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Abstract
Rice (Oryza sativa L.) accounts for over 21 per cent of global calorie intake and in order feed the projected
population of 9 billion people in 2050, rice yields have to be increased by 50%. Traditional breeding methods
including exploitation of plant type concept and heterosis have been successful in recombining genes or alleles and
exploiting their interactions which have contributed to yield gains to achieve food sufficiency in the present world.
But rice researchers face a Herculean challenge of improving rice yields per unit area in view of the constraints
imposed by changing climate, shrinking land and water resources. Grain yield in rice is a polygenic trait which is
highly influenced by environmental factors as well and therefore, rice research over the decades have focused on
gaining an understanding on the basis of yield and yield components. The availability of the high quality genome
sequence coupled with advances in technological tools, enormous genetic and genomic resources have been made
available in rice to accelerate the isolation of agronomically important QTLs or genes governing complex traits such
as yield. The present paper focuses on the progress made in mapping QTLs for yield and yield component traits in
rice through the development of an array of different mapping populations employing conventional linkage mapping
strategy and discusses novel approaches for discovery of new genes and QTLs for yield, mining favourable alleles
and designing rice with higher per unit productivity through integration of next generation high throughput
genomics and phenomics technologies with rice breeding.
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Introduction
Rice (Oryza sativa L.) forms the staple food of over half
of the world's population and accounts for over 21 per
cent of global calorie intake. Traditional breeding
methods including exploitation of plant type concept
and heterosis have been successful in recombining
genes or alleles and exploiting their interactions which
have contributed to yield gains to meet the world food
demand. Global paddy rice production of 696 million
tonnes has been achieved in 2010, however to feed the
projected population of 9 billion people in 2050, rice
yields have to be increased by 50% (FAO 2011). World
rice production has doubled since the green revolution
but the growth rate in yields has seen a decline since
1980s (Jeon et al 2011). Therefore, breeders’ face a
Herculean challenge of improving rice yields per unit
area in view of the constraints imposed by changing
climate, and shrinking land and water resources.
Grain yield in rice is a polygenic trait which is highly
influenced by environmental factors as well. Rice yield

is primarily determined by tiller number per plant,
grains per panicle and grain weight which are complex
in nature. In addition to this, other traits such as plant,
leaf and root architecture, biomass yield and other
related traits play an important role in determining grain
yields. Innovations and developments in molecular
marker technology have led to dramatic advances in
our understanding of complex traits, which are
governed by the expression of several regions of the
genome, collectively referred to as QTLs
(quantitative trait loci). In the late 1980s, researchers
were able to successfully demonstrate that molecular
markers can help to identify QTLs to explain a
substantial proportion of phenotypic variation of
complex traits such as fruit weight in tomato (Paterson
et al 1988) and agronomic traits in maize (Stuber et al
1992). Rice genome sequencing and advances in related
genomic resources, enormous genetic resources,
availability of advanced mapping populations and
molecular marker resources has allowed researchers to
accelerate the isolation of agronomically important
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QTLs governing complex traits such as yield (Mochida
and Shinozaki 2010).
We focus here on the progress made in mapping QTLs
for yield and yield component traits in rice through the
development of an array of different mapping
populations employing conventional linkage mapping
strategy, novel approaches for discovery of new genes
or QTLs for yield, mining favourable alleles and
designing rice with higher per unit productivity through
integration of the next generation high throughput
genomics and phenomics technologies with rice
breeding.

a. Conventional technique - Linkage mapping of
QTLs for yield and its component traits using
biparental populations
(i) Mapping populations
Different types of mapping populations developed
through controlled crosses are used for linkage analysis
namely F2, F2 derived F3 (F2:3), immortalized F2
population, backcross inbred lines (BILs), doubled
haploids (DHs), recombinant inbred lines (RILs), nearisogenic lines (NILs), chromosomal segment
substitution lines (CSSLs), single segment substitution
lines (SSSLs) and Introgression Lines (ILs) (Singh and
Gopalakrishnan 2012). Detailed discussion on the QTL
mapping using different mapping populations in rice has
been published earlier (Ashikari and Matsuoka 2006).
Fine mapping of the QTLs in early generation
segregating populations such as F2 and F2:3 is difficult as
precise estimate of the genetic effect of QTLs cannot be
established due to residual heterozygosity in the
background. Tanksley (1993) suggested the analysis of
QTL effects through the use of NILs or SSSLs. Fine
mapping of QTLs using various advanced generation
mapping populations consecutive backcross NILs, Trait
performance based NILs and heterogenous inbred
families have been discussed in detail by Bai et al
(2012)

Figure 1. Variation for panicle size and grain number
per panicle in the RILs generated from the cross Pusa
1266 x Jaya.

Two RIL populations for mapping yield and yield
component traits, and one from the cross between a new
plant type (NPT) genotype, Pusa 1266 and a popular
Basmati rice cultivar Pusa Basmati 1, and another from
the cross between a high yielding indica cultivar, Jaya
and Pusa 1266 (Balram et al 2007), have been
developed at Indian Agricultural Research Institute
(IARI). In order to fine map grain number per panicle, a
trait performance based NIL population was also
developed from a cross between a high grain number
RIL and low grain number RIL from the cross Jaya x
Pusa1266 (Goel et al 2012).

The natural genetic variation in cultivated rice can be
broadly grouped into (a) intra specific variations which
can further be classified into inter-varietal, indica indica and japonica – japonica, and inter-subspecific,
indica - japonica variations; and (b) inter-specific
variations which includes variation within A genome
species and between A genomes and other genomes
(Vaughan et al 2003). Besides these, genetic stocks
from induced mutations developed through physical or
chemical mutagenesis or insertional mutations also form
useful genetic resource for development of mapping
populations in rice (Hirochika et al 2004).

(ii) Source germplasm for development of
mapping populations
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(iii) Mapping and cloning of QTLs for yield and its
components
The first report on mapping QTLs for traits of
agronomic importance using RILs from an indicajaponica cross in rice was published by Xiao et al
(1996a). Since then, inter-varietal as well as intersubspecific populations between japonica and indica
have been widely used for mapping QTLs for yield
and yield components in rice (Bai et al 2012).
Advanced backcross QTL strategy has been
successfully employed in rice for mapping transgressive
QTLs with beneficial effects from wild species in
populations developed through wide crosses (Xiao et al
1998). ILs derived from advanced backcross
populations have also been used for fine mapping of
yield associated QTLs (listed in Swamy and Sarla
2008).
QTL mapping for grain number on a set of RILs derived
from a cross between Pusa 1266 (high grain number)
and Pusa Basmati 1 (low grain number) identified one
consistent QTL qGN4-1 on the long arm of
chromosome 4 with major effect on grain number. This
QTL was co-localized with major QTLs for primary and
secondary branches per panicle, and number of panicles
per plant (Deshmukh et al 2010). QTL mapping of yield
and yield related traits in new plant type mapping
population identified 128 QTLs for 12 yield and yield
component traits. To utilize the markers flanking the
major QTLs for marker assisted improvement, markers
linked to these nine major QTLs were used to find
marker QTL association in a set 120 germplasm lines
(Balram 2008).
Huge wealth of genomic resources created through the
sequencing of the rice genome has helped fine mapping
the QTLs and cloning the genes responsible for several
agronomically important traits, out of which 20 QTLs or
gene are associated with yield related traits such as tiller
number, grain number, grain weight, grain size and
grain filling (Bai et al 2012). Among these, most of the
QTLs have been cloned using progeny derived from
a cross between japonica and indica subspecies,
because inter subspecific diversity is significantly
larger than the diversity in intra subspecific crosses,
which makes it easy to produce molecular markers in
the regions of interest in the rice genome (Miura et al
2011).

b. Novel approaches for discovery of new QTLs
or genes
QTL mapping for complex traits (such as yield) that
involve variants at several loci, each of which contribute
small amounts to the overall genetic contribution,
linkage studies can identify only those loci with the
strongest influence. The advances genome sequencing

and availability of cost-effective sequencing
technologies to study genome-wide genetic variation,
and advances in statistical methodology and the large
complex trait dissection platforms, has greatly
facilitated gene identification for various complex traits
in crops.

(i) Association mapping
Association mapping exploits historical linkage and
recombination accumulated over a large number of
generations (Andersson and George 2004). With the
advent of high-throughput technologies for resequencing and genotyping, association mapping has
emerged as a powerful tool to identify marker trait
associations in species where it is not easy to create
linkage disequilibrium. Thus, it can provide high
resolution information that can be used to identify the
causative nucleotides underlying phenotypic variability.
Association panels for mapping have been developed in
several plant species for mapping complex traits in crop
plants (see review Zhu et al 2008).
Genome-wide association studies (GWAS) involves
correlating allele frequencies at each of several hundred
thousand markers spaced throughout the genome with
trait variation in a population-based sample (Stranger et
al 2011). GWAS mapping makes it possible to
simultaneously screen a very large number of
accessions for genetic variation underlying diverse
complex traits. Rice varieties are mainly homozygous,
which makes it possible to employ a ‘genotype or
sequence once and phenotype many times over’
strategy, whereby once the lines are genomically
characterized, the genetic data can be reused many
times over and across different phenotypes and
environments (Zhao et al 2011). GWAS have been
utilized to map agronomically important traits in rice
(Huang et al 2010) and also to analyze the genetic
structure of 413 diverse accessions of O. sativa from 82
countries using a rice 44K SNP (Single Nucleotide
Polymorphisms) array and phenotypic variation for 34
traits (Zhao et al 2011).

(ii) Nested association mapping (NAM)
(NAM approach is a novel approach which exploits
advantages of both linkage mapping and association
mapping and thus, it provides high resolution information that can be used to identify the causative
nucleotides underlying phenotypic variability (Yu et al
2008). In general, the strategy of projecting sequence
information, nested within informative markers, from
the most connected individuals to the remaining
individuals is applicable to a wide range of species,
including maize, barley and rice. In maize, genomewide association studies using maize NAM population
has been demonstrated as an effective tool for dissecting
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QTLs explaining more than 80% genetic variance for
complex traits such as flowering time (Buckler et al
2009), leaf architecture (Tian et al 2011), southern leaf
blight (Kump et al 2011) and northern leaf blight
(Poland et al 2011). These studies in maize have
demonstrated that most of the heritability of complex
traits can be located within the genome provided the use
of appropriate resources and scale of study (Haley,
2011).

(iii) Next generation sequencing (NGS) based
approaches for mapping genes and QTLs
Rapid advances in the development of novel highthroughput DNA sequencing have drastically reduced
the cost of whole genome sequencing, providing low
cost coverage of any genome generating a sequence
resource for development of molecular markers and
gene discovery, comparative genomics and genome
assembly (Gopalakrishnan et al 2012).
MutMap
Recently MutMap, a method which combines DNA
sequencing and EMS induced mutagenesis has been
developed for rapid gene isolation using a cross of the
mutant to wild-type parental line (Abe et al, 2012).
MutMap is technically similar to bulked segregant
analysis (BSA) of F2 progeny except that for bulking,
only the F2 plants showing mutant phenotype is
considered which helps in identifying causal SNPs with
sufficient sequence coverage. MutMap can also be
exploited in crop breeding to identify and isolate QTLs,
and the SNPs flanking the regions harboring causal
mutations for the desired phenotypes which can be used
as DNA markers for marker-assisted selection.

BSR-Seq
Taking advantage of high-throughput DNA sequencing
methods, another new method for both mapping and
quantifying transcriptomes, termed RNA-Seq (RNA
sequencing) have been developed, which enables the
comparative quantification of gene expression in
various genotypes (Wang et al 2009). RNA-Seq relies
on the principle that read counts for each transcript from
the NGS data reflects relative transcript concentrations
and these reads can also be mined for DNA sequence
polymorphisms such as SNPs which can be converted
into genetic markers (Barbazuk et al 2007). Recently,
Liu et al (2012) conceptualized a new genetic mapping
strategy called BSR-Seq (bulked segregant RNA-Seq),
which combines the power of BSA with the ease of
RNA-Seq and appropriate statistical procedures. In
BSR-Seq approach, an individual with mutant
phenotype is crossed with normal phenotype and in F2,
two RNA bulks, one representing a pool of RNA from
individuals showing normal phenotype and another
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representing bulk of individuals showing mutant
phenotype are constituted and sequenced. The variation
in relative transcript concentrations between the pools
provides information on potential candidate genes and
DNA variations in these genes. BSR-Seq, which is
based on RNA sequencing, not only maps the exact
position of a gene responsible for a mutant phenotype
but also the effects of such a mutant on global patterns
of gene expression. Hence, BSR-Seq is not only an
efficient strategy for mapping genes, but also provides
with other data that facilitate gene cloning. BSR-Seq
could be extended to other applications, including the
mapping of genes defined by dominant mutants and
major QTL loci that influence quantitative traits such as
yield and its components.

(iii) Meta QTL analysis
Meta-analysis of QTLs is an approach to identify
consensus QTL from the QTLs identified across
environments or genetic backgrounds (Goffinet and
Gerber 2000). Swamy and Sarla (2011) identified 23
meta-QTLs out of the 76 yield QTLs reported in 10
different studies involving inter-specific crosses.
Similarly for yield under drought, Swamy et al (2011)
identified 14 meta-QTLs that contain different classes
of candidate genes including stress-inducible genes,
growth and development-related genes, and sugar
transport-related genes.
In our lab, meta-analysis was carried out for QTLs
governing yield and yield related traits in rice (O.
sativa) utilizing the published QTL mapping reports
conducted using wide range of mapping populations and
environmental conditions. We used a total of 416 QTLs
reported in different studies to identify 113 meta-QTLs
across 10 yield and yield related traits (Table 1,
unpublished data). Thus, Meta-analysis helps to identify
Meta QTLs with high effects and reduced class intervals
for successful utilization in MAS or fine map to deduce
candidate genes for gene discovery.
The analysis indicated that these 113 (27.16%) QTLs
were widely distributed across diverse germplasm set as
haplotypes with high linkage disequilibrium.
Pyramiding such robust QTLs in a common genetic
background may help to raise yield ceilings.

c. Mining favourable alleles using next
generation sequencing (NGS) techniques
NGS can be effectively integrated with Long Range
PCR of pooled DNA samples for maximizing the
efficiency of sequencing and reducing the cost of
amplification, oligonucleotides and labour (Out et al
2009).

Society for Advancement of Rice Research, Directorate of Rice Research, Hyderabad, India

94

Table 1. MQTLs detected for various yield and
yield component traits based on QTLs reported
in different QTL mapping studies.
Traits

QTLs
reported

No. of MQTLs
detected through
meta-QTL analysis

(i) Primary yield traits
1.

Number
of
productive tillers

30

8

2.

Number of grain
per panicle

41

14

3.

Test grain weight

121

25

4.

Grain yield

27

10

(ii) Secondary yield traits
5.

Plant height

57

13

6.

Heading date

34

9

7.

Number of tillers

8

4

8.

Panicle length

36

11

9.

Spikelets
panicle

54

16

10.

Spikelet fertility

8

3

416

113

Total

per

This technology has the power to detect new mutations
and discover rare alleles as a fragment of 10-kb may be
read 100,000 times or more (Druley et al 2009).
Amplicon sequencing, in which amplicons generated by
PCR provides the basis for large scale analysis of allelic
variations (SNPs and InDels) in genes, gene families
and specific sequence regions of interest for population
studies and marker development (Henry et al 2012).
This technique has been used to characterize genetic
variations, including 501 SNP and 113 InDels in 17
genes involved in starch biosynthesis genes in a set of
233 rice genotypes (Kharabian-Masouleh et al 2011).
Once the QTLs governing yield and yield component
traits are cloned, superior alleles at the particular locus
can be identified through amplicon sequencing
approach.

d. Innovative breeding strategies for identifying
and combining favourable alleles across the
genome
A total of 22 QTLs/ genes affecting traits of agronomic
importance in rice have been cloned and gene based/
linked markers have been successfully utilized for MAS
to accumulate beneficial genes for yield improvement of
japonica rice (Ashikari and Matsuoka 2006; Ando et al
2008). However, it has been frequently observed that
the phenotypic effects of QTL transferred by MAS tend
to vary from one genetic background to other (Ohsumi

et al 2011). Genetic background effects have been
reported in most cases of MAS for QTL (Hospital
2009). Wang et al (2012) developed NILs containing
one or more target genes by marker-assisted transfer of
‘93-11’ alleles at qHD8, qHD7, and qHD6.1, and the
GS3 gene for grain size into cv. Zhenshan97.
Comparison of the NILs showed existence of epistasis
between alleles at different loci and background effect
on qHD8, which are very important for pyramiding of
desirable alleles at the target QTL. Therefore, it is very
important to assess the interaction and genetic
background effect, in order to transfer and pyramid
target QTL by marker-assisted selection. Similarly in
transgenic studies results have shown that altered
expression of one major gene may affect functioning of
other related genes. Over expression of miRNA
OsmiR393 resulted in increased tiller number and early
flowering by downregulation of a tillering inhibitor
gene OsTB1, but was found to impair tolerance to
abiotic stress such as salt and drought (Xia et al 2012).
In another study, it was shown that suppression of the
expression of OsBAK1 gene increased grain yield by
altering rice architecture producing dwarf plants with
erect leaves (Li et al 2009) but affects normal leaf
development and increased the susceptibility to blast
disease (Park et al 2011). These examples from rice
present a dilemma for molecular breeding of major
QTLs for improving rice yields.

(i) Association breeding
In a breeding program, the germplasm is in a constant
state of flux, and to improve complex traits it is
desirable to identify favourable combinations of alleles
at multiple loci. This approach is termed as association
breeding which integrates of association analysis into
breeding programs (Sorrells et al 2009). In association
breeding, genotypic data (providing whole genome
coverage) and the appropriate analyses are incorporated
to validate previously mapped marker or trait
associations and potentially identify new ones to
facilitate marker-assisted selection of parents and
segregating populations. This information is used to
estimate allelic value at selected loci (or all loci in
genome-wide selection) and then create a genotypic
value index for each genotype and trait (Christopher et
al 2007).

(ii) Breeding by design
Conceptually, with the availability of huge genomic and
genetic resources, high throughput genotyping in rice, it
seems that through breeding by design, the in silico
designing of superior genotypes by combining
favourable allelic combinations at multiple loci
governing yield should be possible (Peleman and van
der Voort 2003).
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(iii) Genomic selection

(iii) indica-japonica hybridization

Other attractive concept for improving complex traits is
genomic selection (GS) is an approach (Meuwissen et al
2001) that uses all the available molecular markers
across the genome and allows calculation of genomic
estimated breeding values (GEBVs). GS uses a ‘training
population’ of individuals that have been both
genotyped and phenotyped to develop a model that
takes genotypic data from a ‘candidate population’ of
untested individuals and produces genomic estimated
breeding values (Jannink et al 2010). However,
phenotyping still remains the weakest link in the
application of these novel breeding strategies and
further refinements would be needed in optimizing these
techniques for cost effective implementation in the
application of these futuristic concepts for developing
designer crops for crop improvement.

The indica - japonica hybridization was started in early
1950s on a large scale with a view to combine the
desirable attributes of japonica sub species such as
strong culm, dark-green erect leaves, high
photosynthetic efficiency with high tillering and better
quality of indica rice. However, it could not result into a
major breakthrough owing to cryptic structural
hybridity. With the discovery of wide compatibility
locus, the interest in indica/ japonica hybridization has
been reinvigorated. The new plant type (NPT) and
hybrids derived thereof, have huge potential for
breaking the yield barrier. However, the efforts on these
lines are limited outside China and IRRI. Developing
mapping population utilizing NPT as one parent in
crosses with mega-indica rice varieties may help in
discovering novel allele from japonica with favourable
effect in indica background (Balram et al 2007).

e. Strategies to identify and utilize novel alleles
to improve yield in rice
(i) Identification and pyramiding of QTLs from
mega rice varieties
Mega varieties of such as Swarna, Sambha Mahsuri,
IR8 and IR64 are adapted to varied ecosystems and
occupy a huge area under rice cultivation. Therefore,
identification and pyramiding of QTLs from these mega
varieties could be another effective strategy for
harnessing the cumulative or interactive benefits of
multiple genetic loci for yield and its components into
proven yield advantage. Mapping of such genetic loci
from diverse lines and combining them can be
accomplished through a strategy such as developing
NAM population discussed earlier in this chapter.

(ii) Pyramiding heterotic QTLS from widely grown
commercial hybrids
A total of 60 rice hybrids have been released for
commercial cultivation in India. Some of the most
widely grown hybrids include PA6444, PHB71, Pusa
RH10 and PA6129. Most of the released hybrids are
half sibs as they are based on a common seed parent,
IR58025A. Inspite of the limitation of narrow genetic
diversity from the female side, these hybrids are adapted
to varied ecosystems. Mapping of heterotic QTLs in the
F2 or immortalized F2 population developed from
crosses involving B line into respective restorer and
selective introgression of these QTLs into opposite
parental lines may lead to development of super inbreds
which may result into enhanced level of heterosis. Use
of immortalized F2 population (Hua et al 2003) is of
special significance in identifying heterotic QTL as this
approach permits multiplication of all possible
heterozygotes in desired quantity for conducting
multilocation or replicated trials.

(iv) Utilization of land races, wild and weedy
relatives
The value of germplasm including land races, wild and
weedy relatives in terms of the latent traits (traits that
are expressed only in favourable genetic background)
has been demonstrated beyond doubt in rice and tomato
(Xiao et al 1996b; Tanksley and McCouch, 1997).
However, very few concerted efforts have been made
for utilization of the huge genetic wealth. With the
phenomenal developments in rice genomics and
understanding of genome organization/ complexity of
wild and weedy relatives of rice (Wing et al 2005), it
should be possible to overcome the domestication
bottlenecks and transfer favourable alleles from exotic
sources (McCouch et al 2007).
From achieving yield gains through conventional
breeding, advances in rice genomics have helped in
gaining knowledge on the genetic and molecular basis
of grain yield. This has helped to improve grain yields
through introgressions of major QTL and in the near
future it would possible to combine novel alleles from
landraces or wild relatives at multiple loci which
interact favourably to increase yield through
improvement of component traits (Fig. 2). To achieve
the breakthrough in yield gains, some of the pertinent
issues that need to be addressed are:

¾

How many QTLs to pyramid in order to
achieve the theoretical maximum yields considering the
fact that every introgression of a new allele happens at
cost of the replacement of the corresponding native
allele, which has its own contribution in a given
background?
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What is the favourable combination of alleles
at QTLs which would help in maximizing the gain
because QTLs expression is context dependent to a
large extent resulting in variable expression in different
genetic background?

¾

Biological potential of the crop as influenced
by factors such as carrying capacity, photosynthetic
rate, translocation efficiency and partitioning of
assimilates etc.?

Figure 2. A model showing various strategies for improving grain yield in rice utilizing the present understanding on
QTLs influencing yield and yield components. Green bead – indicates desirable allele at a locus, red bead – indicates
undesirable allele and the size of the bead indicates the magnitude of contribution of respective locus towards
realization of trait phenotype.
The traits contributing to grain yield are grouped into three major categories: (i) plant architecture such as tiller
number, culm strength, leaf angle, plant height, etc, (ii) panicle architecture such as grain number per panicle,
panicle length, primary and secondary branches, spikelet fertility, etc, and (iii) grain traits such as grain weight,
grain size, grain filling, etc.
a = Conventional breeding approach to produce thousands of recombinants through intercrossing of genotypes and
identify productive recombinants based on phenotypic performance. The best genotype possesses desirable allelles at
some loci and undesirable alleles at other loci for a particular trait that limit the extent a trait can be improved
through this approach. The yield pyramid is well balanced but the maximum yield under optimum growth conditions
through this approach is only 12 t/ha.
b = Though marker assisted breeding approach, a major QTL governing a trait is incorporated into a popular variety.
The incorporation of a major QTL such as Gn1a in this case can typically produce yield gains of 15 - 20% by improving
grain number per panicle but the undesirable alleles at other loci governing grain number trait will still limit the
yield gain. The yield pyramid is also slightly imbalanced due to changes resulting from incorporation of a major QTL.
c = Innovative breeding approach which entails mapping of QTLs governing yield traits and identifying novel elite
alleles (shown as yellow beads) through introgression of novel alleles from landraces and wild species and combining
the elite synergistic alleles into a genotype. This approach utilizes the advances in understanding the genetic and
molecular bases of traits and precision offered by high-throughput genotyping and phenotyping. It aids accurate
characterization of genotype with high density markers such as SNPs and phenotyping agronomic trait using high
throughput phenomics facility. This enables to identify and pyramid favourable complimentary alleles to maximize the
expression of component traits to achieve the best gains in yield improvement. The yield pyramid is completely
balanced with a significant increase in expression of alleles (shown by increase in size of beads) and the genotype can
produce grain yield of 18 t/ha.
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Advances in sequencing technology has played a vital
role in creating resources which has enhanced our
capability to resolve genetic variants which in turn has
helped in understanding of the molecular basis
underlying various traits in crop plants. The
combination of advanced sequencing technologies,
genome-wide association studies, novel mapping
populations (Morrell et al 2012) and tools to analyse the
huge volume of data generated using these techniques
will improve our ability to connect phenotypes and
genotypes, and apply of these techniques for crop
improvement.
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