barley, maize, pepper, etc. In this approach, QTL and
marker analyses are performed in advanced generations, like BC, or BC;. During
the development of these populations, a negative phenotypic and/or genotypic
selection pressure is exerted against the unfavorable genes particularly originating
from the donor parent. This helps in the reduction of the percentage of the donor-
parent genome simultaneously reducing the alleles that could otherwise interfere
with yield and other field performance traits (Tanksley and Nelson 1996). In the
case of cross-pollinated crops, field testing can be conducted on BC,S; or BC;S;.
Conversely, for crops where commercial hybrids are more commonly used, the BC,
or BC; plants are crossed with a tester variety to generate BC,F; or BC3F, families.
Once favorable QTL alleles are identified, only a few more marker-assisted
generations are required to develop near-isogenic lines (NILs) that can be field
tested and used for variety development. Therefore, a cycle of AB-QTL analysis
(i.e., QTL discovery, NIL development and testing) represents a direct test of the
underlying assumption of QTL breeding: that beneficial alleles identified in
segregating populations (i.e., BC, or BCj3 in the case of AB-QTL) will continue
to exert their positive effects when transferred in the genetic background of elite
lines (Grandillo and Tanksley 2003). This process not only results in improved elite
varieties, but it also provides a strategy for selectively expand the genetic base of
crop species, especially those with a narrow germplasm base. In the effort to breed
crops for changing climatic conditions, this approach might prove to be extremely
useful as it offers a way to transfer the desirable QTLs from the wild and weedy
species to the otherwise elite genotypes, which might lack the gene(s) for adapt-
ability to the harsh environments that are predicted to occur in the years to come.
Further, use of high-density molecular marker maps would ensure transfer of the
desirable QTLs in a more precise manner making the fear of linkage drag remote.
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6.6.3 Association Mapping

Association mapping, also known as linkage disequilibrium (LD) mapping is a
powerful tool to resolve complex trait variation down to the sequence level by
exploiting historical and evolutionary recombination events at the population level
(Risch and Merikangas 1996; Nordborg and Tavare 2002). As compared to tradi-
tional linkage mapping analysis, the advantages of association mapping are (1)
increased mapping resolution, (2) reduced research time, and (3) greater allele
number (Yu and Buckler 2006). Basically, there are two approaches for association
mapping (1): a candidate-gene based approach, which relates polymorphisms in
selected candidate genes that have purported roles in controlling phenotypic varia-
tion for specific traits; and (2) a genome-wide or genome scan approach, which
surveys genetic variation in the whole genome to find signals of association for
various complex traits (Risch and Merikangas 1996). For the candidate-gene
approach, information regarding the location and function of the genes involved
in either biochemical or regulatory pathways are required, which are currently
available for most of the model plants and a number of other crop species, as
well. At the same time, the availability of hundreds of thousands of SNPs at
affordable cost through resequencing has prompted researchers to move toward
genome-wide association analyses of complex traits. The Arabidopsis HapMap
provided a powerful catalog of genetic diversity with more than one million
SNPs at an average rate of one SNP every 166 bp (Clark et al. 2007). The unique
advantage of association mapping is that it harnesses the genetic diversity of natural
populations to potentially resolve complex trait variation to single genes or indi-
vidual nucleotides, and hence its results have wider applicability.

Linkage disequilibrium or gametic phase disequilibrium is the measurement of
the degree of nonrandom association between alleles at different loci. The differ-
ence between observed haplotype frequency and expected based on allele
frequencies is defined as D. It is given as, D = pAB — pA pB, where pAB is the
frequency of gamete AB; pA and pB are the frequency of allele A and B, respec-
tively. In the absence of other forces, recombination through random mating breaks
down the LD with D, = Dy(1 — r)", where D, is the remaining LD between two loci
after ¢ generations of random mating from the original D,. Several statistics have
been proposed for LD, and these measurements largely differ in how they are
affected by marginal allele frequencies and small sample sizes (Hedrick 1987).
The estimates of both D’ (Lewontin 1964) and r (Hill and Robertson 1968) have
been widely used to quantify LD. In terms of identifying SNPs or haplotypes
significantly associated with phenotypic trait variation, 7% is the most relevant LD
measurement. Typically, 7% values of 0.1 or 0.2 are often used to describe the LD
decay. Though LD is affected by many factors (Ardlie et al. 2002), LD due to
linkage is the net result of all the recombination events that occurred in a population
since the origin of an allele by mutation, providing a greater opportunity for
recombination to take place between any two closely linked loci than that in
linkage analysis (Holte et al. 1997; Karayiorgou et al. 1999). Among other factors,
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the reproduction mode of a species partly determines the level of LD in a diverse
population (Flint-Garcia et al. 2003). Generally, LD extends to a much longer
distance in self-pollinated crops, such as soybean, wheat, than in cross-pollinated
species, such as maize. The shorter the LD decay, the greater the mapping resolu-
tion, and vice versa.

Association or LD mapping often encounters problems of spurious association
generated by population structure and familial relatedness (Yu and Buckler 2006),
which needs to be taken care of through statistical treatments. Several statistical
approaches viz., structured association, genomic control, mixed model, principal
component, etc., can be adopted for explicit or ad hoc adjustment (Yu et al. 2006).

The size of the sample taken for association mapping remains relatively small. In
many recent association mapping studies, only about 100 lines were investigated.
However, unless the functional locus has a very large effect and tested markers are
in high LD with this locus, it will be difficult to identify marker—trait associations
with a small population, regardless of whether the candidate-gene or genome-scan
approach is used. Simulations with empirical maize data showed that a large sample
size is required to obtain high power to detect genetic effects of moderate size (Zhu
et al. 2007). Similarly, the number of markers to be used is also an important
consideration for candidate-gene association mapping studies. Generally, the num-
ber of required markers is much higher for biallelic SNPs than for multiallelic
SSRs. As a starting point, the number of SSR markers should be about four times
the chromosome number of that species, i.e., at least two markers per chromosome
arm. However, chromosome length, diversity of the species and the particular
sample, cost and availability of different marker systems will be the ultimate
determining factors.

A variety of software packages are available for data analysis in association
mapping (Table 6.3). However, TASSEL and STRUCTURE are the most com-
monly used software for association mapping in plants. TASSEL is also used for
calculation and graphical display of linkage disequilibrium statistics and browsing
and importation of genotypic and phenotypic data. STRUCTURE software typi-
cally is used to estimate the Q matrix (Pritchard et al. 2000). However, to resolve
specific issues, specialized software has to be used.

Association mapping or LD mapping was initially developed in human beings.
However, it has an equal or even better foothold in animal and plant systems. It has
successfully been used in almost all the major crops such as maize, soybean, barley,
wheat, tomato, sorghum, and potato, as well as tree species such as aspen and
loblolly pine, to name a few. With the availability of the genome sequences of the
important crop species and sophisticated analytical tools, the association mapping
approach is expected to provide more useful information to breeders allowing them
to develop designer crops with the capability to sustain themselves during global
climate change. This approach has been advanced further incorporating the benefits
of both linkage mapping and association mapping, in an approach called NAM. In
this approach, a large number of lines (founder lines) are crossed to a single
genotype (reference line). The F; thus produced are selfed for 68 generations to
generate a series of RIL families (Fig. 6.2). This multiparent mapping population is
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Table 6.3 List of a few software packages commonly used for components of association analysis

Software Source Remarks
ASREML http://www.vsni.co.uk/ Basically designed for animal breeding data
products/asreml analysis. However, it can be used for plant
breeding data. It uses a mixed model analysis
system
EINGENSTRAT  http://genepath.med. It is used for association analysis, PCA
PCA harvard.edu/~reich/

Software.htm
MTDFREML http://aipl.arsusda.gov/ It uses mixed model analysis of data primarily of

curtvt/mtdfreml.html animal breeding, can also be used for plant
breeding data
R http://www.r-project.org/ A generic software convenient for simulation
work
SPAGeDi http://ebe.ulb.ac.be/ebe/ It is fit for genetic and relative kinship analysis
SPAGeDi.html
SAS http://www.sas.com It is also a generic software package used widely

for data analysis
STRUCTURE http://pritch.bsd.uchicago. It is widely used for analysis of population

edu/structure.html structure
TASSEL http://www.maizegenetics. It is used for association analysis, analysis of LD;
net has a component of linear and mixed model

for data analysis

gaining popularity among breeders for its applicability to creating the wider
variability necessary in improving crops species for wider adaptation.

6.6.4 Multiparent Advanced Generation Intercross

Most of the traits of agronomic importance are polygenic, i.e., controlled by
polygenes. Such traits are difficult to analyze for their effects and inheritances.
Since these traits are governed by polygenes each with small, similar and additive
effect, they hence show a continuous variation in the segregating populations. Most
importantly, the effects of such genes are not pronounced enough and hence are
highly influenced by the environment making estimation of genetic effects more
complex. Therefore, complex statistical and biometrical approaches are applied in
the analysis of such traits (commonly called quantitative traits). Genetic variations
expressed by such traits are an important source for genetic analysis. For genetic
studies and, more particularly for molecular mapping and analysis of QTLs, a series
of synthetic population, viz., backcross, RILs, and doubled-haploid (DH) lines are
used. Usually, such populations (except DH) are developed by crossing two diverse
genotypes. The F; generation is either selfed (to produce F,) or backcrossed with
one of the parents (usually the recurrent parent) to produce backcross populations.
The resultant generations starting from F,s may be advanced through the single
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seed descendent (SSD) approach to produce RIL. These populations, called
mapping populations have their own niche and limitations. The most serious
limitation is the limited variability i.e., the variability is limited to present in the
two parents only. Further, the resolutions with which the QTLs are mapped are
statistically poor. QTLs identified by these mapping populations have confidence
intervals of 5-20 cM (Wilson et al. 2001; Louder et al. 2002; Ungerer et al. 2002),
which corresponds on average to 1.2-4.8 Mb (million base pairs) covering
hundreds of candidate genes. To overcome such limitations, a series of populations
have been developed by various workers over a period of time. The unique feature
of these new generation mapping populations is that they involve more than two
genotypes (parents) in their population, and are amenable to replications over time
and place that improves the power and resolution of QTL mapping significantly.
One such mapping population is MAGIC (Kover et al. 2009) (Fig. 6.3). In this
population, a number of accessions (founder lines) are intermated in a complete
diallel fashion i.e., each accession is crossed with all other accessions as a maternal
and paternal parent. The F; thus produced are then intermated through four
generations of random mating. From the F4 families, 2-3 MAGIC lines (MLs)
are derived by selfing for four to six generations. Precautions are to be taken to
avoid assortative mating through staggered planting or planting the same families
multiple times (see Scarcelli et al. (2007) for the detail procedure). The MLs thus
derived are subjected to phenotyping in replicated trials and genotyping with
molecular markers for detection of SNPs. Through appropriate statistical treatment
and uses of analysis software, QTLs are detected with higher resolution. This
approach does not necessitate repeated genotyping and allows study of trait
correlations, genotype-by-environment interactions, and the genetic basis of phe-
notypic plasticity. As it is developed through several intercrossings, and can be
replicated unlimitedly, associations are located with greater accuracy and, QTLs
are mapped with higher resolution. This has successfully been utilized to map QTLs
for bolting time, days to germinate, and glabrous and erecta traits in A. thaliana
(Kover et al. 2009). MAGIC populations are being developed in the UK and
CSIRO, Australia to incorporate a large proportion of the genetic diversity within
elite wheat varieties from around the world. It also enables the discovery of the best
combinations of genes for important traits. CSIRO has developed two MAGIC
populations. The first is a four parent population and includes lines adapted to all
breeding regions in Australia, with genetic diversity covering approximately 80 %
of Australian material. The second population is an eight parent population and
includes cultivars from six countries (Australia, Canada, China, Israel, United
States, and Mexico) (CIMMYT) (CSIRO 2011). Such MAGIC populations would
enable genetic dissection of the QTLs and their deployment for the genetic
improvement of crops.
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6.7 Specific Issues for Future Breeding Activities

Breeding crop varieties especially suitable for climate-resilient agriculture should
invariably consider a number of climatic factors in addition to the efficiency of the
crops in utilizing energy, water, nutrients as well as radiation.

Radiation Use Efficiency. Basic research shows that crop productivity and adapt-
ability can be increased many fold through manipulation of photosynthetic
mechanisms. The C,4 plants (example, maize) are more efficient than the C; plants
(example, rice) owing to their high carbon fixation efficiency. The increased
concentration of atmospheric CO, owing to global air pollution has become bene-
ficial to the C; plants. It is estimated that 0.3 % of the observed 1 % rise in global
wheat production can be attributed to this increase (Fisher and Edmeades 2010).
Reynolds et al. (2011) mentioned that crop productivity increase must achieve a
number of broad objectives simultaneously (1) increase of crop biomass through
modification of radiation use efficiency (RUE), (2) improvement of targeted adap-
tation of reproductive processes to major crop agro-ecosystems thereby permitting
increases in RUE to be translated to grain weight; and (3) enhancement of the
structural characteristics of the crop plants to ensure grain yield potential without
sacrificing quality due to lodging. However, a multidisciplinary approach is needed
to achieve the targets of crop genetic improvement in terms of its suitability to
changing climatic conditions.

Nitrogen Use Efficiency. Usually, high-yielding varieties and hybrid crops are
nutrient demanding; they need more chemical fertilizer, timely supply of water in
addition to chemical protection from time to time. Over or indiscriminate applica-
tion of chemical fertilizer, nitrogenous fertilizer in particular, has become a matter
of concern in the light of water and environmental pollution. It has emerged as a key
target in the changing climatic conditions (Tester and Langridge 2010). Therefore,
for current breeding programs, it is important to develop crop varieties or hybrids
that (1) need lesser amounts of nitrogenous fertilizer, and (2) are highly efficient in
their use of the nitrogenous fertilizer. Enhancing or incorporating a biological
nitrogen fixation (BNF) capability to the crop varieties could be an important
option. Efforts in this direction are ongoing with encouraging progress reported.

Breeding for Zero Tillage Systems. The zero tillage approach is gaining popu-
larity among crop producers as a conservation measure for the earth. It causes less
damage to the soil structure and thus saves energy needed for field preparation to a
greater extent. Its adoption and large-scale use is going to change the spectrum of
diseases and insect pests attacking the crops. For such situations, newer breeding
strategies have to be designed as the conventional approaches would hardly work.
Similarly, breeding approaches have to be changed to meet the need of multiple
cropping systems and cropping sequences, for which interactions between
agronomists and the breeders is very important.
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GM Crops. The production and evaluation of genetically modified (GM) crops,
which permit generation of variations that may or may not be available in the
natural population, will remain an active area of research in the near future. The
power and success of this technology has been proved by the significant control of
insect pests through deployment of a gene for proteinaceous toxins from the
bacterial genome. Likewise, development of (-carotene-rich rice has brought
hope for the technology as well as to humanity (Mayer et al. 2008). GM crops
with tolerance to abiotic and biotic stresses have been developed in different parts
of the world and are in different phases of testing. GM genotypes with tolerance to
heat, drought, frost, etc., will be the focus of the future. However, the future focus
should be the discovery and characterization not only of genes but also of promoters
that provide accurate and stable spatial and temporal control of the expression of the
genes (Moller et al. 2009). Similarly, development of marker-free transgenic crops
should be on the agenda to avoid political obstructions. The GM technology has the
promise to support plant breeding activities for climate-resilient agriculture and
will inevitably be deployed for most major crops in the future (Tester and
Langridge 2010).

Targeted Genome Editing Technology. Transfer of genes/QTLs from unadapted
genotypes to an elite genotypic background is often expensive, time consuming,
and also suffers from the problem of linkage drag. However, recently developed
technologies viz., zinc finger nucleases (ZFN) (Weinthal et al. 2010) and transcrip-
tion activator-like effector (TALE) nucleases (Bogdanove and Voytas 2011) have
the potential to tackle such problems. These technologies involve the use of
sequence-specific designer nucleases that cleave targeted loci, enabling creation
of small insertions and deletions (indels), insertion of novel DNA, or even replace-
ment of individual alleles. The usefulness of these techniques has been established
even in crops (Shukla et al. 2009; Morbitzer et al. 2010). Perhaps, it would not be
impossible to target the replacement of deleterious mutations in elite breeding lines
(Morrell et al. 2012). Such technologies should open up a path to develop crops that
are suitable for the changing climatic situations.

6.8 Conclusion

To be precise, there is no single solution to the problem of climate change; nor is
there any single plant breeding approach to develop crop varieties capable of
countering all climatic hazards that are envisaged as a consequence of changing
climatic variables. However, the process of breeding climate-resilient crops would
include a few obvious considerations (1) generation of variability: the variants with
desirable traits can either be searched for in the available germplasm or created
through hybridization, mutation, or transgenic approaches; (2) testing, analysis, and
identification: the variability generated or collected needs to be tested for its fitness
to the changed climatic variables. For this matter, artificial screening facilities or
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phenomic facilities would be useful. The improved plant breeding approaches
including molecular tools and techniques, and the genomic approaches would be
of great use to identify the target plant or progenies; (3) human resource develop-
ment: imparting training to research personnel on modern tools and techniques
needs to be an important component of such efforts; (4) utilization: finally the tested
genotypes should be multiplied and distributed to the end users for wide applica-
tion. For large-scale adoption, demonstrations can help. In India, such an effort has
already been initiated (National Initiative for Climate Resilient Agriculture,
NICRA) as a preparatory step towards containing the hazards of climate change
in agriculture. Such governmental initiatives and policy support mechanisms are
necessary to make the technologies available and accessible to even poor users
across the world. In this regard a global initiative is required.

It can be said that a coordinated approach of conventional and modern plant
breeding processes coupled with crop management and policy planning can find
ways to develop crop varieties and agricultural techniques that can increase crop
production and sustain it even under severe environmental conditions. While doing
so, the necessity should be to identify and exploit effective alleles at multiple loci
through appropriate phenotypic, genotypic, and molecular approaches of selection
(Christopher et al. 2007; Crossa et al. 2007). Secondly, to accumulate and utilize
greater numbers of favorable alleles, approaches like MARS and genomic selection
(GS) should be given due consideration. GS has shown savings of 13 years in the
release of improved germplasm in oil palm as compared to conventional
approaches (Wong and Bernardo 2008). Such approaches with power, precision,
and efficiency should be the foci for crop breeding in climate-resilient agriculture.
Thus, it is clear that more is required than what can be provided by traditional
breeding approaches alone. Policies should be in place worldwide to make the
technologies economically affordable by all sections of users globally. Thus, new
genomic and breeding technologies must be developed and employed to accelerate
the breeding processes so as to meet the goal of feeding billions of people on earth.
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