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The enormous population growth, climate change and global warming are now considered major threats to agriculture
and world’s food security. To improve the productivity and sustainability of agriculture, the development of high-
yielding and durable abiotic and biotic stress-tolerant cultivars and/climate resilient crops is essential. Henceforth,
understanding the molecular mechanism and dissection of complex quantitative yield and stress tolerance traits is the
prime objective in current agricultural biotechnology research. In recent years, tremendous progress has been made in
plant genomics and molecular breeding research pertaining to conventional and next-generation whole genome,
transcriptome and epigenome sequencing efforts, generation of huge genomic, transcriptomic and epigenomic
resources and development of modern genomics-assisted breeding approaches in diverse crop genotypes with
contrasting yield and abiotic stress tolerance traits. Unfortunately, the detailed molecular mechanism and gene
regulatory networks controlling such complex quantitative traits is not yet well understood in crop plants. Therefore,
we propose an integrated strategies involving available enormous and diverse traditional and modern —omics
(structural, functional, comparative and epigenomics) approaches/resources and genomics-assisted breeding methods
which agricultural biotechnologist can adopt/utilize to dissect and decode the molecular and gene regulatory networks
involved in the complex quantitative yield and stress tolerance traits in crop plants. This would provide clues and
much needed inputs for rapid selection of novel functionally relevant molecular tags regulating such complex traits to
expedite traditional and modern marker-assisted genetic enhancement studies in target crop species for developing
high-yielding stress-tolerant varieties.
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1. Introduction

The convergence of population growth, variable climatic
conditions, water shortage and global warming is expected
to threaten food security on a worldwide scale, imposing an
immensely global challenge for agriculture today (IPCC
2007). It is anticipated that by 2030, a developing country
like India will be most severely affected due to insufficient
production of major food crops like cereals (rice, wheat and
maize) and pulses as because of massive impact of climate
change on the tropics and sub-tropics, huge population
growth and dependency of more than half of this population
on agriculture (Reynolds and Ortiz 2010). To meet the
dietary demand of the fast-increasing population in India, it
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is thus imperative to develop high-yielding durable stress-
tolerant cultivars, particularly of the staple cereal and pulse
(chickpea and pigeonpea) crops, that feeds over half of the
Indian population. However, most of these yield, and abiotic
(drought, salinity, cold, high temperature, acidity and
sodicity) and biotic (evolution of new races of pathogens
due to climate change) stress component agronomic traits are
complex and quantitative in nature and multiplicatively
governed by many major and several small effect genes/
QTLs (quantitative trait loci) (Wang et al. 2008; Tardieu
and Tuberosa 2010). Henceforth, understanding the
molecular mechanism and dissection of such complex
quantitative traits is the prime objective in current plant
genomics and molecular breeding research. This can be

Complex quantitative traits; genomics; molecular breeding; SNP; SSR

J. Biosci. 38(5), December 2013, 971-987, © Indian Academy of Sciences 971



972

effectively deciphered by decoding all the indispensable
information of inheritance encoded in the nucleic acids and
chromatin through integrated traditional and modern -omics
approaches/resources (structural, functional, comparative
and epigenomics) and subsequently their efficient utilization
in genomics-assisted breeding for genetic improvement of
crops for higher yield and stress tolerance.

The completion of genome and expressed sequence tag
(EST) sequencing and gene discovery projects for several
crop species like rice, Arabidopsis, sorghum, maize and
soybean based on first-generation Sanger sequencing
methods have generated a wealth of genomic and genic
sequence information including fully characterized known
and candidate genes, transcription factors and regulatory
sequences. These sequence resources are now freely
accessible at various web databases. Additionally, the recent
advent of high-throughput next-generation whole genome
and transcriptome sequencing, array-based genotyping and
modern bioinformatics approaches have enabled to produce
huge genomic and transcriptomic resources globally on a
genome-wide scale in diverse crop genotypes. Further, the
epigenetic modifications involving histone methylation and
acetylation, and DNA methylation during transcriptomic
activity and their regulation of genes involved in yield and
stress responses have also been well studied (He et al. 2011;
Kohler et al. 2012). Moreover, the integration of structural,
functional and comparative genomics including epigenomics
with marker-assisted breeding (MAB)/genomics-assisted
breeding have been implicated to be an effective approach
for identification of genes/QTLs and expressed QTLs
(eQTLs) and their regulatory sequences involved in
expression of an individual trait in crop plants (Emilsson et
al. 2008; Kim et al. 2010). These integrated approaches have
also been proved efficient for dissecting the complex
quantitative traits like tuber quality in potato and diseases
in Arabidopsis thaliana (Boerjan and Vuylsteke 2009;
Terpstra et al. 2010). Collectively, all these integrated —
omics and MAB approaches can identify functionally
relevant molecular tags including informative molecular
markers, novel gene-associated targets, genes/QTLs
(eQTLs), alleles, epialleles, transcription factors and
regulatory sequences which will be useful to unravel the
molecular basis of complex quantitative yield and stress
tolerance traits in crop species (Langridge and Fleury
2011). However, very limited efforts have been made till
now in integrative usage of such genomic, transcriptomic
and epigenomic resources in genomics-assisted breeding to
decipher the molecular and gene regulatory networks and
identify the potential genetic loci regulating the complex
traits in crop plants.

Keeping all the above in view, we propose a strategy for
integration of available traditional and modern —omics
resources/approaches comprehensively with genomics-
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assisted breeding to decode the molecular and/or gene
regulatory networks for identification of functionally
relevant novel gene-associated targets and alleles controlling
the complex quantitative yield and stress tolerance traits in
crop plants. These proposed strategies are summarized under
two broad research areas: (A) Integration and correlation of
enormous structural, functional, comparative and
epigenomics approaches/resources pertaining to complex
yield and stress tolerance traits to identify functionally
relevant molecular tags (traditional and modern next-
generation molecular markers, novel genes/QTLs, eQTLs,
alleles and epialleles) regulating the target traits and (B) use
of superior functional gene/QTL combinations and
favourable natural allelic variants in traditional and modern
genomics-assisted breeding/MAB to develop novel high-
yielding stress-tolerant crop varieties.

2. Impact of global climate change on abiotic and biotic
stresses

The effect of climate change on potential abiotic stresses
such as changes in CO, concentration, increased
temperature, drought and changing rainfall patterns is now
considered the major impediment to the crop productivity
(Pachauri and Reisinger 2007; Vahdati and Leslie 2013).
The continuous and combined impact of abiotic stress
factors particularly the global water shortage and high
temperature due to worldwide climate change impairs the
photosynthetic activity during the day and night-time, which
in turn increases the photorespiratory losses and ultimately
lowering the crop productivity. This is clearly evident from
the study documenting reduced major cereal production
owing to the rising global temperature between the years
1981 to 2002 (Lobell and Field 2007). Additionally, the
elevation of greenhouse CO, and/or O, gas concentration
in the subtropics is assumed to create global drought stress
and subsequent threat to sustainable crop farming in
agriculture. In coming years, the drought, flooding, land
degradation, high CO,/O, concentration and extreme
temperature (heat/cold) all associated with variable climates
are likely to increase the problem of food crisis particularly
in tropical and subtropical regions of world.

On the other hand, the effect of biotic stresses comprising of
plant pathogens, pests and diseases on reducing crop
productivity under changing climate scenario is quite evident
from several lines of studies. These studies indicated that the
effect of climate change possibly alters the stages and rates of
development of the pathogen, and modify host resistance
including changes in the physiology of host—pathogen
interactions. This in turn shifts the geographical distribution of
host and pathogen outside their historic ranges causing disease
epidemics and substantial crop loss (Coakley et al. 1999;
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Gregory et al. 2009). The findings on climatic influence on
plant pathogens, pests and diseases revealed that climate change
can either lead to the emergence of pre-existing pathogens as
major disease agents or can provide the climatic conditions
required for introduced pathogens to emerge. For instance, dry
weather tends to favour growth of insect vectors and viruses,
whereas wet weather favours fungal and bacterial pathogens.
Higher winter temperature (—6 to —10°C) increases survival of
overwintering rust fungi (Puccinia graminis) causing
subsequent disease epidemics (Pfender and Vollmer 1999).
Likewise, milder winters, higher nocturnal temperatures and
higher overall temperatures enable increased winter survival
of plant pathogens, accelerated vector and pathogen life cycles,
and increased sporulation and infectiousness of foliar fungi
(Harvell ef al. 2002). The temperature also governs the rate of
reproduction in many pathogens. For example, the root rot
pathogen reproduces more quickly at higher temperatures
(Waugh et al. 2003). The increasing level of atmospheric CO,
reduces the ability of soybean to defend against bean leaf beetle
resulting in increased beetle populations and subsequent yield
loss (Zavala et al. 2008). Furthermore, new races may evolve
rapidly under elevated temperature and CO, concentration
(Chakraborty 2013). These races under evolutionary forces
govern massive pathogen populations which are supported by
a combination of increased fecundity and infection cycles under
favourable microclimate. In addition to these, the changing
geographic distribution brings diverse lineages/genotypes
which do share the common ecological niche resulting in an
increased pathogen diversity (Anderson ef al. 2004; Garrett et
al. 2006; Pautasso ef al. 2012).

Henceforth, efforts have been made to mitigate the
challenges posed by abiotic and biotic stresses by developing
stress-tolerant high-yielding crop varieties (Mittler 2006;
Redden 2013) that adapted to diverse climatic conditions
through integrated genomics and molecular breeding
approaches (Reynolds and Ortiz 2010). However, it seems
much difficult particularly in case of biotic stresses because
of rapid mutation of living organisms like pathogens and
insects. Therefore, it becomes very tough to ascertain the
similarity between strains and their pathogenicity in different
environment and resistant phenotypes of resistant crop
varieties in the near future.

3. Integration and use of genomic, transcriptomic
and epigenomic resources/approaches for mining
functionally relevant molecular tags controlling
the complex traits

The use of traditional and modern structural, functional and
comparative genomics including epigenomics approaches
have made available the huge genomic, transcriptomic and
epigenomic sequence resources. These sequence resources
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further expedited the discovery of a large number of
annotated known cloned and candidate genes, microsatellite
and single nucleotide polymorphism (SNP) markers, QTLs,
alleles, epialleles, regulatory sequences and transcription
factors in diverse crop genotypes targeting the yield and
abiotic stress tolerance traits.

3.1  Genomic, transcriptomic and epigenomic sequence
resource

The whole genome sequencing efforts using the first-generation
Sanger sequencing-based clone-by-clone and/or whole genome
shotgun (WGS) approaches have been accomplished in crop
species like rice, Arabidopsis sorghum, maize and soybean
(table 1). Recently, utilizing the next-generation whole genome
de novo sequencing approaches, the draft genomes of crop plants
such as bread wheat, cucumber, foxtail millet and chickpea (desi
and kabuli) have been released. Some of the crop genomes like
barley, pigeonpea, potato, tomato, Medicago and Brassica rapa
have also been sequenced integrating both Sanger sequencing
and next-generation sequencing approaches (table 1). The
completion of whole genome sequencing in diverse contrasting
genotypes of many crop species have now enabled to generate
enormous genomic sequence resources, and structurally and
functionally annotated protein-coding and non-protein-coding
genes and transcription factors (table 1). Additionally, the
completely sequenced plant genomes have provided detail
insight into their genomic constitution and structural organization
including implication towards functional and comparative
genomic analyses and phylogenetics during such crop plant
domestication. For example, the completion of maize genome
sequencing inferred the abundance (~85% of genome) of
hundreds of transposable element families contributing to
complexity and diversity of its genome (Schnable et al. 2009).
The hexaploid wheat genome sequencing revealed the
polyploidization and expansion of gene families like genes
involved in energy harvesting, metabolism and growth associated
with its crop productivity (Brenchley e al. 2012). The tomato
genome sequencing gave insight into the fleshy fruit evolution
due to its genome triplications resulting in neofunctionalization of
genes controlling fruit characteristics like colour and fleshiness,
which are absent in other sequenced Solanaceous crop species
like potato (TGC 2012). The recent whole genome duplication
events as observed in legume crop species like paleopolyploid
soybean was absent in diploid legumes chickpea and pigeonpea
that are clearly evident from their draft genome sequences
(Schmutz et al. 2010; Varshney et al. 2012, 2013; Jain et al.
2013). The sorghum genome sequencing gave clues regarding
retrotransposon accumulation in its recombinationally recalcitrant
heterochromatic sequenced regions which might contribute to a
larger genome size of sorghum (~75%) compared with rice
(Paterson et al. 2009). This study also inferred that higher drought
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tolerance in sorghum than other cereal species is possibly due to
recent gene and microRNA duplications throughout its genome.
The autotetraploid potato genome gave clues regarding gene
family expansion, tissue-specific expression and recruitment of
genes to novel pathways that contribute to the evolution of its
tuber development (PGSC, 2011). The genome sequence of
Medicago revealed perception towards evolution of
endosymbiotic rhizobial nitrogen fixation by sub- and/or neo-
functionalization of genes having specialized role in nodulation
during its ancient whole genome duplication about 58 million
years ago (Young ef al. 2011).

To develop transcriptomics resources, the macro-array
analysis such as suppression subtractive hybridization
(SSH) and ¢cDNA-AFLP (Amplified fragment length
polymorphism) have been assayed in different vegetative
and reproductive tissues during developmental stages of
diverse crop genotypes under normal growth and stress-
induced conditions. The integration of such approaches with
low-throughput first generation conventional Sanger
sequencing method and the recent next-generation long-
read sequencing technology like Roche 454 Pyrosequencer
have generated millions of EST (expressed sequence tags)
and full-length cDNA sequences (NCBI GenBank, Attp./
www.ncbi.nlm.nih.gov). For instance, about 400,000 ESTs
and 60,045 full-length cDNA in rice (Kikuchi et al. 2003)
and 38,097 ESTs representing 14,486 unigenes in chickpea
(Varshney et al. 2009a, b) have been developed from various
developmental stages/tissues and abiotic stress-induced
cDNA libraries of diverse genotypes using the Sanger
sequencing technology. The advent of array-based whole
genome transcriptome profiling [such as microarray chips,
serial analysis of gene expression (SAGE), massively parallel
signature sequencing (MPSS)] and recently the whole genome
next-generation transcriptome sequencing/RNA sequencing
(RNA-seq) assayed in different tissues/developmental stages
of diverse crop genotypes under stress-induced conditions have
expedited the generation of numerous transcript sequences
globally including differentially expressed transcripts encoding
the known/candidate genes (NCBI, GEO database).
Additionally, it also provide useful information regarding
alternatively spliced genes as well as identification of rare and
novel transcriptional active regions for diverse crop plants in a
genome-wide scale. For example, about 37,265-53,409 de
novo transcripts from diverse desi, kabuli and wild chickpea
genotypes representing different developmental stages/tissues
have been produced using the next-generation whole genome
transcriptome sequencing technologies particularly the Roche
454/FLX Pyrosequencer and Illumina Solexa Genome
Analyzer (Hiremath ef al. 2011; Garg et al. 2011a, b; Jhanwar
et al. 2012; Chickpea Transcriptome Database (CTDB) release
1.0, http.//www.nipgr.res.in/ctdb.html).

The epigenome information like DNA methylation pattern
and histone acetylation, methylation, phosphorylation and
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ubiquitination enrichment sites assayed during different
developmental stages/tissues and stress induced conditions of
diverse contrasting crop genotypes are available at present (He
et al. 2011; Kohler ef al. 2012). The documentation of all the
epigenetic regulators (histone modifications and DNA
methylation) across the whole plant genome forms a high-
resolution map of plant epigenome (Bernstein e al. 2007).
Such epigenome maps have been generated recently in plants
using combination of chromatin profiling, genomic tiling
microarrays and high-throughput next-generation sequencing
technologies (Zhang 2008; Zhu 2008; Eckardt 2009; He ef al.
2011). Such high-throughput profiling of plant epigenomes
have provided about a deep insight regarding the diverse role
of the epigenetic marks in regulating growth, development and
stress responses. Decoding the genetic information on
differential epigenetic modifications of chromatin (histone)
structure and DNA methylation patterns have utility to provide
clues regarding contribution of epialleles in controlling gene/
promoter regulation and differential gene/transcript expression
during developmental stages/tissues and stress responses in
diverse contrasting crop genotypes (table 2). For instance,
DNA methylation have shown to play a crucial role in rice
endorsperm biogenesis during seed development by
hypomethylating and thus activating the genes (encoding
major storage proteins and starch synthesizing enzymes)
preferentially expressed in endosperm (Zemach et al. 2010).
Moreover, extensive epigenomic reprogramming and
regulation comprising of RNA-directed DNA methylation
and chromatin modifications have been observed during
gametogenesis in plants (Baroux ef al. 2011). The
environmental signals also strongly trigger DNA methylation
and nucleosome histone post-translational modifications
leading to the establishment of stress-responsive epigenomes
(Chinnusamy and Zhu 2009; Mirouze and Paszkowski 2011).
Therefore, the heritable natural epigenetic variants (epialleles)
and transposons mobility regulated during epigenetic
mechanisms can be exploited to broaden the plant phenotypic
and genotypic variations for improving its adaptation to abiotic
and biotic stresses which in turn will increase the productivity
(Mirouze and Paszkowski 2011). The significance of epiallele
formation in the absence of genetic variation for controlling
phenotypic variation is well demonstrated particularly in case
of peloric and colourless fruit non-ripening/ripening epigenetic
variants from Linaria vulgaris and Solanum lycopersicum,
respectively (Cubas et al. 1999; Manning et al. 2006; Zhong
et al. 2013). Henceforth, informative epialleles can potentially
be utilized as epigenetic markers for identification and
mapping of gene-associated targets regulating the traits of
agricultural importance in diverse crop plants.

The enormous genomic and transcript sequences
(differentially expressed transcripts/genes) generated from
diverse crop genotypes using both traditional and modern —
omics approaches have potential to develop a large number
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Table 2. Epigenetics landmarks on yield and stress tolerance traits in crop plants
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Families Plant Species Methods used for epigenome analysis Gene expression/traits studied References
Poaceae Rice (Oryza sativa) ~ DNA methylation Biotic stress resistance Akimoto et al (2007)
DNA methylation Transposable element control Kashkush and Khasdan (2007)
DNA methylation and histone Plant development Li et al (2008)
methylation (H3K4me2/H3K4me3)
Histone acetylation (H3ac/H4ac) and Salt stress response Mukhopadhyay et al (2013)
Histone methylation (H3K4me/H3K4me2)
Histone modifications (H3K4me2, H3K4me3, Genome-wide analysis Du et al (2013)
H3K9%ac and H3K27ac)
DNA methylation and histone modifications Global epigenetic analysis He et al (2010)
(H3K4me3, H3K27me3 and H3K9ac)
DNA hypomethylation Endosperm development Zemach et al (2010)
Rodrigues et al (2013)
Maize DNA methylation and histone methylation Genome-wide analysis Eichten et al (2011)
(H3K27me3) Wang et al (2009)
DNA methylation and histone methylation Vegetative phase change Li et al (2010)
(H3K9me2/H3K27me2)
DNA methylation Endosperm development Waters et al (2011)
Zhang et al (2011b)
Hexaploid wheat DNA methylation Flowering development Shitsukawa et al (2007)
Amphiploid wheat ~ DNA methylation Transposable element control Kashkush ef al (2003)
Barley Histone methylation (H3K27me3) Vernalization induced flowering Oliver et al (2009)
DNA methylation Seed development Kapazoglou et al (2012)
Fabaceae Lotus DNA methylation Plant development and transposable Fukai ef al (2013)
element control
Soybean DNA methylation Patterns and heritability of differentially Schmitz et al (2013a)
methylated regions (DMR) and identification
of methylQTLs controlling phenotypes
Solanaceae Tomato DNA methylation Fruit ripening regulation by modifying Manning et al (2006)

Brassicaceae  Arabidopsis DNA methylation

expression of SBP (SQUAMOSA binding
protein) and RIN (ripening inhibitor)

Zhong et al (2013)

transcription factor genes and ripening genes
Patterns of population epigenomic diversity Schmitz et al (2013b)

in seed and pollen

microsatellite loci have been identified by comparing the
whole genome sequences/pseudomolecules of 12
chromosomes of indica 93-11 and japonica Nipponbare for
their wider use in large-scale genotyping applications of rice
(Zhang et al. 2007).

Likewise, the availability of whole genome sequences/
pseudomolecules and transcriptomic sequence resources of
multiple crop genotypes in public domain have enabled rapid
identification and development of genomic and genic SNP
markers in silico in a genome-wide scale (table 1). For
example, the comparison of whole genome sequences of
indica and japonica rice led to the discovery of more than
5 million SNP loci (http://www.ncbi.nlm.nih.gov/snp/
?term=oryza) for high-throughput genotyping applications.
Further, the continuously growing known/candidate gene
encoding EST and/unigene databases have provided the
opportunity to detect SNPs in the transcribed regions of the
genome either by exploiting the redundancy of gene
sequences/assembled contigs or the diversity of genotypes

represented within database (Picoult-Newberg et al. 1999;
Kota et al. 2007). To automate such process of SNP
discovery, various SNP mining software tools like d2
cluster, CAP3, Auto SNP, SniPpER, SNPServer and SEAN
have been developed. In rice, more than one million SNP
loci and thousands of insertions/deletions (InDels) have been
discovered through aligning about one lakh EST and full-
length cDNA sequences of diverse rice genotypes (http://
cdna0l.dna.affrc.go.jp/cDNA, www.cerealsdb.uk.net).
Moreover, acquiring and correlating the comparative
genomic resources (high-density comparative genetic and
physical maps) right from small diploid and model
sequenced crop species to relatively large genome crops,
the conserved orthologous genes, markers and sequences
controlling the target yield and stress tolerance traits have
been identified efficiently to utilize in genetic improvement
of diverse large genome (not amenable to complete
sequencing) and under-utilized/orphan crop genotypes. For
example, the allele-specific resequencing of 220 orthologous
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candidate genes (transcription factors) among diverse
chickpea genotypes and reference legume and dicot crop
species (Medicago, Lotus, Glycine and Arabidopsis) have
identified more than two thousand marker loci including
COS (conserved orthologous sequence), SNPs, CAPS
(cleaved amplified polymorphic sequences) and CISR
(conserved intron spanning region) markers to accelerate
MAB in chickpea (Gujaria et al. 2011).

Recently, the next-generation high-throughput DNA
sequencing technologies relied on Roche 454/FLX
Pyrosequencer, ABI SOLiD, Illumina Solexa Genome
Analyzer, Helicos, Ton Torrent and Polonator (Simon et al
2009; Varshney ef al. 2009¢; Metzker 2010; Jain 2012) have
been proved to be a powerful approach for mapping,
quantifying and resolving the genomic, transcriptomic and
epigenomic profiles at a genome-wide scale in diverse crop
genotypes. The major utility of these next-generation
sequencing approaches for generation of large-scale novel
genomic and genic microsatellite and SNP markers is well
understood at present. The generation of these large-scale
markers is possible through different modified next-
generation sequencing applications including long- and
short-read amplicon sequencing, whole genome and
transcriptome resequencing/de novo sequencing, targeted/
gene-enriched genome sequencing, organelle (chloroplast
and mitochondria) genome sequencing, reduced representation
library (RRL) and genotyping-by-sequencing (GBS) in diverse
crop genotypes. Availability of large-scale next-generation
genomic and transcript sequence resources (NCBI, GEO
database) have accelerated in silico identification and designing
of genomic and genic functional microsatellite and SNP markers
in crop plants by employing different bioinformatics tools like
NextGene, CLC Genomics, Pyrobayes, POLYBAYES and
MAQ. Using these strategies, a larger set of genomic and
transcript sequences generated from diverse crop genotypes
through array-based high-throughput genome/transcriptome
sequencing approaches have been used to develop in silico
genomic and genic microsatellite and SNP markers for
individual genotypes. On the other hand, these sequences have
been compared among genotypes to develop informative in
silico polymorphic markers in a genome-wide scale. For
example, the genome/transcript sequences generated for diverse
contrasting desi, kabuli and wild chickpea genotypes using the
454/FLX Pyrosequencer, ABI SOLIiD and Illumina Solexa
Genome Analyzer have now generated more than 30,000 and
48,298 microsatellite markers from individual desi and kabuli
genotypes, respectively (Jain et al. 2013; Varshney et al. 2013)
and about 5,000 in silico microsatellite loci showing
polymorphism among genotypes for large-scale genotyping
applications in chickpea (Hiremath et al. 2011; Garg et al
2011a, b; Jhanwar et al. 2012). More than 60,000 SNP loci
among three diverse indica and japonica rice genotypes have
been identified by comparing about 45,000 common transcripts
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generated in these genotypes through next-generation whole
genome transcriptome sequencing using Illumina Solexa
Genome Analyzer (Lu ef al. 2010). The Perlegen
hybridization-based genome/transcriptome resequencing in
100 Mb genic regions of 20 diverse indica and japonica rice
genotypes contrasting for yield and stress tolerance traits have
detected about 160,000 high-quality SNP loci differentiating
these genotypes (McNally ez al. 2009). Moreover, about 1.6 to
8 million SNPs have been mined recently by resequencing of
1,000 rice germplasm lines using the next-generation
sequencing approaches (Xu ef al. 2012; Huang et al. 2012b).
In case of chickpea, about 4.4 million SNPs including ~76,084
SNPs in 15,526 genes have been identified through next-
generation whole genome sequencing-based GBS analysis of
90 genotypes (Varshney et al. 2013). With more genome and
transcriptome sequence information being generated, the trend
is towards generation of a large number of informative
traditional and modern genomic and genic microsatellite and
SNP markers in silico (figure 1), cross-referencing the genes,
nuclear and organellar genomes and epigenomes of crop plants
by integrating/correlating various —omics approaches. Further,
large-scale validation, high-throughput genotyping and efficient
utilization of these developed markers in various applications of
plant genetics and breeding have clear implications towards
identification of novel potential genes (QTLs)/alleles regulating
the qualitative and complex quantitative traits.

4. Use of functionally relevant molecular tags
for traditional and modern genomics-assisted breeding

A large number of markers, genes/QTLs and alleles
identified through integrated —omics approaches/resources
can be targeted simultaneously and validated functionally
using the traditional and modern genomics-assisted breeding
approaches like genetic/association mapping, which is not
possible through transgenics. To hasten the process of
genomics-assisted breeding, the large-scale validation and
high-throughput genotyping of genic and genomic
microsatellite and SNP markers in natural germplasm
collections and mapping/mutant populations including their
precise phenotyping have been initiated recently in many
crops using the novel high-throughput and cost-effective
next-generation sequencing and array-based genotyping
technologies, and modern phenotyping platforms.

4.1  High-throughput genotyping and phenotyping

At present, a larger set of cultivated varieties, breeding lines,
landraces, wild accessions and germplasm lines representing
diverse agro-climatic regions of the world including India
are available for many crop species. Especially, in case of
rice, a largest germplasm collection comprising of 102,547
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accessions of O. sativa, 1,651 accessions of O. glaberrima
and 4,508 accessions of 22 wild ancestors (McNally ef al.
2006) are available at the International Rice Research
Institute (IRRI) as International rice germplasm collections
(IRGC). In chickpea, more than 20,000 germplasm lines at
major global research institute ICRISAT (International
Crops Research Institute for the Semi-Arid Tropics), India,
~14,000 accessions at NBPGR (National Bureau of Plant
Genetic Resources), India, and ~13,000 accessions at
ICARDA (International Centre for Agricultural Research in
Dryland areas), Syrian Arab Republic, and many more at
other national and international research institutes are
available (Gaur et al. 2012a). The detailed phenotypic
characterization of these readily available genetic resources of
crop plants for diverse important agronomic traits including
tolerance to abiotic and biotic stresses and yield component
traits are underway. In recent years, efforts have also been made
for constructing the core and mini-core collections in several
crops by identifying the largest amount of genetic diversity with
a minimum number of accessions. For instance, using the
phenotypic and genotypic selection methods based on 36 genic
microsatellite markers and 50 agronomic traits, Zhang et al.
(2011a) constructed a core collection of 932 accessions
comprising 1.7% of entire 55,908 accessions of the O. sativa
germplasm in China. In case of chickpea, the phenotypically
and genotypically diverse 1,956 core, 211 mini-core and 300
global reference germplasm collections representing diverse
eco-geographical regions of 58 countries of the world are
available (Upadhyaya and Ortiz 2001; Upadhyaya ef al. 2001,
2002). A larger set of advanced generation bi-parental and
back-cross mapping population, e.g. RILs (recombinant inbred
lines), NILs (near isogenic lines) and DHs (double haploids),
derived from the parental genotypes contrasting for yield and
stress tolerance traits are available in many crop species.
Besides, EMS (ethyl methanesulfonate) and y-ray irradiated
mutant lines of diverse genotypes contrasting for yield and
stress tolerance traits have been generated in many crops to
identify point mutations or SNP sites having functional
relevance for trait regulation. For example, a total of about
66,891 EMS (ethyl methanesulfonate), MNU (N-methyl-N-
nitroso urea), sodium azide and y-ray irradiated mutant lines
of IR64 (Wu et al. 2005) and Nipponbare (Till et al. 2007) have
been generated in rice to identify point mutations in genome/
genes having functional significance for qualitative and
quantitative trait regulation (http./tilling.ucdavis.edu; http://
www.iris.irri.org). The TILLING (targeting induced local
lesions in genomes, Till et al. 2007) and EcoTILLING
(Raghavan et al. 2007) using the diverse mutant populations
and natural germplasm collections of crops has made it possible
to mine novel functional allelic variants in the transcripts
encoding the known/candidate genes, respectively. The recent
development of high-throughput array-based next-generation
sequencing and marker genotyping technologies such as
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automated fragment anlyzer, TILING array, Fluidigm dynamic
array, Illumina GoldenGate and Infinium assays, KASP
(KBioScience Allele-Specific Polymorphism) profiling and
MALDI-TOF (matrix-assisted laser desorption/ionisation
time-of-flight mass spectrometry) mass spectrophotometry,
GeneTitan, RRL and GBS assays have expedited the large-
scale validation and evaluation of functional allelic variation/
diversity level in the naturally occurring germplasm lines,
mapping populations and mutant collections.

Considering the importance of high-throughput and
precision phenotyping for gene isolation and MAB, the
automated modern high-throughput phenotyping and E
(environmental)-typing platforms have recently been developed.
These platforms are efficient for precise phenotyping and multi-
environmental assays of a larger set of natural/mutant and
mapping populations of crop plants for complex yield, and
abiotic and biotic stress component traits (Mir et al. 2012; Xu
et al. 2012). An International Plant Phenomics Network (IPPN)
has been initiated currently to provide novel technologies for
high-throughput and precise phenotyping of complex
quantitative traits in many crop plants (Clark et al. 2011).

4.2 Construction of genome/transcript maps, genetic/
association mapping and genetical genomics

The construction of high-resolution genetic linkage and
functional transcript maps, fine mapping and map-based
cloning/positional cloning of genes/QTLs using the
informative genomic and genic microsatellite and SNP
markers have traditionally been proved to be the most
powerful tools for gene isolation and dissection of the
complex quantitative yield and stress tolerance traits in crop
plants. Recently, in rice the high-throughput next-generation
whole genome and transcriptome sequencing technology
have been successfully applied for constructing SNP-based
ultrahigh-density genetic linkage/transcript maps (Huang et
al. 2009; Xie et al. 2010). These high-density genome/
transcript maps have considerably improved the resolution and
accuracy of genes/QTLs mapping in chromosomes (Wang ef al.
2011) and thus significantly accelerated the process of fine
mapping and map-based cloning in rice. For instance, utilizing
such fine mapping and map-based cloning approaches, at present
a total of 26 genes underlying major QTLs for agronomic traits
including grain size, heading date, plant height, prostrate growth,
cold, salinity, lodging and submergence tolerance and disease
resistance have been cloned and characterized in rice (Miura et
al. 2011). A high-throughput integrated method of whole-
genome re-sequencing and genotyping of SNPs in recombinant
populations have found to be an effective approach for
identification of candidate genes/QTLs associated with complex
traits in crop plants based on recombination break-points
determination. Such strategy of trait-specific gene/QTL mapping
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Figure 1.
genotyping applications in crop plants.

has been most widely studied in case of rice by resequencing and
genotyping of 2.8 lakhs to 1.2 million SNPs in at least 150-200
individuals of RIL mapping populations using the Illumina
Solexa Genome Analyzer (Huang et al. 2009; Yu et al. 2011).
Moreover, the EMS-induced TILLING-based positional cloning
method for identification of genes/QTLs regulating the complex
agronomic traits has been demonstrated successfully in rice (Abe
et al. 2012). The construction of high-density intra- and inter-
specific genetic linkage/transcript map using more than
thousands of traditional and modern next-generation
microsatellite and SNP markers are underway in chickpea for
identification and fine mapping of genes/QTLs controlling traits
of agricultural importance (Nayak et al. 2010; Gujaria et al.
2011; Hiremath et al. 2012; Gaur et al. 2012b). However, such
strategies are time consuming and provide difficulties in isolating
casual genes underlying the QTLs, especially with minor effects.
Remarkably, the integration of RIL population-based QTL
mapping with microarray-based global transcript profiling and/
or next-generation whole genome transcriptome sequencing
involving the parents and bulks of homozygous RILs is found
to be a powerful approach to narrow down the number of
candidate genes underlying the QTLs regulating the complex
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A schematic representation of development of traditional and next-generation microsatellite and SNP markers for large-scale

and quantitative yield and stress tolerance traits in crop plants.
More recently, a rapid method called ‘QTL-seq’ has been
developed for mapping of genes/QTLs associated with blast
disease resistance and seedling vigor in rice by whole genome
resequencing of DNA from their two bulked RIL populations
(Takagi et al. 2013).

Currently, the ‘genetical genomics’/ ‘expression genetics’
integrating the genetic or QTL mapping with transcript
profiling have been corroborated to be an effective approach
for identification of candidate genes encoding transcripts and
its regulatory sequences (transcription factors) involved in
expression of quantitative traits in crop plants (Emilsson et
al. 2008). Using such integrated approaches, several recent
studies have mapped the transcripts showing differential
expression either by traditional macro-/micro-arrays or
next-generation transcriptome sequencing to the whole
genome and further correlated that differential transcript
profiling with QTL mapping to identify ‘expression QTLs’
(eQTLs) involved in the cis- and trans-trait regulation.

With the recent discovery of low cost next-generation
whole genome and transcriptome sequencing and high-
throughput genotyping technologies and novel advanced
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Figure 2. A schematic representation of integrated traditional and modern —omics resources/approaches and genomic-assisted breeding

methods for dissecting the complex quantitative traits in crop plants.

structural, functional and comparative genomic tools, currently
the large-scale validation and genotyping of genomic and
genic functional microsatellite and SNP markers is not a great
matter of concern. Therefore, the candidate gene-based and
genome-wide association mapping relying on the large-scale
genotyping information of such markers have proven to be an
effective approach for identification of genes/QTLs and alleles
regulating the complex quantitative yield and stress tolerance
traits in crop species (Zhao et al. 2011; Li et al. 2011). In rice,
genome-wide association (GWAS) mapping by high-
throughput genotyping of thousands to millions of SNPs
across 400900 germplasm lines have been performed to
identify target genomic regions including genes/QTLs
associated with flowering time and grain yield traits (Huang
et al. 2010, 2012c; Zhao et al. 2011). The candidate gene-
based association mapping by targeting hundreds of SNPs
in different coding and regulatory sequence components of
genes also have significance to identify genes/QTLs
controlling abiotic tolerance, biotic resistance, grain size,
pericarp colour, seed shattering and starch synthesis in rice
(Sweeney et al. 2007; Fan et al. 2006; Mao et al. 2010;

Kharabian-Masouleh et al. 2012; Parida et al. 2012; Negrao
et al. 2013). Notably, the integrated approach of genome-
wide and candidate gene-based association mapping and
traditional bi-parental genetic linkage (transcript) mapping
has now clearly been established as an efficient approach for
precise identification of functionally relevant robust genes/
QTLs particularly those regulating the complex quantitative
yield and stress component traits in crop plants. This is quite
evident in case of GS3 (Wang et al. 2011) and GS5 (Li et al.
2011) for grain size trait regulation in rice. The integration
of GWAS (44,000 SNPs genotyped across 373 gerpmlasm
lines) with QTL mapping (78 back-cross inbred lines
derived from Azucena x IR64) have enabled to identify a
metal transporter gene regulating aluminium tolerance in
rice (Famoso et al. 2011). Currently, the candidate gene-
based association mapping, QTL mapping, differential
transcript profiling and LD (linkage disequilibrium)-based
haplotype gene evolution studies have been integrated to
identify functionally relevant transcription factor genes and
QTLs controlling 100-seed weight/seed size in chickpea
(Kujur et al. 2013).
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4.3 Traditional and modern MAB

The much wider functional natural genetic variation scanned
in a larger set of germplasm lines including landraces and
wild species particularly for yield and stress component traits
have been transferred into the cultivated genetic background
for crop improvement through introgression of favourable
genes/QTLs/chromosomal segments. It involves traditional
approaches like introgression lines (ILs) and advanced-
backcross QTL (AB-QTL) analysis as well as modern
methodologies such as association genetics and multi-
parent advanced generation intercross (MAGIC) population
(Tan et al. 2008). The transfer of functional natural allelic
variants for yield component traits and starch quality has
been successfully demonstrated in rice using ILs (Tian ef al.
2006) and AB-QTLs (McCouch et al. 2007; Tan et al.
2008). Recently, the QTLs controlling plant height and
hectolitre weight have been identified and mapped using
1,579 MAGIC population derived from four elite wheat
cultivars (Huang et al. 2012a). The trait-specific favourable
genomic regions, superior functional genes/QTLs with major
as well as minor effects and natural allelic variants once
identified or validated through genetic and association
mapping and/or genetical genomics approaches (eQTLs)
can now be easily combined and pyramided in the selected
crop genotypes of interest through the conventional and
modern breeding methods. The traditional breeding
strategies include approaches like marker-assisted selection
(MAS) and marker-assisted back-crossing (MABC)/marker-
assisted foreground and background selection, while the
novel modern breeding approaches involve methods such
as marker-assisted recurrent selection (MARS) and
genomic/genome-wide (haplotype) selection for genetic
enhancement of crop plants for yield and stress tolerance.
This is clearly evident from the studies involving genetic
improvement of Basmati rice for yield, quality and resistance
to bacterial leaf blight and blast diseases by pyramiding the
multiple genes through MAS and MABC (Joseph et al.
2004; Sundaram et al. 2008; Gopalakrishnan et al. 2008;
Singh et al. 2011). Moreover, the improvement of hybrid
performance and bacterial blight, blast and brown plant
hopper disease resistance of Indian rice varieties have been
well executed through MAS using fertility restorer and
disease resistant genes, respectively (Basavaraj ef al. 2010;
Singh et al. 2011). The sub-mergence tolerance in swarna
through MAS using the Sub! QTL (Septiningsih et al. 2009)
and MAS for grain length using functional markers
developed from multiple loci of GS3 gene (Wang et al.
2011) have also suggested the implications of traditional
breeding methods for crop genetic enhancement. However,
the genetic enhancement of crops for complex quantitative
traits using traditional MAS (QTL-MAS) is not always
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feasible due to complications in genetic background
effects/epistasis and linkage drag of QTLs. Moreover, the
minor and major QTLs/genes showing minor effects on
complex trait regulation cannot be transferred or combined
together by traditional MAS for crop genetic improvement.
The MARS, GWAS-MAS and genome-wide haplotype
selection/genomic selection; other emerging approaches for
pyramiding the favourable alleles of minor effect genes/
QTLs controlling the complex quantitative traits at whole
genome level, have also been initiated recently in crop plants
for genetic enhancement (Meuwissen et al. 2001; Chia and
Ware 2011). Once the suitable training population is selected
and estimated breeding value (EBV) assigned to the training
population, the selection of additional large-scale germplasm
lines can be done based on EBV (alleles at associated
markers) of training population (Jannink ez al. 2010), which
will expedite the process of genomic selection for complex
trait genetic enhancement studies in diverse crop species.

5. Conclusion

Considering the availability of largely diverse traditional (first-
generation) and modern (next-generation) —omics approaches/
resources and genomics-assisted breeding methods in many
crop species as discussed above, we would like to propose an
integrated strategies (figures | and 2). These integrated
strategies can be adopted/utilized by agricultural
biotechnologist for understanding the genetic basis of complex
quantitative yield and stress tolerance traits in crop plants.

+ Integrate/correlate the genomic, transcriptomic and
epigenomic sequence resources in different developmental
stages/tissues of diverse crop genotypes under normal
growth and stress-induced conditions using different
traditional and modern —omics approaches: Develop a
large-scale traditional and next-generation genomic and
genic microsatellite and SNP marker resource and identify
gene-associated targets (differentially expressed and
alternatively spliced known/candidate genes), alleles,
QTLs, epialleles, regulatory sequences and transcription
factors controlling the complex quantitative yield and
abiotic stress tolerance traits.

« Use such functionally relevant molecular tags regulating
the complex quantitative traits in individual or integrated
approach of genomics-assisted breeding (traditional bi-
parental linkage/ QTL mapping, fine mapping/positional
cloning, whole genome and candidate gene-based
association mapping and genetical genomics/eQTLs):
Obtain significant inputs and utilize these in traditional
and modern MAB to develop superior high-yielding
stress-tolerant crop varieties.
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