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Abstract

Plant Genetic Resources (PGR) conserved in gene bank
provide genetic variability for efficient utilization in breeding
programmes. Pre-breeding is required for broadening the
genetic base of the crop through identification of useful
traits in un-adapted materials and transfer them into better
adapted ones for further breeding. So, pre-breeding is a
promising alternative (due to use of un-adapted materials)
to link genetic resources and breeding programs. Utilization
of PGR in crop improvement programmes including pre-
breeding have been very limited. Advances in genomics
have provided us with high-quality reference genomes,
sequencing and re-sequencing platforms with reduced cost,
marker and QTL assisted selection, genomic selection and
population level genotyping platforms. Further, genome
editing tools like, CRISPR/Cas9 and its latest modification
base editing technology can be used to generate target
specific mutants and are important for establishing gene
functions with respect to their phenotypes through
developing knockout mutations. These new genomic tools
can be used to generate, analyse and manipulate the genetic
variability for designing cultivars with the desired traits.
The genomic tools have not only accelerated the utilization
of PGR but also assisted pre-breeding through rapid
selection of trait-specific germplasm, reduced periods in
breeding cycle for confirming gene of interest in
intermediate material and validation of transfer of gene of
interest in the cultivated gene pool. In crops, where limited
genetic and genomic resources are available, pre-breeding
becomes very challenging. We can say that genomics
assisted utilization of PGR and pre-breeding has accelerated
the pace of introgression of complex traits in different crop
cultivars.
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Introduction

Plant breeders deal with production of superior cultivars
with desired traits by changing the genetic constitution
of plants. They are under tremendous pressure to raise
the overall food production by 70% to feed the
increasing population which is expected to reach 9.7
billion by 2050 (FAO 2009; United Nations, Department
of Economic and Social Affairs, Population Division
2015). Other factors like changing environmental
conditions and newly emerging insect-pests and
diseases, new emerging insect-pest infestations are
also hindering the overall grain production (Zhao et al.
2017). Further, the process of domestication has
narrowed down the genetic base in modern cultivars
and yield plateau has already been achieved in these
cultivars (Chen et al. 2014a). Under these
circumstances, use of Plant Genetic Resources (PGR)
in crop improvement programs provides an avenue to
solve the problem.

Management of Plant Genetic Resources
includes conservation of the available variability for
future and utilization of trait-specific germplasm in
national crop improvement programme. Most suitable
method for the PGR management for sustainable food
security is through their utilization in breeding
programs, followed by adoption and cultivation
(Haussmann et al. 2004). PGR also includes landraces
and wild relatives of crop species which constitute an
important source for broadening the genetic base of
modern cultivars, for developing cultivars with higher
production to withstand changing environmental
conditions as well as with resistance to biotic and
abiotic stresses and high nutritional qualities.
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Pre-breeding is a link between genetic resources
and breeding (Nass and Paterniani 2000). Indigenous
(primitive landraces and, wild species and their
relatives) along with exotic germplasm possesses high
levels of genetic diversity for valuable traits. However,
only a small fraction of this naturally occurring genetic
diversity has been utilized for crop improvement. So,
increased efforts are needed to use this available
potential germplasm and to identify beneficial genes
particularly controlling traits like higher yield, resistance
against biotic, abiotic stresses and high nutritional
qualities and for their introgression in modern cultivars
(Wang et al. 2017). Moreover, the wide yield gap
between elite and exotic germplasm in many crops
including maize and rapeseed, highlights the
importance of exotic germplasm in pre-breeding
programme in the country. The success of pre-
breeding in the last century has relied in the utilization
of natural variation and in the efficient selection, by
using suitable conventional breeding methods, of the
favourable genetic combinations where selection have
largely been based on the phenotypic evaluation.
These conventional methods of pre-breeding are
laborious and time consuming.

Genomics era has provided several new tools to
generate, analyse and manipulate the genetic
variability for designing cultivars with the desired traits.
The combination of conventional plant breeding and
genomics has already revolutionized the science of
plant breeding since beginning of 21 century. Now, it
has also been used in pre-breeding which has reduced
the time period for transfer of desired trait in modern
cultivar (Riar et al. 2012) and cultivar development in
many crops is underway. Availability of quality
reference genomes, high-throughput sequencing,
automated and cost-effective high throughput
genotyping platforms have made utilization of PGR
and pre-breeding more productive and efficient
(Varshney et al. 2018). Genomics has brought a
paradigm shift by facilitating the direct study of
genotype and its relationship with the phenotype (Tester
and Langridge, 2010). These advances paved the way
for a new genomics assisted breeding era which is
becoming a standard practice in many pre-breeding
programmes particularly for biotic stresses (Enciso-
Rodriguez et al. 2018), abiotic stresses (Dwivedi et
al. 2017) and quality traits (Heffner et al. 2011).

Genomics assisted utilization of PGR and pre-
breeding, both has great potential for overcoming the
challenges agriculture faces today for ensuring
sustainable food production through development of
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cultivars with higher yield, adapted to biotic and abiotic
stresses with novel nutritional traits. This article
reviews various genomic technologies and their
potential role in management of plant genetic resources
and pre-breeding.

Management of plant genetic resources in
changing scenario

Plant Genetic Resources are plant genetic materials
of actual or potential use available for change in
genetic constitution of a plant species for the
production of an improved cultivar. They are valuable
natural variants in form of exotic and indigenous
collections including advance cultivars, released
varieties, RILs, NILs, mutants, genetic stocks,
landraces, wild and weedy relatives etc. Various natural
mechanisms including open pollinated reproductive
systems, introgression from wild relatives, and
mutations act to generate genetic diversity over a range
of environments and time (Mercer and Perales 2010).
Management of plant genetic resources includes
augmentation (exotic as well as indigenous collection),
conservation, characterization, evaluation and
documentation as essential steps. Maintenance of
genetic diversity and PGR utilization are possible
mainly through synchronising among these activities
(Nass and Paterniani 2000). Management of Plant
Genetic Resources aims for fulfilling present as well
as future agricultural needs as per changing scenario.
For example, Neelam et al. (2016) screened 1176 rice
accessions, comprising different species including wild
relatives against two most Bacterial blight (BB)
Xoopathotypes viz., PbXo-10 and PbXo-8, and
identified accessions with immune and different
resistance levels. Oryza longistaminata accessions
IRGC92624 and IRGC92644 had resistance against
both the Xoopathotypes indicating presence of BB
resistance gene other than Xa21. So, characterization
and evaluation of germplasm is necessary to identify
new sources for various desirable traits.

Haussmann et al. (2004) reported that the most
effective method for the PGR management for
sustainable food security is through their utilization in
breeding programs, followed by adoption and
cultivation. Despite widely recognized importance, low
utilization of PGR may be due to scanty
documentation, characterization and evaluation,
difficulty to identify useful genes, accessions with
restricted adaptability and low seed availability. The
low utilization of PGR has resulted in narrow genetic
base of commercial hybrids (Lu et al. 2009). PGR
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utilization is also required to break the performance
plateaux in major crops (FAQO, 1996a). There are about
30,000 edible plant species, and out of these only 30
‘feed the world’, with the three major crops being maize
(Zea mays), wheat (Triticum aestivum) and rice (Oryza
sativa) providing at least 30% of the food calories to
more than 4.5 billion people in 94 developing countries
(FAO 1996b). PGR utilization is further advocated by
changing climate scenario with emergence of new
diseases/stresses. Development of core collections
is an efficient way to manage PGR for their utilization
(Nass and Paterniani 2000). CIMMYT has developed
efforts to establish maize cores, for example, Tuxpefo
core collection were reported by Taba (1994). Mega
characterization of PGR conserved in national
genebank by ICAR-NBPGR has resulted in
development of core sets in many crops including
mung bean (Bisht et al. 1998), sesame (Mahajan et
al. 2007), brinjal (Gangopadhyay et al. 2010), global
wild annual Lens collections (Singh et al. 2014), rice
(Roy et al. 2014), wheat (Dutta et al. 2015) and chickpea
(Archak et al. 2016).

Role of pre-breeding in management of plant
genetic resources

Process of domestication has narrowed down the
genetic base of modern cultivars in comparison to
progenitor species which results in loss of many allelic
variants of genes controlling traits undesirable for
cultivation (Lu et al. 2009; Chen et al. 2014b). The
best studied example is maize where domestication
has affected 1,200 genes and so the genetic diversity
during the process as identified through comparison
of modern cultivars, early-domesticated maize, and
wild teosinte (Bevan et al. 2017). Pre-breeding
constitutes a crucial step between conservation of
PGR and their utilization in breeding programs. The
Global Partnership Initiative for Plant Breeding Capacity
Building (GIPB)/FAQO and Biodiversity International use
the term ‘pre-breeding’ to describe the various activities
of plant breeding research that have to precede the
stages involved in cultivar development, testing and
release (Biodiversity International and GIPB/FAO
2008). Further, the Global Crop Diversity Trust defined
pre-breeding as ‘the art of identifying desired traits,
and incorporation of these into modern breeding
materials’.

The aim of pre-breeding is to broadening the
genetic base of the crop through identification of useful
traits in non-adapted materials and transfer them into
better adapted ones (cultivated ones) for further
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breeding. It is required in crop species where sufficient
variability is not present for target trait in available
germplasm or the available variability has already been
exploited up to maximum limit. Landraces and wild
relatives have been described as a vast genetic
resource for introduction of novel traits into tomato
breeding programmes (Miller and Tanksley 1990).
These breeding goals of enhanced genetic base of
modern cultivars for desired traits would be easier to
address if the vast genetic variation of progenitor
populations would be accessible to breeders in a form
they could use in their breeding programs (Sood et al.
2014). The knowledge of characterization and
evaluation, genetic diversity and inter species
relationship is required to initiate a pre-breeding
program. Pre-breeding programs have been initiated
at global level for maize at CIMMYT (Taba 1994), wheat
by ICARDA in 1994/1995 (Valkoun 2001). Some other
examples of different crops include rice (Brar and
Khush 2002), wheat (Riar et al. 2012) and lentil (Singh
et al. 2017). Singh et al. (2017) comparated agronomic
performance of lentil (Lens culinaris subsp. culinaris),
inter-sub-specific (L. culinaris subsp. orientalis) and
interspecific (L. ervoides) derivatives and obtained high
level of heritability estimates.

Need for genomics assisted management of PGR
and pre-breeding

Genomics is branch of science dealing with structure,
function, evolution, mapping, and editing of genomes.
Integration of modern genomics approaches, for
example, next generation sequencing (NGS), cost
effective high-throughput genotyping together with high
throughput phenotyping (phenomics), and
bioinformatics and statistical decision support tools
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can accelerate genetic gains over time (Varshney et
al. 2014). The actual and potential application of
genomics in management of PGR and pre-breeding
include providing identity to an individual accession,
inhibit the evading of insects-pests of quarantine
significance, identification of genetic value of
germplasm through trait-specific characterization, and
finally ensuring availability of trait specific germplasm
to the breeders.

Pre-breeding is a difficult to execute and time-
consuming activity. Pre-breeding based on
conventional methods have some limitations related
to phenotypic evaluation including masked
environmental effect and polygenic nature of key traits,
crossing barriers, linkage drags and negative
correlations between traits etc. (Prohens 2011).
Breakdown of blockage of favourable alleles requires
a series of back crosses to reconstitute the recipient
parent which is time consuming. Introduction of linkage
drag can be avoided by using genomics assisted
breeding (GAB). Further, in case of complex traits, it
is difficult to identify desirable allelic variants and
genetic combinations. Genomics approaches help in
the selection of superior haplotypes/alleles to be used
in pre-breeding and latter transfer of these useful alleles
to the modern cultivars. Genomics-assisted pre-
breeding approaches are contributing to the more
efficient development of climate-resilient crops
(Varshney et al. 2018).

Molecular markers, QTL mapping, association
mapping etc. have been used extensively for
utilization of PGR and pre-breeding (Riar et al. 2012;
Neelam et al. 2016; Zhou et al. 2017). In genomics
era, availability of quality reference genomes, high-
throughput sequencing and re-sequencing platforms,
automated and cost-effective high throughput
genotyping platforms has made utilization of PGR and
pre-breeding more productive and efficient (Kim et al.
2016; Zhou et al. 2017). Whole genome provides
information required for genomics-assisted pre-
breeding in the form of best haplotypes or combinations
of alleles, optimal gene networks, and specific genomic
regions (Xu et al. 2012). Short breeding cycle, high
accuracy and selection efficiency, and direct
improvement are the key features of genomics
assisted pre-breeding (Tuberosa 2013). Varshney et
al. (2018) describe how climate-change ready crops
can be developed through pre-breeding using genomic
tools. Pre-breeding in minor crops or non-crop plants
require different strategies as enough genomic
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resources are not available. Translational genomics-
derived genome annotations based approach can be
used in these crops in studying the phenotypic
expressions and to select trait-specific genetic markers
to perform marker-assisted breeding and genome
selection (Kang et al. 2016).

Genomics approaches to enhance utilization of
PGR and empower pre-breeding

Genomics has provided various technologies including
sequencing and re-sequencing platforms, availability
of genome sequences as references, high-throughput
genotyping platforms, SNP arrays, genome editing
tools etc. These technologies are described here in
details:

Genome sequencing and re-sequencing

The inexpensive sequencing and resequencing
technologies are the major driving forces behind
increased number of assembled plant genomes of
different crops including wild relatives (Brozynska et
al. 2016). A single reference genome doesnot represent
the total diversity within a species, hence, re-
sequencing of cultivars, landraces and wild accessions
is required to harness the total genetic variation and
to identify the superior alleles for the target traits.
Genome information availability has generated many
next-generation sequencing-based platforms for allele
mining and candidate genes identification. Next-
generation sequencing and whole-genome re-
sequencing is required for discovery, validation, and
assessment of diagnostic markers in different crops
and it provides genome-wide markers. The draft
genome sequences are now available in a number of
crops through different genome sequencing consortia
for rice (IRGSP 2005), sorghum (Paterson et al. 2005),
maize (Schnable et al. 2009), pigeonpea (Varshney et
al. 2012), chickpea (Varshney et al. 2013), wheat
(IWGSC 2018) etc. The genome sequencing using
NGS has resulted in large collections of functional
markers which enhance gene assisted breeding,
reducing the possibility of losing the desirable trait
variation due to recombination. Sequencing and re-
sequencing of populations developed in crossing
programs or of natural population (germplasm) along
with high-throughput phenotyping helps in identification
and linking of variations in gene sequences to their
phenotypes (Abdurakhmonov and Abdukarimov 2008).
Kim et al. (2016) reported the whole-genome
resequencing of the 137 rice mini core collection,
potentially representing 25,604 rice germplasms in the
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Korean genebank of the Rural Development
Administration (RDA) based on the Nipponbare
reference genome, and resequencing data yielded
more than 15 million (M) SNPs and 1.3 M INDELs.
Further study of this rice mini core with phylogenetic
and population analysis using 2,046,529 high-quality
SNPs successfully assigned accessions to the
relevant subgroups, suggesting that the SNPs capture
evolutionary signatures present in rice subpopulations.
Similarly, a population structure analysis of 300
rapeseed accessions (278 representative of Chinese
germplasm, plus 22 outgroup accessions of different
origins and ecotypes) was carried out based on the
201,817 SNPs obtained from sequencing, divided
accessions in nine subpopulations (Zhou et al. 2017).
However, hierarchical clustering and principal
component analysis showed intermingle of spring type
accessions with semi-winter types pointing out towards
frequent hybridization between spring and semi-winter
ecotypes in China.

Sequence-based markers associated with rare
elite alleles facilitate positional cloning and pre-
breeding. In case of PGR including landraces and wild
relatives, screening of collection to be used for
genomic analysis can be done based on passport data
(collection site, specific traits etc.) in combination with
evaluation data. Sequencing based approaches
provide opportunity to identify novel variations for a
large number of genes through genotype-phenotype
associations. Re-sequencing of large number of
genotypes helps in determining process of origin,
domestication, population structure and identifies lines
with deleterious mutations in the genomes that can
be eliminated to minimize the genetic load in the crop
species as observed in case of maize (Bevan et al.
2017). NGS technologies together with precise
phenotyping have been used for identification of marker
trait associations in several crops, for example, rare
wheat haplotypes effective against abiotic or biotic
stresses were developed through introgression of useful
and novel stress and quality traits’ alleles to lines
derived from crosses of exotics with CIMMYT’s best
elite germplasm under CIMMYT’s Seeds of Discovery
(SeeD 2011) initiative (Vikram et al. 2016). Singh et
al. (2018) used next-generation sequencing, together
with multi-environment phenotyping to study the
contribution of exotic genomes to 984 three-way-cross-
derived (exotic/elite1//elite2) pre-breeding lines (PBLs)
for accelerating grain yield gains using exotic wheat
genetic resources.
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Genotyping by sequencing

Genome complexity reducing methods like genotype
by sequencing (GBS) has become the method of
choice for genotyping of a large number of recombinant
progenies or natural PGR for rapid, high-throughput
identification of genetic mechanisms underlying
various trait variations (Elshire et al. 2011; Deschamps
et al. 2012; Poland and Rife 2012; Davey et al. 2011).
Genotyping by sequencing (GBS) approach in
combination with phenotyping can be used for
identification of QTLs controlling various traits.
Availability of SNP markers based on whole genome
re-sequencing data and cost effective automated
genotyping platforms have made genome-wide
genotype-to-phenotype associations (GWAS) very
popular (Prohens 2011). SNPs are heritable, abundantly
distributed across the genome, and allow single base
resolution, facilitating the detection of causal, or
‘perfect’, markers. SNPs are currently the most popular
markers in breeding programs because of their
abundance and our ability to detect them with high
throughput methods (Shirasawa et al. 2010;
Mammadov et al. 2012).

GBS methods can be divided into whole genome
re-sequencing (WGR) which provides high SNP
densities adequate for accurate SNP calling in
recombinant populations based on a high quality
reference genome and reduced representation
sequencing (RRS) which provides lower SNP densities
to narrow the focus to only a fraction of the genome
(Huang et al. 2009; Andrews et al. 2016). The GBS
has been used extensively in pre-breeding, for example,
ICRISAT initiated pigeonpea hybrid program to
enhance yield using A, cytoplasm with cytoplasmic-
nuclear male sterility (CMS) system derived through
the introgression from the wild relative Cajanus
cajanifolius. Out of 34 mitochondrial genes, nad7 gene
was found to be associated with A, CMS and nad7
gene specific markers were used for detection of CMS
seed purity (Huang et al. 2014).

Genotyping derived SNPs implemented in arrays
known as genotyping arrays or SNP arrays have been
used extensively for targeting of alleles of interest,
timely data generation and simple computational
analysis in different crops including rice (Zhao et al.
2011; Yu etal. 2014), canola (Snowdon and Luy 2012),
maize (Chen et al. 2014a), and wheat (Wang et al.
2014; Winfield et al. 2015). SNP array is useful for
pre-breeding programs as these provide valuable data
for genetic mapping, association studies and genomic
selection (Ganal et al. 2012).
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Pangenomics

Initially Pangenome was introduced for describing a
bacterial species (Tettelin et al. 2005). Pangenome is
sum of all the genes of a particular species rather
than single sample reference and it allows a better
representation of diversity by reducing sampling bias
(Golicz et al. 2016). It is based on genomic structural
diversity and can be used for differentiating genomes
via. presence and absence of sequences known as
presence/absence variants (PAV) and differences in
copy numbers known as copy number variants (CNV)
(Schatz et al. 2014). Links of copy number variations
to the key traits in crops has accelerated the pre-
breeding programs (Prohens, 2011). Pangenomes are
now available in various crops including rice (Schatz
et al. 2014), maize (Hirsch et al. 2014), Brassica rapa
(Lin et al. 2014b) and soybean (Li et al. 2014a) for
responses to biotic stresses in several species
including muskmelon (Gonzalez et al. 2013).

Application of genomics in management of PGR
and pre-breeding

Molecular marker, QTL and genomic maps assisted
utilization of PGR and pre-breeding

Recent developments in genome sequencing and re-
sequencing has resulted in development of large
number of molecular markers in different crops.
Availability of molecular markers linked to specific
traits enhances pre-breeding efficiency and
effectiveness through marker assisted selection
(MAS). Molecular markers that are linked to the genes
of a desired trait known as diagnostic markers can be
indirectly used for selection of target traits (Xu and
Crouch 2008). A major earlier success for crop breeding
using genomic markers was the marker-assisted
introgression of the ethylene response factor, known
as Submergence 1A (Sub1A) gene, for submergence-
tolerance into high-yielding commercial rice varieties
which acts by limiting shoot elongation during the
inundation period (Septiningsih et al. 2009; Bailey-
Serres et al. 2010). Riar et al. (2012) used polymorphic
D-genome-specific SSR markers for analysing the co-
segregation of the 5DS anchored markers (Xcfd18,
Xcfd78, Xfd81 and Xcfd189) with the rust resistance
in an F, population, and mapped the leaf rust
resistance gene (LrAC, a novel homoeoallele of an
orthologue Lr57) on the short arm of wheat chromosome
5D. Vikal et al. (2014) used SSR markers for
pyramiding of candidate genes for xa8, the resistance
gene against Bacterial blight disease in elite rice
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varieties. Ellur et al. (2016) incorporated a novel
Bacterial blight resistance gene Xa38 in variety
PB1121 from donor parent PR114-Xa38 using a
modified marker-assisted backcross breeding (MABB)
scheme.

Genomics has provided powerful approaches to
understand interaction between many genes and
complex signalling pathways in case of polygenic traits
like resistance to abiotic and biotic stresses (Sakuma
et al. 2006). In rice breeding, high-density genome
maps are being effectively used in background
selection integrated with foreground selection of
bacterial blight resistance (xal3 and Xa2l genes),
amylose content (waxy gene) and fertility restorer gene
in order to identify superior lines with maximum
recovery of Basmati rice genome along with the quality
traits and minimum non-targeted genomic
introgressions of the donor chromosomes
(Gopalakrishnan et al. 2008). Quantitative trait loci
(QTL) analysis of the genome linked to quantitative
phenotypic traits, has yielded climate goverened QTL
in diverse crop species (Scheben et al. 2016).
Rodrigues et al. (2017) determined protein content and
genetic divergence of 29 soybean genotypes using
39 microsatellite markers from QTL regions of the trait
grain protein content for plant breeding purposes. The
pairs of genotypes with greater genetic distances and
protein contents were selected to produce populations
with higher means and genetic variances and greater
gains with selection.

Genome wide association studies (GWAS)

Genome wide association studies (GWAS) could
overcome several constraints of conventional linkage
mapping and provide a powerful complementary
strategy for dissecting complex traits. GWAS make
use of past recombinations in diverse association
panels to identify genes linked to phenotypic traits at
higher resolution than QTL analysis. GWAS has
become a powerful tool for QTL mapping in plants
because a broad range of genetic resources may be
accessed for marker trait association without any
limitation on marker availability. Different approaches
used for GWAS include:

SNP marker arrays or SNP chips approach

Discovery and tagging of new genes using genome
wide association studies (GWAS) or QTL analysis
have now become much easier. The availability of
high-density SNP marker arrays has opened a way
for cost effective genome wide association studies
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using natural populations. Wang et al. (2016) developed
a high-throughput NJAU 355K SoySNP array and
conducted GWAS in 367 soybean accessions,
(including 105 wild and 262 cultivated) across multiple
environments and reported a strong linkage
disequilibrium region on chromosome 20 significantly
correlated with seed weight. Zhao et al. (2019) carried
out meta-analysis GWAS using 775 tomato
accessions (including wild accessions) and 2,316,117
SNPs from three GWAS panels and discovered 305
significant associations for the contents of sugars,
acids, amino acids, and flavor-related volatiles.

Genotyping by sequencing (GBS) approach

As the cost of sequencing is continuously declining,
enotyping by sequencing also known as next
generation genotyping method, is becoming more
common for discovering SNPs in novel plants and
used them for GWAS studies (Arruda et al. 2016).
Kim et al. (2016) reported the whole-genome
resequencing of 137 rice mini core collection and
conducted genome-wide association studies (GWAS)
on four agriculturally important traits including ‘grain
pericarp colour’, ‘amylose content’, ‘protein content’,
and ‘panicle number, and identify some novel alleles.
Similarly, Arora et al. (2017) genetically characterized
177 A. tauschii accessions using GBS to study the
variation for grain size using GWAS.

Genomic selection

One of the major limitations of marker assisted pre-
breeding particularly in case of highly polygenic traits
is that only a limited portion of genetic variance is
explained (Meuwissen et al. 2001). Further, in MAS
approach, markers with effects on phenotype are
required (Heffner et al. 2011). Genomics assisted
breeding approach known as genomic selection (GS)
is a better approach which simultaneously uses large
genotypic data (genome wide) (exceeding phenotypic
data), phenotypic data and modelling using statistical
tools to predict the genomic estimated breeding values
(GEBVs) for each individual (Meuwissen et al. 2001;
Crossa et al. 2017). In genomic selection, a statistical
model is generated using a representative population
of the breeding population known as training
population. This model is subsequently used to
calculate the allelic effects of all marker loci i.e.
genomic assisted breeding values without having
phenotypic data and these values can be used for
preselection of trait-specific genotypes (Heffner et al.
2011). Xu et al. (2012) and Spindel et al. (2016)
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highlighted that coupling of genome wide data with
genomic selection offered great specificity and
predictability which can be used to accelerate pre-
breeding. Using GS, complex traits can be improved
rapidly through generation of reliable phenotypes by
shortening the selection cycle. GS application in
pasture grass Lolium perenne resulted in four-year
reduction in the breeding cycle (Lin et al. 2016). In
genomic selections, genomic estimated and true
breeding values were found to be closely correlated,
even for polygenic traits with low heritability (Jia and
Jannink 2012). GS can facilitate selection of complex
traits, e.g., grain yield (Saint Pierre et al. 2016)
tolerance to abiotic and biotic stresses.

Genomic selection has great potential to be used
as a selection tool in pre-breeding programs particularly
to enrich the starting germplasm with favourable
polygenic variation. It has been used for initiating pre-
breeding programs in maize (Gorjanc et al. 2016) and
wheat (Poland et al. 2012). The potential of GBS based
genomic prediction to harness variation in maize
landraces pre-breeding has been proved in Seeds of
Discovery (SeeD; http://seedsofdiscovery.org) funded
mostly by the Mexican government through the
Sustainable Modernization of Traditional Agriculture
program (MasAgro; http://masagro.mx) (Crossa et al.
2013; Gorjanc et al. 2016). Gorjanc et al. (2016) used
genomic selection for initiating pre-breeding programs
in maize under SeeD and developed and evaluated
various designs. They observed that maize landraces
can be used directly to initiate a pre-breeding program
and testcrosses led to a rapid reconstruction of the
elite donor genome. In genomic selection approach,
maximum marker density is not necessarily required,;
instead it requires representative markers for every
QTL across the genome. Recently, Werner et al.
(2018) demonstrated that low-density marker sets in
B. rapa enabled high prediction accuracies in breeding
populations with strong LD for cost-efficient genomic
selection comparable to those achieved with high-
density arrays. A QTL with a low frequency of the
favourable allele or having a small effect may not be
of immediate gain but potentially contributes towards
long-term genetic gain by maintaining genetic variance
over time (Liu et al. 2015).

In genomic selection, genetic diversity specific
to the population or family (species) of interest is
captured through markers developed through GBS
which minimized the ascertainment bias. GS is
superior in respect of fixing all the genetic variation
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and to select individuals with higher GEBV without
any phenotyping (Bhat et al. 2016). In case of polyploid
species, polysomic inheritance and possibility of double
reduction requires specific consideration while using
for genomic selection. Different softwares are available
for assigning marker genotypes (estimating dosage
of marker alleles in heterozygous condition),
establishing chromosome-scale linkage phase among
marker alleles, constructing (short-range) haplotypes,
and simulating polyploid populations. These softwares
also elucidate the mode of inheritance whether it is
disomic, polysomic or a mixture of both as in segmental
allopolyploids. These tools also revealed the
occurrence of double reduction and multivalent
chromosomal pairing (Bourke et al. 2018). Using GBS,
good prediction models for breeding in polyploidy wheat
(Poland et al. 2012) and tetraploid potato (Sverrisdottir
et al. 2017) have been developed and used
successfully for genomic selection.

Integration of genome sequencing technologies
along with proteomics and metabolomics known as
chemical genomics has enriched genomic selection
to accelerate the introgression of complex traits.
Chemical genomics is genome analysis coupled with
metabolomics which helps in studying the genetic
response for identification of specific genotypes
producing higher amount of a particular biomolecule
or metabolite of industrial or pharmaceutical
importance like growth regulators, hormones, drugs
etc.

Genome editing

Recent advancements in genomics have also made
feasible the editing of genomes and their use in crop
improvement programs. Pre-breeding involves genetic
transformation through recombination and genome
editing (GE) tools provides an alternative. To replace
conventional genetic engineering, a number of genome
editing technologies have been developed during last
two decades including antisense, RNA interference
(RNAI), virus-induced gene silencing (VIGS),
oligonucleotide directed mutagenesis (ODM), zinc-
finger nuclease (ZFN), transcription activator-like
effects nucleases (TALENSs), and clustered regularly
interspaced short palindromic repeats/Cas9 (CRISPR/
Cas9) (Sauer et al. 2015). These genome editing
technologies can accelerate pre-breeding programs
through beneficial knockout mutations, e.g.
identification of genes for disease resistance or
suppressing of unwanted traits linked with desired traits
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in wild species, as products of these technologies are
not considered a genetically modified organism (GMO)
(Huang et al. 2016). Most of these genome editing
tools except RNAI, act by inserting, removing or
replacing specific regions of genome with the help of
specific nucleases known as “molecular scissors”
(Esvelt and Wang 2014).

GE approaches can be used to modify genes
with defined quantitative trait nucleotides (QTNSs) that
cause a sizeable phenotypic effect. Further, GE tools
can be used for broadening the allele pool through
generating targeted variations useful for genomic
selection (Scheben and Edwards 2017; Scheben et
al. 2017). Using GE tools, desired traits can be
physically linked to ensure their co-segregation known
as “trait stacking” (Urnov et al. 2010). For example,
ZFN-assisted gene targeting helped insertion of
heritably insert herbicide-resistant genes (SURA/SuRB
and PAT) in the Z. mays genome (Shukla et al. 2009).
Zhang et al. (2016) recently used CRISPR/Cas9
system for production of homozygous transgene free
wheat mutants. Jenko et al. (2015) showed that GE
and GS, both can be combined and referred as the
promotion of alleles by genome editing (PAGE) which
also has a great potential for pre-breeding in near future.
Recently, Gupta (2019) reviewed the latest
modification of CRISPR/Cas9 system, a base editing
technology applicable to DNA as well as RNA, has
revolutionized GE and demonstrated in several crops
including rice, maize, wheat etc. will be highly useful
for base broadening to be used for genomic selection
and relating phenotypes to genes through mutant
development, particularly in primitive landraces and
wild species and will provide a new direction to pre-
breeding programmes.

GE provides promising tools for a rapid site-
specific editing of the genomes. Using GE tools, target
traits can be improved faster than traditional or even
molecular breeding. There are some aspects need not
to be done in pre-breeding as these can be addressed
more effectively by GE tools e.g. knocking out genes
negatively affecting the target trait. Three major rice
negative regulators of grain weight (GW2, GW5,
and TGW6) were knocked out using a CRISPR/Cas9
system with a significant increase in thousand-grain
weight in mutants (Xu et al. 2016). Recently, genome
editing tool CRISPR/Cas9 has been used extensively
to enhance yield through development of knockout
mutants (Braatz et al. 2017).
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Can we say advances in genomics has revolutio-
nized the area of management of PGR and pre-
breeding?

Undoubtedly, advancements in genomics has
revolutionized the area of PGR management and pre-
breeding by enabling crop curators of developing
molecular core sets conserving all allelic variability
without phenotyping, rapid trait mapping and so the
rapid breeding, reduced gestation period required for
transfer of target trait as mentioned below:

Availability of different tools for assessing genetic
variability, identification of markers and QTLs

Sequencing platforms resulted in sequencing and
resequencing of whole genome can be used for
identification of new molecular markers (SNPs) and
development of high-density map of traits. SNP arrays
and genotyping by sequencing have been used
extensively in GWAS studies.

Reduction of long gestation period in the process
of transfer of useful genes from wild or un-adapted
germplasm to agronomically superior genepool

With the availability of cost-effective sequencing
platforms, sequencing and resequencing of whole
genome has significantly reduced the time period
required for mapping a trait. SNPs generated through
WGRS and GBS of mapping populations or natural
population (germplasm) can be used for rapid high
resolution mapping of traits. Prebreeding involves
interspecific crosses generally associated with
introduction of linkage drag from wild species to the
cultivated gene pool. Introgression through use of
molecular markers linked to target traits which
minimizes linkage drag also reduces the gestation
period. In case of prebreeding of complex traits,
combined use of GE and GS popularly known as PAGE
also favours rapid pre-breeding.

Genome editing tools with no transgene to
broadening the genetic base and knockout
negatively affecting genes

Base editing tools which is a modification of CRISPR/
Cas9 system can be used to generate the site-specific
modifications in the genome to generate mutants with
broadened genetic base. Further, knockout of
negatively affecting genes have been used in crops
like wheat and rice to get the benefit of target traits.

Availability of over 56 whole genome assemblies
in different crop species for trait-mapping,
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initiating need-based pre-breeding or improvement
through GE

With availability of over 56 whole genome assemblies
in different crop species, whole genome resequencing
and GBS of bulk or natural populations including
landraces and wild relatives can be used for rapid
species-specific trait mapping and so the rapid pre-
breeding. GS based on total marker variability will be
helpful in identifying rare frequency alleles contributing
significantly towards complex trait in these crop
species. A need based prebreeding programme may
be initiated in these crop species to improve the
complex traits like yield, climate resilience etc.

Conclusion

Genomics era has provided various technologies
including sequencing and re-sequencing platforms,
high-throughput trait-associated markers, cost-
effective genotyping platforms and genome editing
which can result in effective management of PGR with
enhanced utilization along with efficient pre-breeding.
No doubt, application of genomics tools has made
management of PGR and pre-breeding more effective
and efficient but still there are some bottlenecks in
harnessing the full potential of genomic tools
particularly the availability of high-throughput
phenotyping platforms. We believe, marker/QTL
assisted selection and genomic selection either alone
or in combination will be used extensively in breeding/
pre-breeding programs which will further enhance PGR
utilization. The genomic tools will help conventional
pre-breeding in broadening the genetic base of modern
cultivars using landraces or wild relatives for various
traits including higher yield, resistance to various biotic/
abiotic factors and improved nutritional qualities.

Declaration
The authors declare no conflict of interest.

References

Abdurakhmonov |. Y. and Abdukarimov A. 2008.
Application of association mapping to understanding
the genetic diversity of plant germplasm resources.
Int. J. Plant Genome, 574927.

Andrews K. R., Good J. M., Miller M. R., Luikart G. and
Hohenlohe P. A. 2016. Harnessing the power of
RADseq for ecological and evolutionary genomics.
Nat. Rev. Genet., 17(2): 81-92.

Archak S., Tyagi R. K., Harer P. N., Mahase L. B., Singh N.,
Dahiya O. P., Abdul Nizar M., Singh M., Tilekar V.,
Kumar V., Dutta M., Singh N. P. and Bansal K. C.



126 Kuldeep Singh et al.

2016. Characterization of chickpea germplasm
conserved in the Indian National Genebank and
development of a core set using qualitative and
quantitative trait data. The Crop J., 4(5): 417-424.

Arora S., Singh N., Kaur S., Bains N. S., Uauy C., Poland J.
and Chhuneja P. 2017. Genome-Wide Association
Study of Grain Architecture in Wild Wheat Aegilops
tauschii. Front. Plant Sci., 8: 886. doi: 10.3389/
fpls.2017.00886.

Arruda M. P., Brown P., Krill A., Brown-Guedira G., Thurber
C., Foresman B. and Kolb F. 2016. Genome-wide
association mapping of fusarium head blight
resistance in wheat using genotyping-by-
sequencing. The Plant Genome, 9(1): 1-14.

Bailey-Serres J., Fukao T., Ronald P., Ismail A., Heuer S.
and Mackill D. 2010. Submergence tolerant rice:
SUB1’sjourney from landrace to modern cultivar.
Rice, 3(2-3): 138-147.

Bevan M. W, Uauy C., Wulff B. B. H., Zhou J., Krasileva K.
and Clark M. D. 2017. Genomic innovation for crop
improvement. Nature, 543: 346-354.

Bhat J. A., Ali S., Salgotra R. K., Mir Z. A., Dutta S., Jadon
V., Tyagi A., Mushtag M., Jain N., Singh P. K., Singh
G. P. and Prabhu K. V. 2016. Genomic Selection in
the Era of Next Generation Sequencing for Complex
Traits in Plant Breeding. Front. Genet., 7: 221.
doi:10.3389/fgene.2016.00221.

Bisht I. S., Mahajan R. K. and Patel D. P. 1998. The use of
characterisation data to establish the Indian
mungbean core collection and assessment of genetic
diversity. Genet. Res. Crop Evol., 45: 127-133.
10.1023/A:1008670332570.

Bourke P. M., Voorrips R. E., Visser R. G. F. and
Maliepaard C. 2018. Tools for Genetic Studies in
Experimental Populations of Polyploids. Front. Plant
Sci., 9: 513. doi: 10.3389/fpls.2018.00513.

Braatz J., Harloff H. J., Mascher M., Stein N., Himmelbach
A. and Jung C. 2017. CRISPR-Cas9 targeted
mutagenesis leads to simultaneous modification of
different homoeologous gene copies in polyploid
oilseed rape (Brassica napus). Plant Physiol., 174:
935-942. doi: 10.1104/pp.17.00426.

Brar D. S. and Khush G. S. 2002. Transferring genes from
wild species into rice. In: Kang MS (ed.) Quantitative
Genetics, Genomics and Plant Breeding. Wallingford:
CAB International, pp. 197-217.

Brozynska M., Furtado A. and Henry R. J. 2016. Genomics
of crop wild relatives: expanding the gene pool for
crop improvement. Plant Biotech. J., 14(4): 1070-
1085.

Chen H., Xie W., He H., Yu H., Chen W., Li J., Yu R,, Yao
Y., Zhang W., He Y., Tang X., Zhou F., Deng X. W.
and Zhang Q. 2014a. A high-density SNP genotyping
array for rice biology and molecular breeding. Mol.
Plant, 7(3): 541-553.

[Vol. 79, No. (1) Suppl.

ChenW., Gao Y., Xie W., Gong L., LuK., Wang W., Li Y.,
Liu X., Zhang H., Dong H., Zhang W., Zhang L., Yu
S., Wang G., Lian X. and Luo J. 2014b. Genome-
wide association analyses provide genetic and
biochemical insights into natural variation in rice
metabolism. Nat. Genet., 46: 714-721.

Choudhury D. R., Singh N., Singh A. K., Kumar S.,
Srinivasan K., Tyagi R. K., Ahmad A., Singh N. K.
and Singh R. 2014. Analysis of Genetic Diversity
and Population Structure of Rice Germplasm from
North-Eastern Region of India and Development of
a Core Germplasm Set. PLoS ONE, 9(11): e113094.
doi: 10.1371/journal.pone.0113094.

Crossa J., Pérez-Rodriguez P., Cuevas J., Montesinos-
Lépez O., Jarquin D., de Los Campos G., Burguefo
J., Gonzélez-Camacho J. M., Pérez-Elizalde S.,
Beyene Y., Dreisigacker S., Singh R., Zhang X.,
Gowda M., Roorkiwal M., Rutkoski J. and Varshney
R. K. 2017. Genomic selection in plant breeding:
Methods, models, and perspectives. Trends Plant
Sci., 22: 961-975.

Crossa J., Beyene Y., Kassa S., Perez P., Hickey J. M.,
Chen C., de los Campos G., Burgueno J.,
Windhausen V. S., Buckler E., Jannink J. L., Lopez
Cruz M. A. and Babu R. 2013. Genomic prediction in
maize breeding populations with genotyping-by-
sequencing. G3 (Bethesda), 3(11): 1903-1926.

Davey J. W., Hohenlohe P. A., Etter P. D., Boone J. Q.,
Catchen J. M. and Blaxter M. L. 2011. Genome-wide
genetic marker discovery and genotyping using next-
generation sequencing, Nat. Rev. Genet., 12(7): 499-
510.

Deschamps S., Llaca V. and May G. D. 2012. Genotyping-
by-sequencing in plants, Biology, 1(3): 460-483.

Dutta M., Phogat B. S., Kumar S., Kumar N., Kumari J.,
Pandey A. C., Singh T. P., Tyagi R. K., Jacob S. R,
Srinivasan K., Bisht . S., Karale M., Yadav M., Sharma
P.,Kumari G., Aftab T., Rathi Y. S., Singh A. K., Archak
S.,BhatK. V., BhandariD. C., Solanki Y. P. S., Singh
D. and Bansal K. C. 2015. Development of core set
of wheat germplasm conserved in the National
Genebank in India. In: Advances in wheat genetics:
From genome to field. (Eds. Y. Ogihara, S. Takumi
and H. Handa). Springer Publisher. pp. 33-45.

Dwivedi S. L., Scheben A., Edwards D., Spillane C. and
Ortiz R. 2017. Assessing and Exploiting Functional
Diversity in Germplasm Pools to Enhance Abiotic
Stress Adaptation and Yield in Cereals and Food
Legumes. Front. Plant Sci., 8: 1461. doi: 10.3389/
fpls.2017.01461.

Ellur R. K., Khanna A., Gopala Krishnan S., Bhowmick P.
K., Vinod K. K., Nagarajan M., Mondal K. K., Singh N.
K., Singh K., Prabhu K. V. and Singh A. K. 2016.
Marker-aided Incorporation of Xa38, a Novel
Bacterial Blight Resistance Gene, in PB1121 and
Comparison of its Resistance Spectrum with xal3 +



April, 2019]

Xa21l. Sci. Rep., 6: 29188.

Elshire R. J., Glaubitz J. C., Sun Q., Poland J. A., Kawamoto
K., Buckler E. S., Mitchell S. E. 2011. A robust, simple
genotypingby- sequencing (GBS) approach for high
diversity species. PLoS One, 6: e19379.

Enciso-Rodriguez F., Douches D., Lopez-Cruz M.,
Coombs J. and de Los Campos G. 2018. Genomic
Selection for Late Blight and Common Scab
Resistance in Tetraploid Potato (Solanum
tuberosum). G3 (Bethesda), 8(7): 2471-2481. doi:
10.1534/g3.118.200273.

Esvelt K. M. and Wang H. H. 2014. Genome-scale
engineering for systems and synthetic biology. Mol.
Syst. Biol., 9: 641.

FAO. 1996b. Report on the State of the World’s Plant
Genetic Resources for Food and Agriculture,
prepared for the International Technical Conference
on Plant Genetic Resources, Leipzig, Germany, 17-
23 June 1996. Rome: Food and Agricultural
Organization of the United Nations.

FAO. 1996a. Global Plan of Action for the Conservation
and Sustainable Utilization of Plant Genetic
Resources and the Leipzig Declaration, adopted by
the International Technical Conference on Plant
Genetic Resources, Leipzig, Germany, 17-23 June
1996. Rome: Food and Agricultural Organization of
the United Nations.

FAO. (2009). Available at: http://www.fao.org/fileadmin/
templates/wsfs/docs/ Issues_papers/
HLEF2050_Global_ Agriculture.pdf.

Ganal M. W., Polley A., Graner E. M., Plieske J., Wieseke
R., Luerssen H. and Durstewitz G. 2012. Large SNP
arrays for genotyping incrop plants. J. Biosci., 37(5):
821-828.

Gangopadhyay K. K., Mahajan R., Gunjeet K., Yadav S.,
Meena B., Pandey C., Bisht I. S., Mishra S. K.,
Natarajan S., Gambhir R., Sharma S. K. and Dhillon
B. S. 2010. Development of a Core Set in Brinjal
(Solanum melongena L.). Crop Sci. 50. 10.2135/
cropsci2009.03.0151.Golicz A.A., Bayer P.E. and
Edwards D. 2015. Skim-based genotyping by
sequencing. Methods Mol. Biol., 1245: 257-270.

Gonzalez V. M., Aventin N., Centeno E. and
Puigdomenech P. 2013. High presence/absence
gene variability in defense-related gene clusters of
Cucumis melo. BMC Genomics, 14: 782.

Gopalakrishnan S., Sharma R. K., Anand Rajkumar K. A.,
Joseph M., Singh V. P., Bhat K. V., Singh N. K. and
Mohapatra T. 2008. Integrating marker assisted
background analysis with foreground selection for
identification of superior bacterial blight resistant
recombinants in Basmati rice. Plant Breed., 127: 131-
139.

Gorjanc G., Jenko J., Hearne S. J. and Hickey J. M. 2016.
Initiating maize pre-breeding programs using

PGR management and pre-breeding in genomics era

127

genomic selection to harness polygenic variation
from landrace populations. BMC Genomics, 17(30):
http://dx.doi.org/10.1186/s12864-015-2345-z. Gupta
P. K. 2019. Beyond CRISPR: single base editors for
human health and crop improvement. Current Sci.,
116(3): 386-397.

Hallauer A. R. and Miranda Filho J. B. 1988. Quantitative
genetics in maize breeding. Ames: lowa University
Press.

Haussmann B. |. G., Parzies H. K., Presterl T., Susijic” Z.
and Miedaner T. 2004. Plant genetic resources in
crop Improvement. Plant Genet. Res., 2(1): 3-21.

Heffelfinger C., Fragoso C. A., Moreno M. A., Overton J.
D., Mottinger J. P., Zhao H., Tohme J., Heffner E. L.,
Jannink J. L., Iwata H., Souza E. and Sorrellls M. E.
2011. Genomic Selection Acuracy for Grain Quality
Traits in Biparental Wheat Populations. Crop Sci.,
51: 2597-2606.

Hirsch C. N., Foerster J. M., Johnson J. M., Sekhon R. S.,
Muttoni G., Vaillancourt B., Penagaricano F.,
Lindquist E., Pedraza M. A., Barry K., de Leon N.,
Kaeppler S. M. and Buell C. R. 2014. Insights into
the maize pan-genome and pan-transcriptome. Plant
Cell, 26(1): 121-135.

Huang X., Feng Q., Qian Q., Zhao Q., Wang L., Wang A,
Guan J., Fan D., Weng Q., Huang T., Dong G., Sang
T. and Han B. 2009. High-throughput genotyping by
whole-genome resequencing. Genome Res., 19(6):
1068-1076.

Huang X. and Han B. 2014. Natural variations and
genome-wide association studies in crop plants.
Annu. Rev. Plant Biol., 65: 531-551.

Huang S., Weigel D., Beachy R. N. and Li J. 2016. A
proposed regulatory framework for genome-edited
crops. Nat. Genet., 48: 109-111.

IRGSP. 2005. The map based sequence of the rice
genome. Nat., 436: 793-800.

IWGSC. 2018. Shifting the limits in wheat research and
breeding using a fully annotated reference genome.
Sci., 361(6403): eaar7191.

Jenko J., Gorjanc G., Cleveland M. A., Varshney R. K.,
Whitelaw C. B., Woolliams J. A. and Hickey J. M.
2015. Potential of promotion of alleles by genome
editing to improve quantitative traits in livestock
breeding programs. Genet. Sel. Evol., 47: 55.

Jia Y. and Jannink J. L. 2012. Multiple-trait genomic
selection methods increase genetic value prediction
accuracy. Genetics, 192: 1513-1522.

KangY.J., LeeT., LeedJ., ShimS., Jeong H., Satyawan D.,
Kim M. Y. and Lee S. H. 2016. Translational
genomics for plant breeding with the genome
sequence explosion. Plant Biotech. J., 14: 1057-
1069.

KimT.S.,HeQ., KiImK.W., YoonM.Y.,RaW.H.,LiF.P.,



128 Kuldeep Singh et al.

Tong W., YuJ., Oo W. H., Choi B., Heo E. B., Yun B.
K., Kwon S. J., KwonS.W.,ChoY.H., Lee C.Y., Park
B. S. and Park Y. J. 2016. Genome-wide
resequencing of KRICE_CORE reveals their
potential for future breeding, as well as functional
and evolutionary studies in the post-genomic era.
BMC Genomics, 17: 408.

LiY.H., ZhouG.Y.,MaJ. X., JiangW., Jin L. G., Zhang Z.,
Guo Y., Zhang J., Sui Y., Zheng L., Zhang S. S., Zuo
Q., Shi X. H,, LiY. F., Zhang W. K., Hu Y., Kong G.,
HongH.L., TanB., Song J., LiuZ. X., Wang Y., Ruan
H.,Yeung C. K, LiuJ., Wang H., Zhang L. J., Guan R.
X., Wang K. J., Li W. B., Chen S. Y., Chang R. Z,,
Jiang Z. Jackson S. A, Li R. and Qiu L. J. 2014a. De
novo assembly of soybean wild relatives for pan-
genome analysis of diversity and agronomic traits.
Nat. Biotechnol., 32(10): 1045-1052.

Lin K., Zhang N., Severing E. I., Nijveen H., Cheng F.,
Visser R. G., Wang X., de Ridder d. and Bonnema G.
2014b. Beyond genomic variation — comparison and
functional annotation of three Brassica rapa genomes:
a turnip, a rapid cycling and a Chinese cabbage.
BMC Genomics, 15: 250.

Lin Z., Cogan N. O. |., Pembleton L. W., Spangenberg G.
C., Forster J. W., Hayes B. J. and Daetwyler H. D.
2016. Genetic gain and inbreeding from genomic
selection in a simulated commercial breeding
program for perennial ryegrass. Plant Genome, 9(1):

Liu H,, Meuwissen T. H,, Sgrensen A. C. and Berg P. 2015.
Upweighting rare favourable alleles increases long-
term genetic gain in genomic selection
programs. Genet Sel Evol., 47(1):19. doi: 10.1186/
s$12711-015-0101-0.

LuY., Yan J., Guimaraes C. T., Taba S., Hao Z., Gao S.,
Chen S., Li J., Zhang S., Vivek B. S., Magorokosho
C., Mugo S., Makumbi D., Parentoni S. N., Shah T.,
Rong T., Crouch J. H. and Xu Y. 2009. Molecular
characterization of global maize breeding
germplasm based on genomewide single nucleotide
polymorphisms. Theor. Appl. Genet., 120: 93-115.

Mahajan R. K., Bisht I. S. and Dhillon B. S. 2007.
Establishment of a core collection of world sesame
(Sesamum indicum L.) germplasm accessions.
SABRAO J. Breed. Genet., 39(1): 53-64.

Mammadov J., Aggarwal R., Buyyarapu R. and Kumpatla
S. 2012. SNP markers and their impact on plant
breeding. Int. J. Plant Genomics, 72: 83-98.

Mercer K. L. and Perales H. R. 2010. Evolutionary
response of landraces to climate change in centers
of crop diversity. Evol. Appl., 3: 480-493.

Meuwissen T. H. E, Hayes B. J. and Goddard M. E. 2001.
Prediction of total genetic value using genome-wide
dense marker maps. Genetics, 157: 1819-1829.

Miller J. C. and Tanksley S. D. 1990. RFLP analysis of
phylogenetic relationships and genetic variation in

[Vol. 79, No. (1) Suppl.

the genus Lycopersicon. Theor. Appl. Genet., 80:
437-448.

Nass L. L. and Paterniani E. 2000. Pre-breeding: A link
between genetic resources and maize breeding.
Scient. Agricola, 57(3): 581-587.

Neelam K., Lore J. S., Kaur K., Pathania S., Kumar K.,
Sahi G., Mangat G. S. and Singh K. 2016.
Identification of resistance sources in wild species of
rice against two recently evolved pathotypes of
Xanthomonasoryzaepvoryzae. Plant Genet. Res., 1-
5.

Paterson A. H., Bowers J. E., Bruggmann R., Dubchak
I., Grimwood J. et al. 2009. The Sorghum
bicolor genome and the diversification of
grasses. Nat., 457: 551-556.

Poland J. A. and Rife T. W. 2012. Genotyping-by-
sequencing for plant breeding and genetics. Plant
Genome, 5(3): 92-102.

Poland J. A., Brown P. J., Sorrells M. E. and Jannink J. L.
2012. Development of high-density genetic maps
for barley and wheat using a novel two-enzyme
genotyping-by-sequencing approach. PLoS One, 7:
€32258.

Prohens J. 2011. Plant Breeding: A Success Story to be
Continued Thanks to the Advances in Genomics.
Front. Plant Sci., 2: 51.

Riar A. K., Kaur S., Dhaliwal H. S., Singh K. and Chhuneja
P. 2012. Introgression of a leaf rust resistance gene
from Aegilops caudate to bread wheat. J. Genetics,
91(2):

Rodrigues J. I. da. Silva., Arruda K. M. A., Piovesan N. D.
and de Barros E. G. 2017. Plant pre-breeding for
increased protein content in soybean Glycine max
(L.) Merrill. Acta Agron., 66(4): 618-624.

Saint Pierre C., Burguefo J., Crossa J., Fuentes Davila
G., Figueroa Lépez P., Solis Moya E., Ireta Moreno
J., Hernandez Muela V. M., Zamora Villa V. M., Vikram
P., Mathews K., Sansaloni C., Sehgal D., Jarquin D.,
Wenzl P. and Singh S. 2016. Genomic prediction
models for grain yield of spring bread wheat in diverse
agro-ecological zones. Sci. Rep., 6: 27312.

Sakuma Y., Maruyama K., Qin F., Osakabe Y., Shinozaki
K. and Yamaguchi-Shinozaki K. 2006. Dual function
of an Arabidopsis transcription factor DREB2A in
water-stress-responsive and heat-stress-responsive
gene expression, Proc. Natl. Acad. Sci. USA, 103(49):
18822-18827.

Sauer N. J., Mozoruk J., Miller R. B., Warburg Z. J., Walker
K. A., Beetham P. R., Schépke C. R. and Gocal G. F.
2015. Oligonucleotide-directed mutagenesis for
precision gene editing. Plant Biotech. J.

Schatz M. C., Maron L. G., Stein J. C., Hernandez Wences
A., Gurtowski J., Biggers E., Lee H., Kramer M.,
Antoniou E., Ghiban E., Wright M. H., Chia J. M.,



April, 2019]

Ware D., McCouch S. R. and McCombie W. R. 2014.
Whole genome de novo assemblies of three
divergent strains of rice, Oryza sativa, document novel
gene space of aus and indica. Genome Biol., 15(11):
506.

Scheben A. and Edwards D. 2017. Genome editors take
on crops. Science, 355: 1122-1123.

Scheben A., Wolter F., Batley J., Puchta H. and Edwards
D. 2017. Towards CRISPR/Cas crops-bringing
together genomics and genome editing. New Phytol.,
216: 682-698.

Scheben A., Yuan Y. and Edwards, D. 2016. Advances in
genomics for adapting crops to climate change. Curr.
Plant Biol., 6: 2-10.

Schnable P. S., Ware D., Fulton R. S., Stein J. C., Wei
F., Pasternak S., Liang C., Zhang J. et al. 2009. The
b73 maize genome: complexity, diversity, and
dynamics. Sci., 326: 1112-1115.

Septiningsih E. M., Pamplona A. M., Sanchez D. L., Neeraja
C.N,, Vergara G. V., Heuer S., Ismail A. M. and Mackill
D. J. 2009. Development of submergence-tolerant
rice cultivars: the Sub1 locus and beyond. Ann. Bot.,
103(2): 151-160.

Shirasawa K., Isobe S., Hirakawa H., Asamizu E., Fukuoka
H., Just D., Rothan C., Sasamoto S., Fujishiro T.,
Kishida Y., Kohara M., Tsuruoka H., Wada T.,
Nakamura Y., Sato S. and Tabata S. 2010. SNP
discovery and linkage map construction in cultivated
tomato. DNA Res., 17(6): 381-391.

Shukla V. K., Doyon Y., Miller J. C., DeKelver R. C., Moehle
E. A., Worden S. E., Mitchell J. C., Arnold N. L.,
Gopalan S., Meng X., Choi V. M., Rock J. M., Wu Y.
Y., Katibah G. E., Zhifang G., McCaskill D., Simpson
M. A., Blakeslee B., Greenwalt S. A., Butler H. J.,
Hinkley S. J., Zhang L., Rebar E. J., Gregory P. D.
and Urnov F. D. 2009. Precise genome modification
in the crop species Zea mays using zinc-finger
nucleases. Nature, 459: 437-441.

Singh M., Bisht I. S., Kumar S., Dutta M., Bansal K. C.,
Karale M., Sarker A., Amri A., Kumar S. and Datta S.
K. 2014. Global wild annual Lens collection: A
potential resource for lentil base broadening and
yield enhancement. PLOS One, 9(9): e107781.

Singh M., Rana J. C., Singh B., Kumar S., Saxena D. R.,
Saxena A., Rizvi A. H. and Sarker A. 2017.
Comparative Agronomic Performance and Reaction
to Fusarium wilt of Lens culinaris x L. orientalis and
L. culinaris x L. ervoides derivatives. Front. Plant Sci.,
8: 1162.

Singh S., Vikram P., Sehgal D., Burguefio J., Sharma A.,
Singh S. K. et al. 2018. Harnessing genetic potential
of wheat germplasm banks through impact-oriented-
prebreeding for future food and nutritional security.
Sci. Rep., 8: 12527.

Snowdon R. J. and Luy F. L. I. 2012. Potential to improve

PGR management and pre-breeding in genomics era

129

oilseed rape and canola breeding in the genomics
era. Plant Breed., 131(3): 351-360.

Sood S., Flint-Garcia S., Willcox M. C. and Holland J. B.
2014. Mining Natural Variation for Maize
Improvement: Selection on Phenotypes and Genes.
In: Tuberosa R, Graner A, Frison E, editors. Genomics
of Plant Genetic Resources. Netherlands: Springer,
p. 615-649.

Spindel J. E., Begum H., Akdemir D., Collard B., Redofia
E., Jannink J. L. and McCouch S. 2016. Genome-
wide prediction models that incorporate de novo
GWAS are a powerful new tool for tropical rice
improvement. Heredity, 116: 395-408.

Sverrisdéttir, E., Byrne, S., Sundmark, E. H. R., Johnsen,
H. @., Kirk, H. G., Asp, T., Janss L. and Nielsen K. L.
2017. Genomic prediction of starch content and
chipping quality in tetraploid potato using
genotyping-by-sequencing. Theor. Appl. Genet., 130:
2091-2108. doi: 10.1007/s00122-017-2944-y.

Taba S. 1994. The future: needs and activities. In: TABA,
S. (Ed.) The CIMMYT maize germplasm bank: genetic
resource preservation, regeneration, maintenance,
and use. Mexico, p. 52-59. (Maize Program Special
Report).

Tester M. and Langridge P. 2010. Breeding technologies
to increase crop production in a changing world.
Science, 327: 818-822.

Tettelin H., Masignani V., Cieslewicz M. J., Donati
C., Medini D., Ward N. L. et al. 2005. Genome
analysis of multiple pathogenic isolates of
Streptococcus agalactiae: implications for the
microbial pan-genome. Proc. Natl. Acad. Sci. USA,
102(39): 13950-13955.

Tuberosa R. 2013. “Marker-assisted breeding in crops,”
in Sustainable Food Production, (Eds. P. Christou,
R. Savin, B. A. Costa-Pierce, |. Misztal, and C. B. A.
Whitelaw (New York, NY; Dordrecht; Heidelberg;
London: Springer), 1158-1181. United Nations,
Department of Economic and Social Affairs,
Population Division. 2015. World Population
Prospects: The 2015 Revision, Key Findings and
Advance Tables. ESA/P/WP.241. New York, NY:
United Nations.

Urnov F. D., Rebar E. J., Holmes M. C., Zhang H. S. and
Gregory P. D. 2010. Genome editing with engineered
zinc finger nucleases. Nat. Rev. Genet., 11: 636-646.

Valkoun J. J. 2001. Wheat pre-breeding using wild
progenitors. Euphytica, 119: 17-23.

Varshney R. K., Chen W., Li Y., Bharti A. K., Saxena R. K.,
Schlueter J. A., Donoghue M. T. A., Azam S., Fan G.,
Whaley A. M., Farmer A. D., Sheridan J., lwata A.,
Tuteja R., - Penmetsa R. V., Wu W., Upadhyaya H.
D., Yang S. P., Shah T., Saxena K. B., Michael T.,
McCombie W. R., Yang B., Zhang G., Yang H., Wang
J., Spillane C., Cook D. R., May G. D., Xu X. and



130 Kuldeep Singh et al.

Jackson S. A. 2011. Draft genome sequence of
pigeonpea (Cajanus cajan), an orphan legume crop
of resource-poor farmers. Nat. Biotech., 30: 83. https:/
/doi.org/10.1038 /nbt.2022.

Varshney R. K., Singh V. K., Kumar A., Powell, W. and
Sorrells M. E. 2018. Can genomes deliver climate-
change ready crops? Curr. Opin. Plant Biol., 45:
205-211.

Varshney R. K., Song C., Saxena R. K., Azam S, Yu S,,
Sharpe A. G., Cannon S. et al. 2013. Draft genome
sequence of chickpea (Cicer arietinum) provides a
resource for trait improvement. Nat. Biotech., 31(240):
10.1038/nbt.2491. https://doi.org/10.1038/nbt.2491.

Varshney R. K., Terauchi R. and McCouch S. R. 2014.
Harvesting the promising fruits of genomics: applying
genome sequencing technologies to crop breeding.
PLOS Biol., 12: e1001883.

Vikal Y., Chawla H., Sharma R., Lore J. S. and Singh K.
2014. Mapping of bacterial blight resistance gene
xa8 in rice (Oryza sativa L.). Ind. J. Genet., 74(4):
589-595.

Vikram P., Franco J., Burguefio-Ferreira J., Li H., Sehgal
D., Saint Pierre C., Ortiz C., Sneller C., Tattaris M.,
Guzman C., Sansaloni C. P., Ellis M., Fuentes-Davila
G., Reynolds M., Sonders K., Singh P., Payne T.,
Wenzl P., Sharma A., Bains N. S., Singh G. P., Crossa
J. and Singh S. 2016. Unlocking the genetic diversity
of Creole wheats. Sci. Rep., 6: 23092.

Wang C., Hu S., Gardner C. and Lubberstedt T. 2017.
Emerging avenues for utilization of exotic
germplasm. Trends Plant Sci., 22(7): 624-637.

Wang J., Chu S., Zhang H., Zhu Y., Cheng H. and Yu D.
2016. Development and application of a novel
genome-wide SNP array reveals domestication
history in soybean. Sci. Rep., 6: 20728. doi: 10.1038/
srep20728.

Wang S., Wong D., Forrest K., Allen A., Chao S., Huang
B. E. et al. 2014. Characterization of polyploid wheat
genomic diversity using a high-density 90,000 single
nucleotide polymorphism array. Plant Biotech. J.,
12(6): 787-796.

Werner C. R., Voss-Fels K. P., Miller C. N., Qian W., Hua
W., Guan C. Y., Snowdon R. J. and Qian L. 2018.
Effective Genomic Selection in a Narrow-Genepool
Crop with Low-Density Markers: Asian Rapeseed
as an Example. Plant Genome, 11(2): 170084.

Winfield M. O., Allen A. M., Burridge A. J., Barker G. L. A,
Benbow H. R., Wilkinson P. A., Coghill J., Waterfall
C., Davassi A., Scopes G., Pirani A., Webster T., Brew

[Vol. 79, No. (1) Suppl.

F., Bloor C., King J., West C., Griffiths S., King .,
Bentley A. R. and Edwards K. J. 2015. High-density
SNP genotyping array for hexaploid wheat and its
secondary and tertiary gene pool. Plant Biotech. J.,
14(5): 1195-1206.

XuR.,YangY.,QinR. LiH., QuC.LiL., WeiP.and Yang
J. (2016). Rapid improvement of grain weight via
highly efficient CRISPR/Cas9-mediated multiplex
genome editing in rice. J. Genet. Genom., 43: 529-
532. doi: 10.1016/j.jgg.2016. 07.003.

Xu Y. and Crouch J. 2008. Marker-Assisted Selection in
Plant Breeding: From Theory to practice. Crop sci.,
48: 391-407.

XuY., LuY, Xie C., Gao S., Wan J. and Prassana B. M.
2012. Whole genome strategies for marker assisted
plant breeding. Mol. Breed., 29: 833-854.

Yu H., Xie W., Li J., Zhou F. and Zhang Q. 2014. A whole-
genome SNP array (RICE6K) for genomic breeding
in rice. Plant Biotech. J., 12(1): 28-37.

Zhang Y., Liang Z., Zong Y., Wang Y., Liu J., Chen K., Qiu
J. L., Gao C. X. 2016. Efficient and transgene-free
genome editing in wheat through transient
expression of CRISPR/Cas9 DNA or RNA. Nat.
Commun., 7: 12617.

Zhao C., Liu B., Piao S., Wang X., Lobell D. B., Huang Y.,
Huang M., Yao Y., Bassu S., Ciais P., Durand J. L.,
Elliott J., Ewert F., Janssens |. A.,Li T., Lin E., LiuQ.,
Martre P., Muller C., Peng S., Penuelas J., Ruane A.
C.,WallachD.,Wang T., WuD., LiuZ., Zhu Y., Zhu Z.
and Asseng S. 2017. Temperature increase reduces
global yields of major crops in four independent
estimates. Proc. Natl. Acad. Sci. USA, 114: 9326-
9331.

Zhao J., Sauvage C., Zhao J., Bitton F., Bauchet G., LiuD.,
Huang S., Tieman D. M., Klee H. J. and Causse M.
2019. Meta-analysis of genome-wide association
studies provides insights into genetic control of
tomato flavour. Nat. Communicat., 10(1): 1534.

ZhaoK., Tung C. W, Eizenga G. C., Wright M. H., AliM. L.,
Price A. H., Norton G. J., Islam M. R., Reynolds A.,
Mezey J., McClung A. M., Bustamante C. D. and
McCouch S. R. 2011. Genome-wide association
mapping reveals a rich genetic architecture of
complex traits in Oryza sativa. Nat. Commun., 2: 467.

Zhou Q., Zhou C., Zheng W., Mason A. S., Fan S., Wu C.,
Fu D. and Huang Y. 2017. Genome-wide SNP
Markers Based on SLAF-Seq Uncover Breeding
Traces in Rapeseed (Brassica napus L.). Front. Plant
Sci., 8: 648.



