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Preface

Global food demand is ever increasing and expected to be double by the year 2050
due to exponential increase in population while the agricultural productivity is
declining, largely due to shrinking of resources particularly cultivable land. The
United Nations (UN) predicted that the world population will exceed nine billion by
2030, improving the quality and quantity of food production is an inevitable
necessity. According to the UN, this doubled food requirement must come from
virtually the same land area as today. With tremendous increase in world population,
plants that are the major food source must be produced at higher rate to fulfill the
food requirement. The agricultural lands are limited; therefore, there is need to
explore some other alternative methods to fulfill the food requirement. Over the
past few decades, advancement in modern breeding programs and the genome-
related technologies exploit the use of genes from all the viable sources to develop
and produce genetically modified crops. These crops offer improved crop yield,
nutrition potential/quality and minimize yield losses due to biotic and abiotic
stresses. Similarly, to cope up with huge population, it will be quite useful to use
the recent modern tools of genomics like molecular breeding and marker-assisted
selection for crop improvement. Marker-assisted breeding involving trait introgres-
sion for biotic and abiotic resistance, breaking the genetic plateau and quality
improvement will require a prior attention. The marker-assisted selection/breeding,
DNA markers, and mapping populations have massive potential to perk up the
effectiveness and accuracy of conventional plant breeding. The approaches to
study genotype–phenotype associations like QTL mapping, GWAS/Association
mapping, transcriptomics, and other techniques will be frequently used to enhance
the crop yield. The advent of novel genomics methods including NGS (Next-
Generation Sequencing) has massively changed traditional breeding into next-
generation breeding. Genome editing is a promising technique to alter specific
genes to improve trait expression. Several genomic approaches such as
transcriptomics, metabolomics, and proteomics help in identification of novel
metabolites in a particular cell. Development in these omics-based approaches and
their utilization can enhance the crop yield by regulating various mechanisms
involved in stress biology. The plant epigenetic modification plays a vital role in
acclimatization, stress tolerance, adaptation, and evolution processes. The important
traits of crop life such as flowering time, fruit development, risk avoidance from
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environmental factors, and crop immunity are attained by the plant epigenetic
modifications.

This book has been developed with the objective of providing an updated source
of information on the plant genomics to enhance the food requirement for sustain-
able development. The text of this book includes various genomic tools/methods that
are used to improve quality and yield of crop plants. This book is a priceless resource
for graduate and postgraduate students, biotechnologists, plant breeders, and others
who are concerned with genomic studies. Every chapter has been planned and
prepared by the authors in such a way that it presents the subject thoroughly
following a reader-friendly approach. The contributors to the book are internation-
ally recognized experts in their field, and they represent reputed institutions across
the globe. Overall, this book is a timely addition since the interest in plant genomics
has been growing considerably during the last few years.

Key Features
• Identifies and explores biotechnological approaches for sustainable agricultural

production
• Encompasses modern genomic tools like molecular breeding and marker-assisted

selection, RNA interference technology, whole genome sequencing, next-
generation sequencing for crop improvement

• Focuses on strategies for enhancing agricultural productivity and sustainability

Organization of the Book

This book consists of 15 chapters that focus on current approaches and strategies
involved in plant genomics to enhance the global plant-derived food production to
achieve food security for growing population.

Chapter 1 covers the brief introduction, scope, and applications of biotechnology
and genomics for sustainable agricultural production.

Chapter 2 deals with elucidation of structure and organization of plant nuclear
genome that leads to availability of genome sequences of different plant species and
has opened newer avenues for genetic engineering including genome editing for
crop improvement.

Chapter 3 focuses on the use of direct and indirect techniques/methods for gene
transfer in plants for the production of transgenic plant that will allow us to fulfill the
food requirement of growing population.

Chapter 4 describes about genetically modified crops and their applications.
Chapter 5 provides information about the processes and tools involved in plant

transcriptome analysis including study design, RNA isolation, library preparation,
sequencing platforms and bioinformatics analysis for annotation, pathway mapping,
and differential gene expression.

Chapter 6 focuses on recent modern tools of genomics like molecular breeding
and marker-assisted selection for crop improvement. Marker-assisted breeding
involves trait introgression for biotic and abiotic resistance. The chapter outlines
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the conventional breeding techniques, molecular breeding involving marker-assisted
selection/breeding, DNA markers, and mapping populations that have massive
potential to perk up the effectiveness and accuracy of conventional plant breeding
through marker-assisted selection (MAS), advantages of marker-assisted selection
and its commonly used applications in plant breeding.

Chapter 7 describes the novel genomics methods including NGS (Next-
Generation Sequencing) and breeding tools that have massively changed traditional
breeding into next-generation breeding. It also describes about genome editing
which is a promising technique to alter specific genes to improve trait expression
for the improvement of crop quality and yield.

Chapter 8 covers the whole genome sequencing of plants during the past, present,
and future, and this will speed up and lower the cost of future sequencing
technologies. It also highlights the genome databases, tools that are mostly used
over the globe.

Chapter 9 discusses about the role of model plants in genomics.
Chapter 10 highlights the RNA interference technology in plants for nutritional

improvements, increased defense against biotic and abiotic stresses, alteration in
morphology, reduced content of food allergens, crafting male sterility, enhanced
secondary metabolite synthesis, and production of seedless plant varieties.

Chapter 11 deals with the use of genomics to improve stress tolerance in plants.
Chapter 12 summarizes the current studies and findings in the study of the

organellar (chloroplasts and mitochondria) genome concerning their structure, orga-
nization, distribution, regulatory mechanism, and gene transfer technologies.

Chapter 13 deals with the DNA barcoding in plants. DNA barcoding can be an
effective and efficient tool for exploring and protecting biodiversity, expedite
bioprospecting, and defending against bio-piracy.

Chapter 14 covers the advances in epigenetics for crop improvement and sustain-
able agriculture. It also emphasizes on the epigenetic changes and its effect on crop
growth, yield, and herbicide resistance.

Chapter 15 highlights the ethical aspects and public perception on plant geno-
mics.

Medininagar, India Ram Lakhan Singh
Bengaluru, India Sukanta Mondal
Anand, India Akarsh Parihar
Ayodhya, India Pradeep Kumar Singh
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Introduction, Scope, and Applications
of Biotechnology and Genomics
for Sustainable Agricultural Production

1

Akarsh Parihar, Shiwani, Sukanta Mondal, Pradeep Kumar Singh,
and Ram Lakhan Singh

Abstract

Population in the globe is estimated to exceed 9 billion by 2050 putting a great
challenge to all crop scientists to meet this growing demand. There should be
60% more agricultural production required in 2050 as it was in 2007. The huge
shifts from investment in inputs related to fertilizer and pesticides driven
technologies to technology based on genetic modifications increasing yields
with fewer inputs are indicated. Food and nutrition security have become burning
issues in the international discussions at all levels of government as plans are
being made to cope up with a changing global climate and increasing global
population. One of the most important environmental challenges faced by the
developing world is how to meet current food needs without undermining the
ability of future generations to meet their needs. Crop production should be
adequate to feed the population now and, in the future, also. The current status
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of agricultural technologies would not be sufficient to meet up the production
challenges in future. Innovative technologies have to be exploited in order to
enable sufficient food availability in the future. However, even after years of
constant efforts by breeders, there are several unanswered issues using traditional
methods. In this regard, biotechnology plays an immense role in agriculture by
providing better feed and fuel to the growing world.

Keywords

Genomics · Next generation sequencing · Marker assisted selection · Whole
genome sequencing · Phenomics

1.1 Introduction

Critical issues facing agriculture globally include delivery of human health care,
reduction in hunger, and increasing energy supply, all in a sustainable manner with
optimum animal welfare and minimal negative impact on the environment. The United
Nations (U.N.) predicted the world population will exceed nine billion by 2050,
improving the quality and quantity of food production is an inevitable necessity.
According to the U.N., this doubled food requirement must come from virtually the
same land area as today. The U.N. Food and Agriculture Organization (FAO) further
stated that 70% of this additional food must come from the use of new and existing
agricultural technologies. Therefore, agricultural production faces an exceptional chal-
lenge to feed the increasing global population. The existing food production system is
under huge pressure to double their food productivity to meet the demands of ever-
increasing global population. The annual yield gain reported for major crops like rice,
wheat, maize, and soybean (1.2% average) is still less than what is required (2.4%) to
reach the goal of doubling global production by 2050. As the world is experiencing
high demands for crop production, by 2050 global agricultural production may require
to be increased by 60–100% to meet these burgeoning demands as well as there is need
to provide food security to the approx 870 million now chronically undernourished
(FAO 2012). Food production also suffers from dramatic changes and rapid climate
changes including drought, floods, and other disasters. About 80% of world’s popula-
tion are poor and lives in rural areas which typically rely on local agriculture for their
survival needs (FAO 2019). Global yields of major crops are projected to be reduced on
average, according to forecasts. For every degree Celsius rise in global mean tempera-
ture, wheat, rice, maize, and soybean yields decrease by 6.0%, 3.2%, 7.4%, and 3.1%,
respectively (Zhao et al. 2017). CGIAR system (https://www.cgiar.org/) has initiated a
‘Two Degree Initiative for Food and Agriculture’ with the aim of assisting 200 million
small scale food producers across the globe to adapt at the speed and scale needed for
the current pace of climate change. A significant increase in food production has to be
achieved with finite or even depleting land resources and water systems while meeting
the demand for ecosystem preservation.

The dynamics of pest pathogens are likely to be influenced by extreme weather
conditions, undermining the plant defense response (Atlin et al. 2017). For decades,
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traditional plant breeding systems have produced a variety of widely accepted high-
yielding crop cultivars all over the world. Longer time spent on variety growth and
breeding cycles, on the other hand, is a roadblock to plant breeders’ ability to
respond quickly to increasing food production demands (Lenaerts et al. 2019).
Improving crop productivity rates by breeding entails making significant
improvements to our existing plant breeding activities and decisions (Santantonio
et al. 2020). Crop improvement has made a major contribution to food security and
breeding climate-smart cultivars is thought to be most sustainable way to boost food
production. Though, recent studies have argued that current food production
practises are insufficient, and that the food system must be transformed. A funda-
mental change is required within the conventional breeding structure so as to reply
satisfactorily to the growing food demands. Crop improvement for food and
nutritional security has become a major global concern, particularly in light of
population growth and challenges such as climate change and water scarcity. Plant
breeding has been very successful in developing improved varieties using conven-
tional tools and methodologies. The success of plant breeding has relied in the
utilization of natural and mutant induced genetic variation and in the efficient
selection, by using suitable breeding methods, of the favourable genetic
combinations. However, existing crop breeding strategies alone will not deliver a
high enough rate of crop improvement to satisfy demand in the short or long term.
The combination of conventional breeding techniques with genomic tools and
approaches is leading to a new genomics-based plant breeding. Genomics-assisted
breeding is considered to have the greatest potential for overcoming these challenges
and ensuring a sustainable increase of food production by adapting available crops to
biotic and abiotic stresses and breeding novel crop varieties. Plant genomics
provides breeders with a new set of tools and techniques that allow the study of
the whole genome, and which represents a paradigm shift, by facilitating the direct
study of the genotype and its relationship with the phenotype. Recombinant DNA
technology can help to design almost any desirable characteristic in plants by
controlled targeted gene expression. In this new plant breeding context, genomics
will be essential to develop more efficient plant cultivars, which are necessary,
according to FAO, for the new ‘greener revolution’ needed to feed the world’s
growing population while preserving natural resources. Plant genomic data is being
utilized in genetic engineering to ensure that better, and fitter varieties of crops are
available to ensure food security to the population. Recent progress in genomics
technologies has imparted greater strength to the breeders’ toolbox. Using latest
techniques such as genomics, biotechnological interventions, speed breeding, geno-
mic selection and genome editing, limitations of traditional breeding could be
overcome.

1 Introduction, Scope, and Applications of Biotechnology and Genomics. . . 3



1.2 Crop Improvement and Plant Genetic Resources

One of the most sustainable methods for conserving valuable genetic resources over
time while also increasing agricultural production and food security is to use plant
genetic resources (PGR) in crop improvement, followed by adoption, cultivation,
and consumption or marketing of the improved cultivars by farmers. A more
productive use of plant genetic diversity and utilization of plant genetic resources
may be a prerequisite to meeting the challenges of growth, food security, and
poverty alleviation, according to the Food and Agricultural Organization of the
United Nations (FAO) (FAO 1996).

Sources which are available for the improvement of a cultivated plant species are
commonly referred to as genetic resources. In traditional plant breeding, genetic
resources are the materials which do not require selection for adaption to the target
environment and are not immediately useful to the breeders. According to the gene
pool concept, genetic resources are categorized into primary gene pool, secondary
gene pool, tertiary gene pool, and isolated genes. The primary gene pool consisted of
those crop species either itself or other species which are easily crossable with it
while the secondary gene pool is consisted of related species that are difficult to cross
with the target crop, meaning crossing is less effective and crossing progenies are
partly sterile. The tertiary gene pool consists of those species which can only be
utilized by advanced techniques like embryo rescue or protoplast fusion. The fourth
form of genetic resource may come from related or unrelated plant species, animals,
or microorganisms.

The value of various types of genetic resources for crop enhancement largely
depends on the crop species. One of the main reasons for the inadequate use of
genetic resources in traditional plant breeding is the lack of environmental adapta-
tion of plant genetic resources. Other barriers to PGR use in crop improvement
include large performance differences between PGR and actual breeding materials
for complex inherited traits such as lack of inbreeding tolerance and unknown
affiliation to heterotic pools, as well as genetic issues such as pleiotropy, linkage
between desired and undesired PGR alleles, and gene co-adaptation within both
breeding populations and plant genetic resources. Genome science tools may be able
to finally unlock the genetic potential of our wild and cultivated germplasm
resources for the benefit of humanity. The utility of molecular markers and genome
research can help the utilization of PGR for crop development in a better way. The
revolutionizing advances in plant genomics has evolved from the enrichment and
advances made in conventional genetics and breeding, molecular biology, molecular
genetics, molecular breeding, and molecular biotechnology in the land of high-
throughput DNA sequencing technologies powering the plant research to sequence
and understand the genetic compositions, structures, architectures, and functions of
full plant genomes. Recent technological development and challenges faced in the
field of agriculture have led to the emergence of various genomic tools that can be
used to explore and exploit the plant genomes for crop improvement. Next Genera-
tion Sequencing (NGS) technologies are allowing the mass sequencing of genomes
and transcriptomes, which is producing a vast array of genomic information.
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1.3 Biotechnological Interventions

Advances in genomics have allowed scientists to decode genomes for any crop
species, as well as knowledge on genes responsible for essential agronomic traits, in
the modern period. Gene information can be used to speed up breeding programmes
and develop better, higher-yielding varieties. In some cases, the only crop improve-
ment options are genetically modified (GM) crops. The success of Bt cotton has
already been realized in our country, as India has gone from being an importer to a
major exporter in just a few years. Biotech crops will help farmers in increasing
productivity according to a study from international service for the acquisition of
agri-biotech applications, which also claims that biotech crops have traditionally
been the fastest-adopted crop technology, with farmers satisfied with their benefits
and high adoption rates.

Biotech crop plantings have increased 113-fold since 1996, covering 2.5 billion
hectares, demonstrating that biotechnology is the world’s fastest-growing crop
technology. Adoption rates of major crops are close to 100% in countries with
long histories of high adoption, such as the USA, Brazil, Argentina, Canada, and
India, suggesting that farmers prefer this crop technology to traditional varieties. In
2018, more versatile biotech crops with different traits became available on the
market to meet the needs of farmers and consumers. Globally, from 1996 to 2018,
biotech crops generated economic gains at the farm level worth US$ 167.8 billion.
Pesticide use has been decreased by 620 million kilogrammes by utilizing biotech
crops. In 2016 alone, fewer insecticides spray reduced carbon dioxide emissions by
26.7 billion kilograms, equivalent to taking 11.9 million cars off the road for a year.
Biotech crops have helped 18 million small farmers and their families to overcome
the cycle of poverty. According to the Global Status of Commercialized Biotech/GM
Crops in 2018, biotech crops were grown and imported in 70 countries in 2018,
marking the 23rd year of continuous biotech crop adoption. 26 countries (21 devel-
oping and 5 developed) planted 191.7 m ha of biotech crops in 2017, up 1.9 m ha
from the previous year’s total. Farmers around the world are continuing to embrace
biotech crops, indicating that biotech crops are already helping to address global
problems such as poverty, malnutrition, and climate change.

Global agricultural productivity gains are showing a change away from heavy
investments in increased fertilizer and pesticide inputs and toward technology-driven
changes (including genetic modification) that increased yields with fewer units of
input. Increasing population, dwindling agricultural land and water bodies, decreas-
ing productivity, and growing environmental and agricultural issues all contribute to
the need for long-term technical interventions in the sector to ensure global food and
nutrition stability.

Agricultural biotechnology has been successfully used for decades to increase
food production and productivity by creating insect, disease, and herbicide tolerant
varieties as well as environmentally sustainable biological products. These products
reduce the use of inorganic materials and chemicals in agriculture while increasing
productivity and crop nutrition through modern nutrient absorption, their enhance-
ment. Extremely promising novel techniques like Next Generation Sequencing
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(NGS), Cisgenics, and Genome Editing are being extensively used by the many
countries. Some of the ‘high-tech’ novel technologies considered to be very
promising in near future in agricultural biotechnology include genome sequencing
technologies for crop breeding, RNAi-based gene silencing technologies, new plant
breeding techniques (NPBT) including site specific mutagenesis and deploying
genes from cross-compatible species through transgenesis (gene transfer), breeding
with transgenic inducer line, RNA-dependent DNA methylation (RdDM), reverse
breeding, agro-infiltration, grafting techniques, and speed breeding.

1.4 Genomics for Crop Improvement

Genomics is the field of science which correlates genomes at its various levels of
structure, function, and evolution. It is aimed towards mapping of genes, their
interaction and editing for the betterment of humans. Its function is accomplished
with the use of techniques like sequencing and in silico analysis. The emerging field
of genomics came into existence during the end of last century with revolutionary
vision towards understanding of living forms and it reflects to be the most promising
approach in upcoming decades also (Lander 1996; Lander and Weinberg 2000). The
advantage towards the approach was founded with the discovery of nucleic acids
sequencing by Sanger and coworkers in UK and by Maxam and Gilbert in USA in
1977. The discerning technique led to unlock the whole plan of the improvement of
an organism by deciphering the sequence of bases of DNA. The revolution on
genomics research was commenced with the crucial phase of Human Genome
Project and now has become vital for human welfare in relation to pharmaceutical
industry as well as agriculture. The completion of genome and expressed sequence
tag (EST) sequencing and gene discovery projects for several crop species like rice,
Arabidopsis, sorghum, maize, and soybean based on first-generation Sanger
sequencing methods have generated a wealth of genomic and genic sequence
information including fully characterized known and candidate genes, transcription
factors, and regulatory sequences. With the combination of traditional and high-
throughput sequencing platforms, there has been a tremendous increase in genomic
resources available, including expressed sequence tags (ESTs), BAC end sequence,
genetic sequence polymorphisms, gene expression profiling, whole genome (re)-
sequencing, and genome wide association studies.

Plant genomics, the study of whole plant genome, their organization and evolu-
tionary patterns along with the functional analysis has become the heart of crop
improvement programme. The invention of DNA chip technology is graceful as it
allows studying genome wide gene expression patterns with the ease as it simulta-
neously checks thousands of genes. The gene expression and their regulation with
reference to the growth, development, and defense of plants are now the area to be
focused with use of translational genomics. The accumulation of huge genomic data
with the progress of sequencing technologies can fulfill the need of manipulation in
gene expression in order to develop or stimulate responses towards various biotic
and abiotic stresses.
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Environmental influences, such as extremes of drought, salinity, and temperature,
which impose water deficit stress, place significant restrictions on plant productivity
(Boyer 1982). More stress tolerant crops need grow to overcome these constraints
and increase production quality in the face of a budding world population. Tradi-
tional breeding strategies that intended to use genetic variation resulting from
varietal germplasm, interspecific or intergeneric hybridization, induced mutations,
and somaclonal variation in cell and tissue cultures have only had limited success;
very few new plant introductions have resulted in increased stress tolerance under
field conditions (Flowers and Yeo 1995). The complexity of stress tolerance
characteristics, low genetic variation of yield components under stress conditions,
and the absence of successful selection techniques restrict conventional approaches.
In addition, quantitative trait loci (QTLs) associated with tolerance at one stage in
development can vary from those associated with tolerance at other stages. Desirable
QTLs along with the introgressed tolerance trait may require extensive breeding to
restore desirable characteristics. Nonetheless, as the resolution of the genetic and
physical chromosome maps of major crops strengthens, marker assisted selection of
definite secondary yield-related characteristics (e.g. anthesis-silking interval,
osmotic adjustment or alteration, membrane stability, or physiological tolerance
indices) will prove to be very useful. This strategy could be used in conjunction
with pyramiding strategies or sequential selection for accumulation of physiological
yield-component traits.

Previous attempts to strengthen drought, high salinity, and low temperature
tolerance by breeding and genetic modification have had limited success due to
the genetic complexity of stress responses. Progress is now expected through
comparative genomics studies of an evolutionarily diverse range of model species,
and by the utilization of techniques including expressed sequence tag high-
throughput analysis, large-scale parallel gene expression analysis, targeted or ran-
dom mutagenesis, and gain of function or complementation of mutants.

Agricultural challenges and recent technological advances led to the introduction
of high-throughput instruments to explore and manipulate plant genomes for crop
improvement. The goal of these genomics-based approaches is to decode the entire
genome, including genetic and intergenic regions, in order to gain insights into plant
molecular responses, which in turn will provide specific crop improvement strategy.
Genomics approaches for crop improvement against stresses are functional, struc-
tural, and comparative genomics. Advances in genomics technologies have provided
a more thorough analysis of crop genomes and a deeper understanding of stress
tolerance mechanisms dynamics. Apart from stress tolerance mechanism, research
has also centred on molecular mechanisms regulating stress mediated signalling in
plants and the underlying regulatory network of interacting proteins. In order to
generate stress resistant crops, functional elucidation of genes involved in these
regulatory pathways is intended. Next generation sequencing (NGS) technologies
allow mass sequencing of genomes and transcriptomes, creating a broad range of
genomic knowledge. Through the advancement of bioinformatics, the study of NGS
data has made it possible to discover new genes and regulatory sequences regulating
important traits. Many genomic regions associated with significant traits linked to
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abiotic stress tolerance have also been established with the generation of countless
numbers of markers and their use in genome-wide association studies. The discovery
of new genes, the determination of their patterns of expression in response to abiotic
stress, and an enhanced understanding of their functions in adaptation to stress
(acquired by the use of functional genomics) would provide the foundation for
successful engineering strategies that lead to greater tolerance to stress.

1.4.1 Whole Genome Sequencing

With the fact of growing global population, changing climate, and environmental
pressure, there is an urgent need to accelerate breeding novel crops with higher
production, drought or heat tolerance, and less pesticide usage. Advances in geno-
mics offer the potential to speed up the process of developing crops with promising
agronomic traits. The recent advent of high-throughput next-generation whole
genome and transcriptome sequencing, array-based genotyping, and modern bioin-
formatics approaches have enabled to produce huge genomic and transcriptomic
resources globally on a genome-wide scale in diverse crop genotypes. Moreover, the
integration of structural, functional, and comparative genomics including
epigenomics with marker-assisted breeding (MAB)/genomics-assisted breeding
has been implicated to be an effective approach for identification of genes/QTLs
and expressed QTLs (eQTLs) and their regulatory sequences involved in expression
of an individual trait in crop plants. The integration of available traditional and
modern -omics resources/approaches comprehensively with genomics assisted
breeding will certainly decode the molecular and/or gene regulatory networks for
identification of functionally relevant novel gene-associated targets and alleles
controlling the complex quantitative yield and stress tolerance traits in crop plants.

Whole genome sequencing (WGS) is a laboratory technique which determines
the whole DNA sequence of an organism’s genome at once. DNA sequencing
methods and computer technique assemble the tremendous biological sequence
data that uncovers the order of bases in a whole genome of an organism (Saraswathy
and Ramalingam 2011). In 1979, whole genome shotgun sequencing was used for
small genomes which range from 4000 to 7000 base pairs (Staden 1979). The first
genome of Haemophilus influenzae was sequenced in 1995 (Fleischmann et al.
1995). Further in 2000, the sequencing of almost an entire human genome was
completed (Lander et al. 2001). These previously used techniques for WGS were
slow, labour-intensive, and costly (Kwong et al. 2015). Wandering-spot analysis was
a method reported by Gilbert and Maxam that sequence 24 bp and it was time
consuming, and labour required (Gilbert and Maxam 1973). But Sanger sequencing
changed the whole scenario when it came into the play as this is technical advances
automated, dramatically speed up, also termed as the chain-termination or dideoxy
method.

The advancement of WGS helped in identification of the disease associated
variants such as complex genomic regions, inaccurate variant calling, detection of
SNP, and the phase of the locus, etc. In the process of genomic annotation and
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analysis, important point is the causation between genomic variants and disease
association. It helps to obtain explicit understanding on variation effects of
individuals (Albert and Kruglyak 2015). Quantitative assay of biological
interactions, downstream effectors such as transcription factors are now feasible
with the help of next generation sequencing for genome wide sequencing. Due to
advancement in computational and experimental science provided a better under-
standing of transposable elements sequences in genomic assays and a renewed idea
for the importance of TE biology (O'Neill et al. 2020). As a result, plant breeders can
use NGS data to discover regulatory sequences and their relative positions as well as
can establish molecular markers for marker assisted selection (MAS).

The decoding of entire genomes for a number of plant species has become
possible thanks to with the advances in DNA sequencing technology. The sequenc-
ing of multiple genomes opens up new possibilities for pan-genomic studies aimed at
identifying essential and core genes in crop species. Genomic technologies make
effective use of germplasm stored in global repositories for their characterization and
utilization.

For crop improvement programmes genetic diversity plays a major role and
genetic variations from landraces in crop breeding have been successfully exploited
in crops like rice for dwarfing genes, wheat, and barley for mlo alleles (Mascher et al.
2019). Domestication and modern breeding lead to the narrow genetic variations of
current crop breeding programmes. Genome-scale studies of large germplasm panels
have emerged as a valuable resource for understanding genomic variation dynamics
during domestication and selective breeding in recent years (Zhao et al. 2015). For
example, recent sequencing of multiple accessions in various crop species in con-
junction with genome-wide association studies (GWAS) has aided in the identifica-
tion of key genomic regions linked to crop domestication and improvement
(Varshney et al. 2017). The availability of a reference genome sequence has
prompted the sequencing of several accessions of a plant species in order to conduct
genome-scale research.

1.4.2 Marker Assisted Selection and QTL Mapping

Crop improvement for various traits depends upon the identification of desirable
genes and genotypes harbouring such genes. Identification of such genes and
genotypes is facilitated by mapping QTL, finding the tightly linked marker with
the QTL and eventually utilizing that markers/QTL in marker assisted selection.
Marker-assisted selection is an indirect selection method in which a trait of interest is
chosen based on a trait-linked marker. A good MAS necessitates the mapping and
close association of a gene to a marker otherwise, it is difficult to analyse or evaluate
using traditional methods.

Molecular markers have been generally used to facilitate target gene introgression
using the backcross scheme (marker-assisted backcrossing, MABC). MABC also
facilitates the recovery of recurrent parent genotype and the elimination of donor
parent genome flanking the target gene for minimizing linkage drag. MABC is well
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suited for introgression of oligogenes and large effect QTLs for defect correction of
an otherwise superior variety that is used as the recurrent parent. The identification of
diverse strains or hybridization with elite cultivars is needed, to expand the genetic
base of core breeding material. Numerous studies have been conducted on the
evaluation of genetic diversity in breeding material for all crops. DNA markers
have proven to be an invaluable tool for describing genetic tools and providing
breeders with more accurate knowledge to aid in parent selection. MAS has been
employed for the improvement of many traits in different crops. It has been exten-
sively used for improved access and utilization of germplasm resources, QTL
mapping, gene pyramiding, and backcross breeding.

1.4.3 High Throughput Phenotyping

Despite recent advances in genomics, a lack of appropriate phenotyping data
(phenomics data) has resulted in weak gene/QTL discovery, which has hampered
progress in genomics-assisted crop improvement programmes. As a consequence,
high-throughput, reliable, and comprehensive trait data are needed to understand the
genetic contribution to phenotype variation. Sustaining and rising crop yields with
the benefits of modern genetics methods now depend on phenomics rapid advance-
ment. In a single day, modern phenomics tools intend to record data on characters
such as plant production, architecture, growth, biomass, photosynthesis, and so on
for hundreds to thousands of plants. As a result of automation, remote control, and
data analysis pipelines acquiescent to high throughput phenotyping platforms per-
mitted screening of huge plant populations, germplasm collections, breeding con-
tent, and mapping populations with improved precision and accuracy in phenotypic
trait acquisition while reducing labour input.

The environment plays a critical role in plant phenomics because most of the
essential traits in plants are quantitative in nature and heavily influenced by environ-
mental factors. Plant breeders also want to create crop varieties that have good
buffering and stability and can perform well in a variety of environments. As a
result, any crop phenomics strategy needs accurate documentation of the experimen-
tal environmental conditions (e.g., rainfall, temperature, photoperiod, and soil
characteristics).

Phenotyping strategies are categorized into forward phenomics and reverse
phenomics. Forward phenomics helps in selecting and identifying superior
genotypes while reverse phenomics dissects the best genotypes to discover why
they are superior. The forward phenomics offers immediate candidate germplasm for
breeding, while the reverse phenomics is a long-term strategy for developing
improved crop ideotypes. Reverse phenomics entails applying a variety of new
methods to a small set of germplasm in order to uncover common techniques that
are responsible for stress tolerance or yield capacity. The phenomics data has been
used to find genes/QTL via QTL mapping, association mapping, and genome-wide
association studies (GWAS) for crop improvement using genomics-assisted breed-
ing (GAB).
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1.4.4 Bioinformatics for Next-Generation Plant Breeding in Plant
Genomics

Numerous bioinformatics-based analytical methods are well known in many areas of
plant genomic science including comparative genomic analysis, phylogenomics and
evolutionary analysis and genome-wide association research. Based on NGS
technologies, many autonomous and ultra-high-throughput platforms have recently
been developed by big companies such as Roche, Illumina, Applied Biosystems, and
so on. All of them are well-fitted for the broad sequence requirements of the present
and even future. When entire genomes have been sequenced, it is a vital method to
identify and explain the gene and non-coding material in these sequences. For this
reason, comparative genomic analysis of plants has emerged as a new area of
modern biotechnology, because its main purpose is to predict functions for many
unknown genes through the study of significant differences and similarities between
organisms. However, in the available datasets of orthologs formed from the same
ancestor, these genes are expected to appear. Phylogenomics is known as molecular
phylogenetic analysis, in which genomic database sets are used to predict gene
function and investigate the evolutionary relationships between organisms. GWAS
has a powerful plant species application to classify phenotypic variability in loci
correlated with characteristics, as well as allelic variation in candidate genes that
resolve quantitative and complex characteristics.

Multiple techniques, including microarrays, expressed cDNA sequence tag (EST)
sequencing, serial gene expression analysis (SAGE) tag sequencing, massively
parallel signature sequencing (MPSS), RNA-Seq, also known as ‘Whole
Transcriptome Shotgun Sequencing’, can determine the expression of many genes
by measuring mRNA levels (WTSS). Protein microarrays and high throughput
(HT) mass spectrometry (MS) may provide a snapshot of the proteins found in a
biological specimen. In making sense of the protein microarray and HT MS data,
bioinformatics is very involved. Gene regulation is the dynamic phenomenon of
events that ultimately lead to an increase or decrease in the activity of one or more
proteins by a signal, possibly an extracellular signal such as a hormone. To explore
different steps in this method, bioinformatics techniques have been applied. For
instance, gene expression can be regulated in the genome by nearby elements. The
analysis of promoters includes the identification and review of sequence motifs in
the DNA surrounding a gene’s coding region. The degree to which the region is
transcribed into mRNA is influenced by these motifs. Enhancer elements which are
located far away from the promoter regions can also regulate gene expression via 3D
(three dimensional) looping interactions. Such associations can be determined using
bioinformatic analysis of chromosome conformation capture experiments.

In short, along with advances in bioinformatics, the recent wealth of plant
genomic resources has enabled plant researchers to gain a fundamental and system-
atic understanding of economically important plant and plant processes that are
critical for advancing crop improvement. Despite these exciting achievements,
there remains a critical need for effective tools and methodologies to advance
plant biotechnology, address issues that are difficult to solve using current
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approaches, and facilitate the translation of this newly discovered knowledge to
improve the productivity of plants in next-generation plant breeding.

1.5 Advances in Genomics

Crop improvement has become easier with the advent of genomics technologies.
Plant breeding for sustainable crop improvement has gained new momentum with
the availability of next generation sequencing technologies, modern plant breeding
approaches like association mapping, genome wide association selection, advanced
backcross QTL analysis, modern genotyping technologies like mass spectrometry
allowing SNP discrimination and identification of SNPs based on difference in mass
to charge ratio of amplified fragments, SNP arrays.

Identification of large number of single nucleotide polymorphisms (SNPs) with
the help of high-throughput genotyping is boosting up the execution of genome wide
association studies (GWAS), which relate DNA variants to phenotypes of study.
GWAS has enabled the mapping of the genomic loci in diverse set of population
which are associated with economically important characters including resistance to
biotic and abiotic stress, yield, and quality. There are many genotyping methods
available, but among them whole genome resequencing (WGR), reduced represen-
tation sequencing (RRS), and SNP arrays are the three most commonly used
genotyping techniques in GWAS.

WGR and RRS are based on NGS technologies and bioinformatics pipelines to
facilitate alignment of reads to a reference genome while SNP arrays are made up of
allele specific oligonucleotide (ASO) probes (which include target SNP loci and
flanking regions) that are fixed on a solid support and used to cross-examine
complementary sequence from DNA samples and deduce genotypes based on the
hybridization signal. Choosing the most suitable (cost-effective) genotyping method
for crop GWAS generally requires a thorough review of several factors, including
the study’s intent and scope, crop genomic features, and technical and economic
issues associated with each genotyping method.

1.6 Conclusion and Future Perspective

Biotechnology has the ability to play a part in securing food and nutrition. The
completion of whole genome sequencing of crop plants resulted in a plethora of
molecular markers, some of which have the potential to speed up the plant breeding
process while also solving genetic purity and adulteration issues. Biotechnology
tools deserve to be embraced in the fight against food and nutrition insecurity. This
can be made available to small-scale farmers with little or no risk to human health or
the environment if reasonable biosafety legislation and policies are in place. As a
result, in a world where inaction leads to the deaths of thousands of children, we
must not overlook any aspect of a potential solution, like agricultural biotechnology.
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Recent advances in genomics research have provided geneticists, biologists, and
breeders with a range of cutting-edge tools and technologies that help breeding
programmes be more precise and effective. As reference genome assemblies become
more widely accessible, gene discovery and trait modulation methods have changed
dramatically. In addition to advance genomic researches, gene editing methods in
plants for elucidating candidate genes and genetic interactions can be used.

According to Varshney et al. (2019) breeding strategies such as marker-assisted
back crossing (MABC) are better suited to removing defects from mega-varieties;
however, increasing genetic gains per unit time necessitates rapid population
improvement driven by genome-wide predictions and associations. The growing
availability of multi-omics data and high-dimensional phenotypic data is exposing
the potential challenges associated with data handling and interpretation. Plant
breeders must be properly trained, and this will play a key role in adopting more
advanced methods for crop improvement, such as systems biology-driven breeding
(Lavarenne et al. 2018). To provide solutions for sustainable agriculture, such
concerted initiatives involving several disciplines will be critical.
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Structure and Organization of Plant Nuclear
Genome 2
Monika Singh, Era Vaidya Malhotra, Vartika Srivastava,
and Jyoti Ahlawat

Abstract

A genome refers to the complete set of DNA, including all the genes present in an
organism. The genetic material in plants comprises of deoxyribonucleic acid
(DNA), which is present either as organellar (chloroplast or mitochondrial)
genome or nuclear genome. The knowledge of plant nuclear genome can be
elaborated as genome size, gene content, extent of repetitive sequences, and
polyploidy/duplication events. In this chapter, structure and composition of
plant nuclear genome are described. Plant nuclear genome comprises of DNA
distributed among the chromosomes containing coding sequence of genes as well
as regulatory sequences, repetitive DNAs, and different classes of tandemly
repeated sequences. The nuclear DNA is organized as chromatin where DNA is
wrapped around the histone proteins to form nucleosomes. The resulting chroma-
tin is further organized into linear chromosomes. Each plant species possesses a
characteristic number, size and morphology of chromosomes. A 2350-fold range
of diversity in genome sizes in plants has been observed and the haploid number
of chromosomes may vary from 2 to 600. Polyploidy, genome/chromosome
duplication and amplification of DNA motifs to form repetitive DNA may be
attributed to genomic size variations. Some of the structural features of
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chromosomes are well conserved such as centromeres, telomeres and chromatin
packaging. The structure and organization of plant genome are a key to replica-
tion, transcription and transmission of the genome, which allows duplication and
physical reorganization of the whole genome. With the advancement of sequenc-
ing technologies, draft or whole genomes of many plant species have been
sequenced. The availability of genome sequences of different plant species has
opened newer avenues for genetic engineering including genome editing for crop
improvement.

Keywords

Chromosomes · DNA · Gene · Nuclear genome · Plants · Regulatory sequences

2.1 Introduction

Genome, the basis of heredity in all living organisms, consists of genetic material in
the form of deoxyribonucleic acid (DNA). In plants, the genome comprises nuclear
as well as organellar DNA. Organellar genomes, found in chloroplast and
mitochondria, are circular molecules of DNA coding for organellar genes only and
show cytoplasmic or maternal inheritance, an example of non-Mendelian inheri-
tance. Plant genome consists of coding and non-coding sequences along with
regulatory elements and repetitive DNA. The plant nuclear genome consists of
DNA and associated proteins, organized into discrete chromosomes. Structurally,
DNA is wrapped around the histone proteins to form nucleosomes and the resulting
chromatin is organized into linear chromosomes. The amount of DNA present in
plant genomes remains almost constant within one species. Both the size of the plant
genome and the number of chromosomes vary widely between species (Box 2.1).
Polyploidization, duplication of genome or chromosome, and amplification of DNA
motifs to give repetitive DNAmay contribute to size variation. Plant genomes can be
described in terms of genome size or nuclear DNA content, extent of repetitive
sequences, and polyploidy/duplication events. This chapter mainly focuses on the
structure and organization of plant nuclear genome including evolutionary aspects,
coding and regulatory sequences, fine structure of nuclear genome, and genomic
size. The revolution in plant genome studies has also highlighted as sequencing in
plants.

Box 2.1: Genome Size or Nuclear DNA Content (C-Value)
Each plant species has a characteristic number of base pairs in its nuclei, which
is referred as its genome size or nuclear DNA content. The C-value refers to
the amount of DNA in the haploid genome of an organism, which varies from
species to species. Nuclear genome size is generally estimated by flow
cytometry and is widely measured in picograms (pg) of DNA. However, in

(continued)
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Box 2.1 (continued)
context of molecular biology, genomic size is commonly expressed as base
pairs for the 1C content. Arumugnathan and Earle (1991) reported genome
sizes and C-values of more than 100 plant species as estimated by flow
cytometry. The Plant DNA C-values Database, version 7.1 (https://cvalues.
science.kew.org/), provides a comprehensive catalogue of C-value data for
land plants and algae. Bennett and Leitch (2011) reported variation in the
genomic sizes among angiosperms, and a 2350-fold range of diversity was
measured among measurements of 6288 species.

2.2 Evolution of Plant Nuclear Genome

In plants, the evolution of chloroplast genome has been widely explored as com-
pared to nuclear genes though nuclear genes are responsible for availability of range
of phenotypes well adapted in diversified conditions. The processes involving
nucleotide substitution, insertion or deletion of strings of nucleotides, and recombi-
nation/conversion between gene copies may govern evolution of plant genes (Clegg
et al. 1997).

Clegg et al. (1997) reported evolutionary aspects of three plant nuclear multigene
families, encoding the small subunit of ribulose-1,5-bisphosphate carboxylase
(rbcS), the enzyme chalcone synthase (Chs), and alcohol dehydrogenases (Adh).
The rbcS gene family has been proposed to be originated from a prokaryotic ancestor
followed by the expansion of the rbcS gene family by subsequent processes leading
to duplication. Chloroplasts and mitochondria evolved from the prokaryotic
endosymbionts that transferred most of their genes to the host plant nuclear genome
during evolution. Wang et al. (2011) proposed a model for evolution of plant nuclear
genome. According to this model, coordination of activities in mitochondria and
chloroplast and other cellular functions may contribute to a strong selection pressure
for the differential acquisition of telo-box between mitochondrial and chloroplast
ribosomal protein genes (mtRPGs and cpRPGs).

The possible factors responsible for evolution of nuclear genome in plants can be
summarized as follows:

(i) Polyploidy or whole-genome duplication: In polyploidy, two or more
genomes are fused within one nucleus in each cell containing more than two
pairs of homologous chromosomes, resulting in immediate genomic and
genetic variation. It occurs in several plant species including Arachis hypogaea
(peanut), Avena sativa (oat), Fragaria ananassa (strawberry), Triticum
aestivum (wheat), Musa sp. (banana), Solanum tuberosum (potato). Polyploidy
can be categorized into two types—autoployploidy resulting from whole
genome duplication, and allopolyploidy resulting from interspecific or
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intergeneric hybridizations followed by chromosome doubling (Doyle et al.
2008; Chen 2010).

(ii) Transposable elements: Transposable elements are ubiquitous components of
plant nuclear genomes comprising of genetic units capable of making copies or
moving around the genome. They are considered as main drivers of genome
evolution in plants by working at structural level, being essential components
of centromeric chromatin (Talbert et al. 2002; Hollister and Gaut 2009; Wicker
et al. 2018). The role of transposable elements at the structural level has been
demonstrated in bread wheat in order to further reveal their role in high-order
chromatin arrangement, chromosome territories, and gene regulation (Wicker
et al. 2018).

(iii) Horizontal gene transfer: Horizontal gene transfer (HGT) refers to the move-
ment of genetic material from one organism to another, other than its offspring.
The classical example of HGT in plants is the transfer of the tumour-inducing
genes (T-DNAs) from Agrobacterium tumefaciens into the genome of host
plant. This ability of A. tumefaciens has been exploited in genetic transforma-
tion of plants in order to introduce trait of interest in the host genome. The role
of HGT in plant evolution has been reviewed by Quispe-Huamanquispe
et al. (2017).

(iv) Alternative splicing: Alternative splicing is another important factor to
enhance the functional diversity of genes, which can provide multiple gene
products from a single nucleotide sequence. Specific exons of a gene are
retained in the messenger RNA (mRNA) by this mechanism. The conservation
and evolutionary aspects of alternative splicing have been studied (Zhang et al.
2016).

2.3 Composition of Plant Nuclear Genome

The plant nuclear genome comprises of DNA and associated proteins organized into
discrete chromosomes.

2.3.1 Nuclear DNA

The nuclear DNA of plants consists of coding and regulatory sequences for genes,
introns (non-coding sequences), along with various classes of repetitive DNA motifs
(Schmidt and Heslop-Harrison 1998). The typical plant gene structure is illustrated
in Fig. 2.1.

2.3.1.1 Coding and Non-coding Sequences
Coding sequences also referred to as exons represent DNA sequences that are
transcribed to mature forms of ribonucleic acid (mRNAs) followed by translation
into final product, i.e., the encoded proteins (Fig. 2.2). The exons may be interrupted
by non-coding sequences called introns, which are removed in mRNA by splicing.

18 M. Singh et al.



2.3.1.2 Regulatory Elements
Regulatory sequences control the expression of genes, which may be classified as cis
sequences and trans-factors. Cis regulatory sequences represent the linear nucleotide
portions of non-coding DNA, which may include promoters, enhancers, silencers,
and insulators. Trans-factors generally refer to proteins that bind to the cis-acting
sequences to control the gene. Transcription factors are proteins that influence the
transcription of genes by binding to defined regions of the genome (Latchman 1998).

Promoters: Promoters are the regulatory sequences that drive the expression of a
gene. Promoters in plants can be classified as follows (Fig. 2.3):

(i) Core promoter: The core promoter regulates the initiation of transcription by
RNA polymerase II (Juven-Gershon and Kadonaga 2010). TATA box is a
defined element of core promoter in plants, which is 25–30 bp upstream of the
transcription initiation site (TIS) (Lewin 2001). GC box and CAAT box may
also be present, contributing in the initiation of transcription. The conservative
promoter element, CAAT box, is located approximately 80–150 bp upstream of
TIS. The GC box, GGGCGG, has been located in the upstream promoter of
many plant groups.

Fig. 2.1 Basic components of gene in plant nuclear genome

Fig. 2.2 Coding and non-coding sequences
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(ii) Constitutive promoters: They are active in all the tissues and throughout all the
developmental stages. Some of the common constitutive promoters are Cauli-
flower Mosaic Virus 35S (CaMV35S), maize ubiquitin (ZmUbi1), rice actin
(OsAct1).

(iii) Tissue-specific promoters: These promoters are active in particular tissues or
developmental stage.

(iv) Inducible promoters: These promoters are induced in response to stress
conditions.

The constitutive, tissue-specific, and inducible promoters are of importance in
plant biotechnology (Table 2.1) for expression of transgenes in genetically modified
(GM) crops based on the requirement of efficiency, site, or period of action. For
instance, in Golden rice, psy (phytoene synthase) and crtI (phytoene desaturase)
genes are driven by an endosperm-specific promoter, so that they are only expressed
in the endosperm.

Enhancers: Enhancers are located upstream or downstream of the promoter
sequence. They enhance the expression of genes with the help of specific transcrip-
tion factors.

2.3.1.3 Repetitive DNA
Repetitive DNA is either dispersed throughout the plant nuclear genome or restricted
at specific locations in a tandem manner. The repetitive DNA sequences have
structural role at the telomeres or chromosomal ends and the centromeres where

Fig. 2.3 Types of promoters in plants
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the chromatids are attached (Fig. 2.4).Some repetitive DNA referred as ribosomal
DNA (rDNA) encodes 45S and 5S ribosomal RNA genes.

Repetitive DNA can be broadly classified into two major groups on the basis of
their genomic organization and localization on the chromosomes:

Table 2.1 Some promoters being employed in genetic modification in plantsa

Promoter

ExpressionConstitutive promoters

(a) Constitutive and tissue-specific promoters

Cauliflower mosaic virus 35S All tissues and developmental
stagesMaize ubiquitin 1 (ubi1)

Rice actin 1

Figwort mosaic virus (FMV) 35S

Tissue-specific promoters
Phaseolin of kidney bean Seeds

β-Conglycinin promoter of soybean Seeds

Zein in maize Seeds

α-Globulin of cotton Seeds

Glutelin in wheat/ rice Seeds

LA22CD07, and LesAffx.6852.1.S1 in tomato Fruit

Tomato polygalacturonase Fruit

Histidine decarboxylase A of tomato Fruit

ISOFLAVONE synthase gene promoters (IFS1 and IFS2) of
soybean

Roots

MsPRP2of alfalfa Roots

PHT1 in Arabidopsis Roots

Promoter

Inducer OrganismInduced by abiotic stress

(b) Inducible promoters

HSP18.2 Thermal shock Arabidopsis thaliana

Rd29 Osmotic stress A. thaliana

Adh Dehydration and cold stress A. thaliana

rbcS-3A Light Pisum sativum

Chn48 Ethylene Nicotiana tabacum

PvSR2 Heavy metals Phaseolus vulgaris

Cgmt1 Heavy metals Casuarina glauca

HVADhn45 Drought stress Hordeum vulgare

PtDrl02 Methyl jasmonate Populus sp.

Induced by biotic stress

CaPrx Nematode infection Coffea arabica

R2329 and R2184 Blast fungus infection Oryza sativa

OsNAC6 Fungus infection Oryza sativa

PPP Pathogens Arabidopsis sp.
aSource: Grunennvaldt et al. (2015)
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(i) Repetitive DNA in tandem repeats: Individual copies of DNA are arranged
adjacent to each other to form a tandem array of monomeric units. These
sequences are generally found at specific locations on the chromosomes such
as pericentromeric, sub-telomeric, telomeric or intercalary regions.
Tandem repeated DNA sequences can be classified as:
(a) Microsatellites or simple sequence repeats (SSRs) with motifs of 2–6 base

pairs (bp)—SSRs being ubiquitous in nature, are being employed as molec-
ular markers and for DNA fingerprinting in plants.

(b) Minisatellites with monomeric units of 10–40 bp.
(c) Satellite DNA (satDNA) with a variable AT-rich repeat unit (150–400 bp in

length).
(ii) Dispersed repetitive DNA elements: They are scattered throughout the genome,

interspersed with other sequences and distributed along the chromosomes
(Kubis et al. 1998). Dispersed sequences include transposable elements
(jumping genes). Transposable elements discovered by McClintock are mobile
genetic elements that can insert into new chromosomal location and are often
capable of self-replication.
Transposable elements are classified as class I (retrotransposons) and class II
(DNA transposons) elements based on their structure and mode of transposition
(Monden and Tahara 2015). Retrotransposons transpose by the ‘copy and paste’
method involving reverse transcription of an RNA intermediate and integration
of a cDNA fragment. DNA transposons transpose by ‘cut and paste’ method
involving excision and integration into new genomic locations.

2.4 Structure of Plant Nuclear Genome

2.4.1 Overview of Nucleus (Site of Plant Nuclear Genome)

The nucleus serves as the control centre of the cell and hence is considered as the
brain of cell. It is the major cell organelle that distinguishes prokaryotic cells from
the eukaryotic cells. The nucleus is the main reservoir of the cell’s genetic informa-
tion and various processes for genetic information including DNA replication,

Fig. 2.4 Illustration of distribution of repetitive sequences on plant chromosomes
Tandem repeats – Red: Centromeric, Green: Telomeric, Yellow: Sub-telomeric; Blue: Dispersed
sequence; Orange: Gene sequences

22 M. Singh et al.



transcription, and RNA processing occur within the nucleus and only translation
takes place in the cytoplasm.

Robert Brown first observed the nucleus in plant cells and named these structures
‘nuclei’. A typical nucleus is composed of the following structures (Fig. 2.5):

(i) Nuclear membrane/nuclear envelope
(ii) Nucleoplasm
(iii) Nucleolus
(iv) Nuclear pores
(v) Chromosomes

2.4.1.1 Nuclear Membrane/Nuclear Envelope
Nuclear envelope acts as a fence between nucleus and cytoplasm to stave off free
transmission of molecules. The nuclear envelope has a complex structure consisting
of two nuclear membranes (outer and inner), an underlying nuclear lamina, and
nuclear pore complexes (Fig. 2.6).

(i) Outer nuclear membrane (ONM): The ONM is continuous with endoplasmic
reticulum (ER) as shown in Figs. 2.5 and 2.6, therefore the lumen of nuclear
membrane is directly connected with lumen of ER. It has ribosomes on the
surface that are linked to ER.

(ii) Inner nuclear membrane (INM): Proteins specific to the nucleus are present in
INM, which include the proteins that bind the nuclear lamina. Integral proteins
of INM are synthesized on the rough ER and reach the membrane by lateral
diffusion in the connected ER and nuclear envelope membranes.

Fig. 2.5 Detailed structure of
nucleus
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(iii) Perinuclear space: Space between ONM and INM is called perinuclear space
or lumen of envelope. The thickness of each nuclear membrane is 7–8 nm,
whereas the perinuclear space is 20–40 nm thick.

(iv) Nuclear pores and nuclear pore complex (NPC): The phospholipid bilayer of
nuclear membrane is permeable only for non-polar micromolecules. The NPC
allows transmission of polar micromolecules and macromolecules. NPCs are
the points where INM and ONM are continuous. Small molecules are able to
pass rapidly through open channels in the NPC by passive diffusion. However,
the macromolecules are transported by a selective, energy-dependent mecha-
nism that acts predominantly to import proteins to the nucleus and export RNAs
to the cytoplasm.
Structurally, the complex consists of an assembly of eight spokes attached to
rings on the cytoplasmic and nuclear sides of the nuclear envelope. The
spoke-ring assembly surrounds a central channel, through which proteins and
RNAs cross the nuclear envelope. Cytoplasmic filaments protrude from
the cytoplasmic ring, whereas filaments forming the nuclear basket arise from
the nuclear ring. The fibrils coming from both the cytosolic and nuclear sides of
the NPC, on the nuclear side fibrils converge to form basket-like structures
(Fig. 2.7). NPC have four structural building blocks:

• Column subunit forming the bulk of the pore wall.
• Annular subunit that is centrally located.

Fig. 2.6 Structure of nuclear
envelope
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• Lumenal subunit containing transmembrane protein that anchors the complex to
the nuclear membrane.

• Ring subunit forming the cytosolic and nuclear faces of the complex.

(v) Nuclear lamina: Nuclear lamina is the attachment of proteins and fibres that are
linked to the INM. It contains 60–80 kilo Dalton (kDa) fibrous proteins called
lamins. Two lamins interact to form a lamin dimer, which further associate with
each other to form nuclear lamina. Some associated proteins are also present.
The nuclear lamina provides structural support to the nucleus, helps in DNA
repair, controls cell cycle events such as cell division and DNA replication.

2.4.1.2 Nucleoplasm
The term “nucleoplasm” was coined by van Benedenin (1875) while ‘karyoplasm’

by Flemming (1878). Nucleoplasm is a type of protoplasm, present inside the
nucleus to perform specialized operations. The nucleoplasm is composed of water,
dissolved ions, and a mixture of other molecules. Nucleotides (required for DNA
replication) and enzymes (responsible for the activities that take place in the nucleus)
are dissolved in the nucleoplasm. The soluble, liquid portion of the nucleoplasm is
called the nucleosol or nuclear hyaloplasm.

2.4.1.3 Nucleolus
Nucleolus the most conspicuous nuclear body, is the site of ribosomal RNA (rRNA)
transcription and processing as well as for ribosome assembly. The nucleolus is
designed for regulated and efficient production of rRNAs and assembly of the
ribosomal subunits, and hence, is referred as a ribosome production factory. The
nucleolus may also play a role in RNA modification and several types of RNA move
in and out of the nucleolus at specific stages during their processing.

Fig. 2.7 Structure of the Nuclear Pore Complex (NPC)
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2.4.1.4 Chromosomes
In the nucleus of each cell, DNA molecules are packaged into thread-like structures
called chromosomes. Each chromosome is made up of DNA tightly coiled several
times around proteins called histones that provide structural support and play a role
in controlling the activities of the genes. Each chromosome has a constriction point
called the centromere, which divides the chromosome into two sections, or “arms”
(Fig. 2.4). The location of the centromere on each chromosome gives the chromo-
some its characteristic shape, which can also describe the location of specific genes.

2.4.2 Structure of Plant Nuclear DNA

The double-helical structure of DNA was first proposed by Watson and Crick
(1953). They used the X-ray diffraction techniques to find out the three-dimensional
structure of DNA. The Watson and Crick model of DNA structure is now accepted
worldwide. Diagrammatic representation of DNA structure is given in Fig. 2.8.

The various features of this model are discussed below:

(i) DNA is made of two polynucleotide chains:
DNA is a polymer of nucleotides, which are arranged in the form of two
chains. The nucleotides present in DNA are deoxyribonucleotides comprising
(a) deoxyribose, a pentose sugar, (b) a nitrogenous base, and (c) one phos-
phate group.

One of the four nitrogenous bases is present in a DNA nucleotide: Adenine
(A), Guanine (G), Cytosine (C), and Thymine (T). The nucleotides are linked
by phosphodiester bonds to form two polynucleotide chains. Each of these
two chains has a 30 and a 50 end. The end of the polynucleotide chain having a
free hydroxyl group at the third carbon of deoxyribose sugar is called the 30

end. The other end of the chain containing the free phosphate group attached
to the fifth carbon of the deoxyribose sugar is called the 50 end.

Fig. 2.8 Watson and Crick proposed the double helix model for DNA. (a) DNA double helix; (b)
anti-parallel strands of DNA; (c) chemical structure of DNA
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(ii) Two polynucleotide chains are coiled around each other.
The two polynucleotide chains of DNA are coiled around one another to form
a DNA double helix.

(iii) The polynucleotide chains are anti-parallel.
The two polynucleotide chains of the DNA double helix are arranged parallel
and opposite to each other. One chain runs in 30–50 direction with its sugar and
phosphate molecules directed upwards, whereas the other chain in 50–30

direction with the sugar and phosphate molecules faces in downward
direction.

(iv) DNA double helix has phosphate-sugar backbone.
The backbone of the double helix is made by the sugar and phosphate
molecules. The polynucleotide chains in DNA are arranged in a manner that
the sugar and phosphate molecules are present on the outer side of the double
helix with the nitrogenous bases facing inwards.

(v) The two chains are held together by hydrogen bonds.
The two polynucleotide chains are held together by hydrogen bonds between
their nitrogenous bases. The purines (A or G) of one chain pair with the
pyrimidines (C or T) of the other chain via hydrogen bonds. ‘A’ always pairs
with ‘T’ with two hydrogen bonds, whereas ‘G’ always pairs with ‘C’ with
three hydrogen bonds.

(vi) The ratio of purines and pyrimidines in DNA are equal.
As A always pairs with T, and G with C, so the amount of A is equal to the
amount of T, and the amount of G is equal to that of C. Thus, purines and
pyrimidines are always present in equal ratio within a molecule of DNA.

(vii) Each turn of helix is made of ten base pairs.
According to the Watson and Crick model, each turn of DNA double helix has
ten base pairs in it. One turn of helix measures around 34 Å units
(1 Å ¼ 10�10) or 3.4 nm. Thus, in DNA double helix each base pair is
3.4 Å units or 0.34 nm apart.

(viii) DNA double helix has two grooves.
The two polynucleotide chains are not symmetrical. When the two strands are
wound around each other, spaces are left behind in the form of grooves. Two
types of grooves are present in the DNA double helix.
• Major Groove: It is the widest groove measuring around 22 Å units.
• Minor Groove: The width of this groove is less than that of the major

groove. It measures around 12 Å units.
These grooves in DNA double helix provide space for the attachment of
enzymes and transcription factors, etc.

2.4.3 Organization of Plant Nuclear Genome

As mentioned earlier, the plant nuclear genome consists of DNA and associated
proteins, which are organized into discrete chromosomes. Each non-replicated
chromosome and metaphase chromatid comprises a single linear DNA molecule
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that is unbroken from one end to the other. At the metaphase of mitosis, the DNA is
condensed into short rod-like mitotic chromosomes, whereas at interphase, the
chromosomes are decondensed within the interphase nucleus.

2.4.3.1 Chromatin Structure and DNA Packaging
Chromatin consists of histone proteins, namely, H1, H2a, H2b, H3, and H4 as the
primary protein components along with non-histone proteins and RNA. The histone
proteins help to organize DNA into ‘bead-like’ structures called nucleosomes by
providing a base on which the DNA can be wrapped around. The core nucleosome
particle is composed of 146 bp of DNA wrapped around an octamer of four core
histone proteins. These nucleosomes fold into 30 nm chromatin fibres, which are the
components of the chromosomes. Dense, compact regions of chromosomes are
referred as heterochromatin consisting of mostly untranscribed and inactive DNA.
Regions called euchromatin are less compact and consist of more highly transcribed
genes.

2.4.3.2 Nucleosome
The nucleosome is the fundamental unit of chromatin, which is composed of a core
particle and a linker region (as shown in Fig. 2.9).

(i) Core particle: The core particle is highly conserved between species and is
composed of 146 base pairs of DNA wrapped 1.7 turns around a protein
octamer of two each of the core histones H3, H4, H2A, and H2B.

Fig. 2.9 Structure of chromatin
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(ii) Linker region (or internucleosomal region) that joins adjacent core particles:
The length of the linker region varies between species and cell type. The
variable linker histones are incorporated within this region. Therefore, the
total length of DNA in the nucleosome may vary among species ranging
from 160 to 241 base pairs.

(iii) Histone proteins:Two types of histone proteins are present in nucleosomes
that play a major role:
(a) Core histones: The core histones, H3, H4, H2A, and H2B, are small, basic

proteins. Central domain is the most conserved region of these histones,
which is structurally composed of the “histone fold domain” comprising
three α-helices separated by two loop regions. In contrast, the N-terminal
tails of each core histone are more variable and unstructured. The tails are
rich in lysine and arginine residues making them extremely basic. This
region is the site of numerous post-translational modifications that are
proposed to modify its charge and thereby alter DNA accessibility and
protein/protein interactions with the nucleosome. It is significant to note
that other proteins that interact with DNA also contain the ‘histone fold
domain.

(b) Linker histones: Linker histones associate with the linker region of DNA
between two nucleosome cores and, unlike the core histones, they are not
well conserved between species. They are generally composed of three
domains: a globular, non-polar central domain essential for interactions
with DNA and two non-structured N- and C- terminal tails that are highly
basic and proposed to be the site of post-translational modifications. The
linker histones assist in spacing nucleosomes and can control higher order
compaction by providing an interaction region between adjacent
nucleosomes.

An overview of DNA packaging has been summarized in Fig. 2.10.

2.5 Genome Sequencing in Plants

Genome sequences, i.e., the order of nucleotides in a polynucleotide chain, can be
considered as the genetic blueprint of an organism. These sequences are the
instructions for generating structural and regulatory RNA molecules as well as
encoding proteins. Sequencing of the genetic information is an important step in
understanding the function and evolutionary relationships of different organisms.
The first plant genome sequenced was that of Arabidopsis thaliana (Arabidopsis
Genome Initiative 2000). Till date, more than 600 complete plant genome
assemblies are now available in public repositories. Sequences of some of the
important plant species are summarized in Table 2.2.
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2.5.1 First Generation DNA Sequencing

Rapid progress in genome sequencing has been made with the emerging
technologies time to time and in late 1970s, two separate groups described new
techniques, Coulson and Sanger’s plus and minus system and Maxam and Gilbert’s
chemical cleavage technique, to sequence any nucleotide sequence (Sanger and
Coulson 1975; Maxam and Gilbert 1977).

2.5.1.1 The Maxam and Gilbert Technique (Also Known as the Chemical
Cleavage Method)

This is based on the chemical modification of DNA followed by cleavage at specific
bases. The DNA fragment to be sequenced is purified and radiolabelled at one end.
The DNA is then treated with chemicals that break the DNA chain at specific bases,
generating a series of labelled fragments from the radiolabelled end to the cut site of
each molecule. The labelled fragments are then run on a polyacrylamide gel and the
length of the cleaved fragments is determined and thus the sequence is inferred.

2.5.1.2 Sanger’s Plus and Minus Technique
Radiolabelled nucleotides are incorporated using a DNA polymerase, followed by
two secondary polymerization reactions, i.e., plus and minus reactions. In the first or
plus reaction, a single type of nucleotide is added, thereby, all extensions end with
that base alone, whereas in the second or minus reaction, three nucleotides are added
resulting in the synthesis of sequences up to the position before the next missing

Fig. 2.10 An overview of DNA packaging
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Table 2.2 Publically available genome sequences of some important plant species

Species
Genome
size Reference

Arabidopsis thaliana
(Thale cress)

125 Mbp Arabidopsis Genome Initiative (2000)

Oryza sativa
(rice)

430 Mbp International Rice Genome Sequencing Project
(2005)

Sorghum bicolor
(sorghum)

818 Mbp Paterson et al. (2009)

Zea mays
(maize)

2300 Mbp Schnable et al. (2009)

Glycine max
(soybean)

1115 Mbp Schmutz et al. (2010)

Azadirachta indica (neem
tree)

364 Mbp Krishnan et al. (2012)

Prunus persica
(peach)

265 Mbp International Peach Genome Initiative ( 2013)

Ananas comosus
(pineapple)

526 Mbp Ming et al. (2015)

Brassica juncea
(Indian mustard)

922 Mbp Yang et al. (2016)

Arachis duranensis
(A-genome peanut)

1250 Mbp Bertioli et al. (2016)

Arachis ipaensis
(B-genome peanut)

2700 Mbp Bertioli et al. (2016)

Citrus grandis (Pummelo) 381 Mbp Wang et al. (2017)

Helianthus annuus
(common sunflower)

3600 Mbp Badouin et al. (2017)

Triticum turgidum
(emmer wheat)

12,000
Mbp

Avni et al. (2017)

Pennisetum glaucum
(pearl millet)

1.79 Gb Varshney et al. (2017)

Dioscorea rotundata
(white Guinea yam)

580 Mbp Tamiru et al. (2017)

Piper nigrum
(black pepper)

762 Mbp Hu et al. (2019)

Cinnamomum kanehirae
(stout camphor tree)

830 Mbp Chaw et al. (2019)

Persea americana
(avocado)

980 Mbp Rendón-Anaya et al. (2019)

Cocos nucifera
(coconut palm)

2420 Mbp Lantican et al. (2019)

Actinidia chinensis
(kiwifruit)

758 Mbp WuH et al. (2019)

Camellia sinensis
(tea tree)

3000 Mbp Xia et al. (2019)
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nucleotide. The products are run on a polyacrylamide gel and compared to decipher
the position of nucleotides at each position.

2.5.1.3 Chain-Termination or Dideoxy Technique
Sanger’s method was further modified to the Sanger’s chain-termination or dideoxy
technique (Sanger and Nicklen 1977). Here, radiolabelled dideoxynucleotides
(ddNTPs), analogues of deoxyribonucleotides (dNTPs) with a missing 30 hydroxyl
group, are mixed with the DNA extension reaction mix. Lacking a 30 hydroxyl
group, these ddNTPs are unable to bond with the 50 phosphate of the next dNTP,
thus terminating the DNA chain extension at the location where incorporated in the
nucleotide chain. Four parallel reactions are performed, each with all the reactions
components for DNA extension along with all the four dNTPs and an individual
ddNTP base at lower concentration. As the nucleotide chain extends, the ddNTPs get
incorporated in some chains in place of the normal dNTP and the extension of that
particular chain gets terminated as no further nucleotides can be added. This process
is repeated for a number of cycles. The reaction products are resolved in four
different lanes of a polyacrylamide gel. The reaction products get separated based
on their size, each fragment ending with a labelled ddNTP. Based on the autoradi-
ography, the sequence of the nucleotide can be read directly, starting from the
smallest fragment that has moved farthest in the gel. This method is based on
sequencing-by-synthesis and was used for sequencing the first DNA genome that
of bacteriophage ϕX174 with a genome size of 5386 bases (Sanger et al. 1977).

Together these techniques formed the ‘First Generation Sequencing’
techniques. The Sanger’s sequencing technique has been improved further with
the replacement of the radiolabelling with fluorometric based detection, enabling
the reactions to be run in a single tube and resolution by capillary electrophoresis.

2.5.2 Second Generation DNA Sequencing

The second generation of sequencing technologies is generally based on the lumi-
nescent method of measuring pyrophosphate synthesis. The principle revolves
around the conversion of pyrophosphate to adenosine triphosphate (ATP) using
the enzyme ATP sulfurylase, which is then acted upon by luciferase to produce
light proportionate to the amount of pyrophosphate utilized (Nyrén and Lundin
1985). This principle was exploited to decipher the sequence of a growing nucleotide
chain by measuring the amount of pyrophosphate production for every nucleotide
added corresponding to a template DNA fixed onto a solid surface (Hyman 1988).
Using this method, sequences could be read in real-time without the need of
electrophoresis.

2.5.2.1 Roche (454) Sequencing
The method of pyrosequencing evolved to become into the first major commercially
successful next generation sequencing (NGS) technology. This method was taken up
by a biotechnology company by the name of 454 Life Technologies and later
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launched by Roche in 2005. This method employed emulsion PCR in small oil beads
along with massively parallel pyrosequencing of bead colonies. The pyrosequencing
method is a sequencing-by-synthesis method, where DNA fragments are hybridized
to an array of beads. These beads are so designed that amplification of individually
bound templates by polymerase chain reaction (PCR) can be carried out on them.
Along with this, these beads also contain enzymes that generate fluorescence on
utilizing inorganic phosphates detected as a light signal (Ronaghi et al. 1996). This
sequencing platform provided benefits of high efficiency and low cost for generating
reads of up to 700 Mb length. A number of plant genomes, such as tomato, melon,
and potato have been sequenced using this technique (Bevan and Uauy 2013; Mardis
2013).

2.5.2.2 Illumina Sequencing
This high-throughput sequencing platform, again based on the sequencing-by-syn-
thesis concept was developed by Solexa, which was later acquired by Illumina
(Turcatti et al. 2008). This technology introduced the concept of bridge amplifica-
tion. A DNA library is prepared by genomic DNA digestion and adapter ligation.
However, adapters at the 50 and 30 ends are different. DNA fragments are attached
onto a solid surface and then amplified to form local bridge amplification DNA
clusters. DNA sequence is then deciphered by adding cleavable fluorescent chain
terminator nucleotides. Once a nucleotide is bound to the complementary stand, it
emits a light that is different in colour for each of the four bases. The dye and the 30

blocker are then chemically removed before the next cycle. This sequencing plat-
form generates up to 3 billion reads per run, and a read length of 50–300 bp.
Numerous genomes have been sequenced by Illumina sequencing (Balasubramanian
2011; Cao et al. 2011; Greenleaf and Sidow 2014).

2.5.2.3 SOLid Sequencing
This sequencing platform known as Sequencing by the Oligo Ligation and Detection
(SOLiD) developed by Applied Biosystems utilizes the principle of primer extension
by ligation reactions. This method is known as sequencing-by-ligation. First DNA is
amplified using emulsion PCR and resulting beads containing copies of a single
DNA molecule are fixed onto a slide. The DNA templates are then bound to an
adapter to which a primer is annealed. Then four different fluorescently labelled
nucleotides are added, which on matching to the template sequence ligate to the
primer by DNA ligase. Ligation of sequence releases a signal indicating the nucleo-
tide at that position. Once the fluorescence is captured, the tags are removed and
fresh set of oligonucleotides is added for the next cycle of ligation (Shendure et al.
2008). This sequencing platform gives up to 1410 million paired-end reads per run.

2.5.2.4 Ion Torrent Semiconductor Sequencing
The fourth NGS platform, developed by Ion Torrent Systems Incorporated, was
based on a semi-conductor-based detection system. Instead of using fluorescent dyes
for detection, this system measures the change in pH that occurs on the release of an
H+ ion on nucleotide incorporation (Rothberg et al. 2011). Here, the DNA template
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is mixed with single nucleotides. If the nucleotide is complementary to the template
strand nucleotide, it gets incorporated into the growing nucleotide strand, releasing
one H+ ion, which is detected by an ion sensor. This method can generate 80 million
reads per run with an average length of 400 bp.

The Second Generation Sequencers were based on generation of DNA clusters
by amplification of target molecules, followed by sequencing. However, simulta-
neous sequencing of several copies of each cluster restricts the overall read length.
But still, these technologies have ushered in a genomics revolution, enabling the
sequencing of a vast array of organisms in a relatively short span of time.

2.5.3 Third Generation DNA Sequencing

The third generation of sequencing technologies is powered by the progress made in
single molecule imaging techniques. These set of techniques are able to sequence a
single DNAmolecule, without its amplification or modification in any way (Ozsolak
2012). These techniques generate longer reads, with an average read length of up to
10 kb.

2.5.3.1 Heliscope Single Molecule Sequencing
The first technique from this generation of sequencing was developed by Helicos
Biosciences. This single molecule sequencing system follows an extension-based
sequencing system (Harris et al. 2008). A DNA library is prepared by DNA shearing.
The sheared DNA fragments are poly-A tailed and attached to flow cells by poly-T
anchors. A universal primer is then annealed to the DNA templates, followed by
chain extension using fluorescently labelled reversible terminator nucleotides
(Bowers et al. 2009). Here, no amplification of the target sequences is required.
The sequencer can generate up to 600 Mb read length in one run.

2.5.3.2 Single Molecule Real-Time (SMRT) Sequencing
This method is based on the sequencing-by-synthesis approach and was developed
by Pacific Biosciences. This method utilizes the enzymatic activity of DNA poly-
merase enzyme. DNA is synthesized in small wells called zero-mode wave-guides
(ZMWs; Levene et al. 2003). Target DNA molecules are ligated to adapters,
denatured and annealed to a primer that is complementary to the adapter sequence.
These primed DNA molecules are loaded onto the ZMWs. Each ZMW has a DNA
polymerase enzyme attached at its bottom along fluorescently labelled dNTPs, each
dNTP with a different fluorescent tag. On incorporation into the growing chain, the
nucleotide emits fluorescent signal, and then the fluorescent tag gets cleaved away,
making place for incorporation of the next nucleotide molecule (Eid et al. 2009).
This method gives long read lengths of up to 20 kb.

2.5.3.3 Nanopore Sequencing
The nanopore sequencing approach employs the sequencing of single DNA
molecules by passing them through nano scale pores. This technique, like other
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third-generation techniques, does not require DNA amplification for library prepa-
ration. A single stranded DNA molecule is passed through nanopores embedded in
membrane under an electric field. As the DNA strands slowly passes through the
nanopore, each base produces a characteristic change in membrane conductance.
These changes in membrane conductance are then used to determine the nucleotide
sequence (Healy 2007). This technology requires very low DNA quantity for
sequencing and very long reads can be directly read. Another advantage offered
by this technique is that the original DNA sequence is read directly, instead of a copy
of the template as is done in other techniques. The nanopore sequence platform is
commercially available as MinION platform by Oxford Nanopore Technologies
(Jain et al. 2016). This technology has the ability to generate reads of nearly 98 kb
length.

Over the last few years, a great deal of time, energy, and resources have been
devoted to develop various genome sequencing technologies. An overview of
sequencing strategies is summarized in Fig. 2.11. This is still a forward focused
discipline and is forming the basis of research in several frontline areas of molecular
biology and crop improvement.

Fig. 2.11 Layout of working principle of DNA sequencing methods
(Source: https://hackmd.io/@Chang/algorithms-for-DNA-sequencing#Analysis-for-sequenced-
nucleic-acid-DNA-RNA)
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2.6 Concluding Remarks

Plant genomes can be well-defined in terms of genome size, gene content, extent of
repetitive sequences, and polyploidy/duplication events. Plants possess organellar as
well as nuclear genomes and nuclear genome is the largest and most complex. The
study of structure and organization of plant nuclear genome has revolutionized the
study of molecular biology in plants. The underlying mechanisms involving nuclear
genome have been explored and better understood, which are being integrated into
crop improvement programmes. Further, whole genome sequencing has opened
paths to further explore potential of nuclear genome in crop improvement. Genomics
represents an interdisciplinary approach, as it covers the broad spectrum from DNA
sequencing to field-based research through the integrated potential of genetics,
biology, bioinformatics, molecular biology, genetic engineering, microbiology and
related fields to draw extensive benefits to mankind.

Note: Figures 2.6–2.9 have been drawn using BioRender.com
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Transgenesis in Plants: Principle
and Methods 3
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Abstract

The human population has reached 7.8 billion by 2020 and is estimated to reach
9.9 billion by the end of 2050 which is nearly 25% increase in total world
population. With tremendous increase in world population, plants which are the
main food source must be produced at higher rate to fulfil the food demand. The
agricultural lands are limited, so, there is need to find out some other alternative
route to fulfil the food requirement. In the past, traditional plant breeders use only
individuals of the same or closely related species to propagate plants with
desirable traits. Through the classical breeding techniques, breeders were not
able to obtain desired traits which were not present within the gene pool of their
target plants. However, with recent use of genetic techniques such as vector
mediated transgenesis and direct gene transfer methods, we can now able to
produce plants with desired traits from a completely different species. Vector
mediated gene transfer methods are based on Agrobacterium plasmid and plant
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virus, whereas direct gene transfer methods are based on physical (electropora-
tion, microinjection, particle gun bombardment methods) and chemical methods
(lipofection, polyethylene glycol (PEG)-mediated, etc.). In the development of a
transgenic plant, there are certain steps such as isolation of desired gene, vector
constructions, transgenesis methods, transgene integration and inheritance of
transgene, need to be carefully monitored during transgenesis. Production of
transgenic plant will allow us to fulfil the food requirement of growing population
but future of GM crops remains a point vital debate.

Keywords

Agrobacterium · Transgene · Gene gun · Transgenic plant · Gene cloning

3.1 Introduction

Through classical plant breeding techniques, high yielding strains of many different
crop plants have been successfully developed in the past decades. But in recent
years, with the use of genetic manipulation, a number of transgenic plants have been
produced with insecticidal activity, herbicide resistance, protection against patho-
genic virus, fungi and bacteria, improved nutritional quality of the plant seeds,
increased post-harvest shelf life, tolerance against environmental stresses, self-
incompatibility, etc. Currently, transgenic plants are cultivated in more than 175.2
million hectares in the world (James 2013; Tohidfar and Khosravi 2015). Recombi-
nant DNA technology which has been used extensively in microbial system is also
an important tool for the direct manipulation of plants bringing advancement in
human life (Khan et al. 2016). Most plant cells are totipotent in nature which means
entire plant can be regenerated from a single plant cell. Due to totipotent nature of
plant cell, it is easier to create transgenic plants rather than the transgenic animals. A
gene or genes, which are transferred to plant’s cell through genetic engineering,
usually from an unrelated species or kingdom, are called transgenes, and plants
containing the transgenes are known as transgenic plants. The main aim to develop
transgenic plant is addition of a gene to improve the agricultural, horticultural, or
ornamental value of crop plant and to generate the plants as living bioreactor for the
inexpensive production of economically important proteins or metabolites which are
not possible to produce in bacterial as well as in animal system. Plant bioreactors
have the advantages over bacterial and animals expression system of having post-
translational modifications and lacking of contamination by animal pathogens
(Ma et al. 2003a, b; Lienard et al. 2007). Several strategies have been developed
and tested in plants to produce plant-derived pharmaceutical molecules (Ma et al.
2003a, b). Genetic transformation provides a powerful means for studying the action
of genes during development or other biological processes. The first transgenic plant
was produced in 1983 when a tobacco line expressing kanamycin resistance was
produced (Peterson et al. 2011). Barta et al. (1986) reported that human growth
hormone plant was the first plant-produced pharmaceutical product from transgenic
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tobacco. Later on, a number of recombinant molecules such as human
biopharmaceuticals, antibodies, vaccines subunit and several other proteins have
been produced in diverse plant species including cereals, legumes, fruits and
vegetables. In transgenic plants formation, the aim is to introduce a new trait to
the plant to produce the desired product which does not occur naturally in the
species. Till now, more than 140 different plant species of crops and forest have
been genetically modified to produce the new product. The important agronomic
transgenic crops such as wheat, rice, phaseolus, barley, maize, oat, peanut, poplar,
cotton, soybean and others have been produced to improve the quality and quantity
of crops with application of recombinant DNA methodology (Christou 1995). New
trait in food crops includes resistance to diseases, pests, chemical treatments;
environmental conditions, reduction of spoilage and improving the nutrient profile
of the crops, whereas new traits of non-food crops include production of
biopharmaceuticals, bio-fuels and other industrially important product. Ma et al.
(2003a, b) have been reported that six types of antibodies and two vaccines derived
from transgenic plants have been produced and are at clinical trials stage.

Present cultivated transgenic crops have become significantly different from their
wild crops in terms of production and nutrition. However in the early 1970s,
numerous potential concerns have been raised in the development of GM crops
but no human health problems have been identified specifically with the ingestion of
transgenic crops or their products. The concerns issue was mainly focused on the
production of toxic compounds and allergic reactions from transgenic food products.
About the use of antibiotic resistance genes in the development of transgenic crops,
no definitive evidence exists that shows these cause harm to humans, but because of
public concerns, scientists are eliminating these markers who are involved in the
development of transgenic plants.

In development of transgenic plants through genetic engineering involves intro-
duction of one or more well defined genes rather than the introduction of whole
genomes or parts of chromosomes. Addition of well-known defined gene in to wild
plant makes toxicity testing more straightforward in transgenic plants because it is
easier to identify what the new features are added in the modified plant. The
advantageous feature of GM technology is that we can introduce genes from diverse
plants which have little history in the food supply. Other advantages include that
transgenic plants can work as a bioreactor to produce number valuable products
related pharmaceuticals, therapeutic proteins, vaccines, many industrial enzymes,
antibodies and many other secondary metabolites due to genetic manipulations
(Sharma et al. 2004; Miao et al. 2008; Sharma and Sharma 2009; Saveleva et al.
2015, 2016). Transgenic plants also have advantages over wild plant in terms of
higher yield, short time duration of production, low cost of biomass production, lack
of potential contamination and conservation of eukaryotic cell, machinery mediating
protein modification. Plants and prokaryotes have different nature in codon usage
which leads to inefficient expression of prokaryotic protein in plants. Plants are also
becoming economically important systems for producing heterologous proteins
(Goddijn and Jan 1995). Due to these advantages, nowadays, transgenic plants and
their products are produced at commercial level.
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3.2 Development of Transgenic Crops

With recent development in the field of genetic engineering, it is now possible to
transfer the desired gene/genes into target plant cell from different species. To
develop a transgenic plant, parameters such as isolation of desired gene, gene
cloning, gene design and package in to constructed vector, transgenic methods,
integration of transgene in genome and their inheritance are carefully monitored to
increase the success of the transformation event. Transgenic plants are produced by
manipulation in DNA of plant cells by stable introduction of DNA sequences usually
into the nuclear genome of cells which are capable of developing into a whole plant
(Sharma et al. 2005). There are many diverse and complex techniques now available
to produce a transformed plant cell and to develop a new improved transgenic plant
variety (Potrykus 1990; Hooykaas and Shilperoort 1992; Zupan and Zambryski
1995; Sharma and Ortiz 2000). Two classes of delivery systems are used in produc-
tion of transgenic plant, i.e., non-biological systems which include physical and
chemical methods (Electroporation, particle gun bombardment method, microinjec-
tion, lipofection, polyethylene glycol mediated, etc.) and biological systems which
includes Agrobacterium and virus vector mediated transformation. But before the
utilization of gene product, it is very important to know the biochemical, physiolog-
ical mechanisms of action and regulation of gene expression.

The process for the formation of transgenic plant requires mainly a series of
following steps.

Step 1: Isolation of desired gene.
Isolation of desired gene is the first step in the transgenesis process. Reliable
methods are now available for isolating the gene components from the cell
nuclear genome. In isolation procedure, the initial step is the disruption of the
desired organism, which may be viral, bacterial or plant cells in order to isolate
the desired gene. After a series of chemical and biochemical steps, the desired
gene can be obtained from the nuclear genome.

Step 2: Gene cloning.
Gene cloning is the second step in the formation of transgenic plants through
genetic engineering. Upon gene isolation, the desired gene/s is cloned to make
thousands of copies of the desired gene. For the gene cloning, in vivo and in vitro
methods are available to clone the desired gene. Under in vivo methods, four
stages are involved to clone the gene, i.e., generation of DNA fragments, joining
to a vector, propagation in a host cell and selection of the transformed cells,
whereas in vitro, gene cloning is carried out by PCR method.

Step 3: Gene design and packaging.
A simple functional gene consists of a promoter, coding region and terminator/
stop region. But in some genes in addition to these components they also contain
special sequences such as an enhancer, silencer or reporter sequences. A typical
plant gene consists of the regulatory sequences and structural genes (Debnath
et al. 2010). Regulatory sequences are usually located at the 50 upstream of a
gene, with its own promoter, enhancer or silencer region. Structural genes begin
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with a catabolite activator protein (cap) site, followed by a leader sequence,
initiation codon, introns, exons, stop codons and a polyadenylation site (poly-A
tail). Once the gene of interest has been cloned, it has to be linked with regulatory
DNA sequences that will control the expression of gene of interest inside the plant
genome. Gene designing/packaging is done by incorporating a selectable marker
gene and replacing an existing promoter according to host expression system.
Selectable marker genes are also usually linked to the gene of interest to screen
the transformed cell.

Step 4: Construction of suitable vector.
A vector acts as a carrier that transports the gene of interest into a target cell for
replication and expression.

Step 5: Transformation.
Once the gene has constructed and cloned, it can then be introduced into the plant
cells by using the transformation methods. The most common methods used in
plant cell transformation are biolistic transformation using the gene gun or
Agrobacterium-mediated transformation. The main aim in any transformation
methods is to introduce the gene of interest into the nucleus of the cell without
affecting the cell function. If the introduced gene gets inserted in to plant genome
and retains their functions, the gene product is synthesized in to plant cell. Once
the transgene integrates with the nuclear genome, it will inherit and expressed in
subsequent generations. The confirmation of transgene integration with nuclear
genome will be carried out through sequence of transgene constructs, selectable
marker and reporter gene.

Step 6: Backcross Breeding.
It is the final step in producing transgenic crops. This is done by using conven-
tional plant breeding methods in which transgenic plants cross with elite lines.
The offspring obtained in F1 generation is repeatedly crossed back to the elite line
to obtain complete transgenic line. The time required for commercial release of a
new transgenic hybrid varies from 6 to 15 years. It also depends upon the
available resources, crop species, nature of the gene and regulatory approval to
generate the transgenic crops.

3.3 Transformation Techniques

3.3.1 Vector Mediated Gene Transfer

3.3.1.1 Agrobacterium Mediated Gene Transfer
There are no any naturally occurring plasmids which are known in angiosperms,
whereas presence of Ti plasmid of soil bacterium Agrobacterium tumefaciens
present in rhizospheric region of plants has great potential in plant transformation
experiment. The crown gall disease of many dicotyledonous plants is the result of
A. tumefaciens infection. Crown gall arises when a wound on the stem allows
bacterium A. tumefaciens to infect the plant. After bacterial infection, tumourous
proliferation of the stem tissue in the region of the crown arises. The crown gall
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tissue represents true oncogenic transformation process. The Ti (tumour inducing)
plasmid of bacterial cell is responsible for crown gall disease. Ti plasmid is more
than 200 kb large DNA segment which carries several genes involved in the
infective process. The attractive feature of this plasmid is that after infection a
segment of it is integrated into the host plant genome. This segment is called the
T-DNA with size of 15–30 kb depending on the type of strain. T-DNA is integrated
in the plant cell genome and is inherited on to the daughter cells as an integral part of
the chromosomes. The most remarkable feature of the Ti plasmid T-DNA is that it
contains important genes which are expressed in the plant cell and are accountable
for the cancerous properties of the transformed cells. Along with uncontrolled
growth, transformed plant cells are also capable of synthesis of unusual amino
acid derivatives opines like octopine and nopaline which are not the part of normal
plant metabolism. Normally bacterium provokes the synthesis of opine and uses it as
sole carbon and nitrogen source. Thus A. tumefaciens is considered as natural genetic
engineer of the plant cell for its own purposes.

3.3.1.1.1 Ti Plasmid
Two strains of Agrobacterium have been known for its important role in natural
plant cell transformation, i.e., A. tumefaciens and A. rhizogenes. A. tumefaciens has
Ti plasmid, whereas A. rhizogenes has Ri plasmid. Both plasmids are of about
200 kb and are interchangeable between the two interkingdom species. Ti is a
tumour inducing plasmid of A. tumefaciens, whereas Ri is a root inducing plasmid
of A. rhizogenes. Both Ti and Ri plasmid contains a T-DNA region having genes for
production of phytohormone and opine metabolism. The T-DNA regions are effi-
ciently transferred from Ti and Ri plasmid to plant cell and are able to integrate itself
into plant genome. The Vir region of Ti and Ri plasmid facilitates the transfer and
integration of T-DNA from plasmid to plant genome. Vir region includes several
genes which codes for the proteins that are required for excision, movement and
integration of T-DNA.

3.3.1.1.2 Induction of Tumour
Since continued occurrence of Agrobacterium is not necessary to maintain plant
cells in their transformed state. It is found that some tumour inducing factors are
transferred from the bacterium to the plant at the wounded site. Zaenen et al. (1974)
first observed that virulent strains of A. tumefaciens possess large plasmid that are
transferred between various octopine and nopaline utilizing strains. Plasmids in the
octopine group are closely related to each other while those in the nopaline group are
considerably more diverse. Between the groups, there are four regions of homology,
including the genes directly responsible for tumour formation (Drummond and
Chilton 1978; Engler et al. 1981). The presence of a plasmid in A. tumefaciens
does not indicate the virulent nature of strain.

3.3.1.1.3 The Biology of Agrobacterium Infection
Infection initiates with interaction between host and parasite. The process of infec-
tion terminates with the transfer of T-DNA into plant cell genome. A Chv
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(chromosomal virulence) gene facilitates the host–parasite interaction. Most of these
genes, for example, Chv-B, exogenes, CEL genes are associated with the biosynthe-
sis of the polysaccharide. These polysaccharides are required for bacterial cell to
firmly attach to the plant cell. Chv-D and Chv-E genes are required for maximum
expression of pTi vir genes.

3.3.1.1.4 The T-DNA
24 bp imperfect direct repeat border sequences are present at T-DNA on its both
sides. Three genes of pTi are involved in tumour formation. The two of these genes
(iaaM and iaaH) encode enzymes which together form IAA (Indole-3-acetic acid)
from tryptophan. Deletion in iaaM and iaaH produces shooty crown gall. Third gene,
ipt encodes an enzyme which produces zeatin. Ipt gene encodes for isopentenyl
transferase which catalyses formation of isopentenyl adenine (zeatin). Deletion in ipt
gene produces root crown gall disease. The function of T-DNA genes playing
important role in plant transformation is given in Table 3.1.

3.3.1.1.5 The Vir Region
The vir-A, vir-B, vir-C, vir-D, vir-E, vir-F, vir-G and vir-H are the 8 operon of Vir
region. All these operons together cover 40 kb of DNA and 25 genes. Products of
these genes are vital for transfer of T-DNA into plant genome. These vir genes
interact only with left and right border of T-DNA. Four operons including vir-A,
vir-B, vir-D and vir-G are crucial for virulence and remaining other play accessory
roles. Expression of vir-A and vir-G is constitutive in nature and associated with
regulation of all vir operon. Other vir operon express protein required for T-DNA
transfer.

3.3.1.1.6 Genes Necessary for Transfer of T-DNA
The vir (virulence) region is located in a separate part of the Ti plasmid and is
responsible for transfer of T-DNA. Vir-A is a kinase present in inner bacterial
membrane and sense certain phenolic compound released by wounded plant cells.

Table 3.1 Roles of genes on T-DNA

Genes Functions

Nos Nopaline biosynthesis, encodes an enzyme nopaline synthetase, which
produces nopaline from arginine and pyruvic acid

iaaH (aux2,
tms2)

Auxin biosynthesis, encodes enzyme indole-3-acetamide hydrolase which
converts indole-3-acetamide to indole �3-acetic acid

iaaM (aux1 or
tms1)

Auxin biosynthesis, encodes an enzyme tryptophan-2-mono oxygenase
which converts tryptophan indole-3-acetamide

Ipt (tmr or cyt) Cytokinin biosynthesis, encodes enzymes isopentenyl transferase, which
catalyse formation of isopentenyl adenine

Border
sequences

For its transfer

4 bp left and
right

Site of endonuclease action during transfer
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Acetosyringone is a compound that has been the most extensively used to bring vir
gene expression in the laboratory (Stachel et al. 1986). It is believe that the phenolic
compounds acetosyringone do not attract bacteria to wounded plant cells but the
bacteria simply respond to molecules like sugars and amino acids to induce the vir
genes after attachment (Parke et al. 1987; Loake et al. 1988). Activated vir-A
phosphorylates the vir-G protein, a transcriptional activator that activates remaining
other vir genes. Besides vir-G, other genes of the bacterial chromosome also encode
transcription factors which regulate vir gene expression. The induction of vir gene
expression required for synthesis of proteins to form a conjugative pilus through
which easy transfer of T-DNA to the plant cell takes place. The genes in the vir-B
operon are involved in synthesis of pilus components. An endonuclease, products of
the vir-D1 and vir-D2 genes initiates the transfer of T-DNA. These endonucleases
bring in either single strand nicks or a double strand break at the 25 bp borders of the
T-DNA. Vir-C12 and Vir-C2 proteins enhanced nick formation after recognition and
binding to the overdrive enhancer element. The Vir-D2 protein remains covalently
attached to the single stranded T-DNA. A single stranded DNA binding protein
Vir-E2 coats the T-DNA strands. It was believed that the Vir-D2 protein has multiple
role, for example, it protects the T-DNA from nucleases, transfers the DNA to the
nucleus of plant cell and finally integrates it into the plant DNA. The Vir-D2 protein
has two separate nuclear localization signals out of which C-terminal signal plays the
major role in targeting the T-DNA (Tinland et al. 1992).

3.3.1.1.7 The Process of T-DNA Transfer and Integration
A single stranded form of T-DNA enters into plant cell. After their entry it immedi-
ately converted to double stranded form in the plant nuclei. The double stranded
T-DNA integrates at random sites by process of illegitimate recombination due to
homology in short segment of DNA in host plant genome.

The single stranded T-DNA complex is moved to the nucleus by crossing the
nuclear membrane. Two Vir proteins, Vir D2 and Vir E2 are important in this step
and most likely Vir F is also required in this step with a minor contribution
(Hooykaas and Shilperoort 1992). The nuclear localization signals (NLS) of Vir
D2 and Vir E2 play central role in nuclear targeting of single stranded T-DNA
complex. The single stranded T-DNA complex is a large nucleoprotein complex
with only one 50end covalently attached Vir D2 protein per complex. Similarly
nucleoprotein complex is coated by a large number of Vir E2 molecules. Integration
of ssT-DNA into the plant genome is the final step of T-DNA transfer. Although the
mechanism engaged in the T-DNA integration is not characterized but it is believed
that the integration occurs by illegitimate recombination (Lehman et al. 1994; Puchta
1998). According to this model, paring of a small number of bases
(microhomologies) is essential for a pre-annealing step between Vir D2 coupled
T-DNA strand and plant DNA.

3.3.1.2 The co-Integrative Vector
The co-integrative vector is the result of homologous recombination between
disarmed Ti plasmid and an intermediate vector. The intermediate vector is usually
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the plasmid of E. coli having the gene of interest. Both vectors contain some
common sequences that allow the homologous recombination between these two
plasmids. A large co-integrative vector containing the fused E. coli plasmid and
disarmed Ti plasmid is formed after recombination. This co-integrative vector is
introduced into the Agrobacterium for transformation process. The major disadvan-
tage of this vector is its huge size which may prove an ominous challenge for
manipulation. Thus, the use of this vector is replaced with the binary vector system.

3.3.1.3 The Binary Vector
Binary vectors are combination of the two separate plasmids in which T-DNA is
present in one plasmid and vir gene present in another plasmid. Binary vector
consists of a pair of plasmids contained disarmed T-DNA sequence (at least the
left border or right border of T-DNA must be present), while the other contains vir
gene and lacks entire T-DNA including border. Disarmed T-DNA plasmid is called
MICRO Ti or MINI Ti, for example, Bin 19. Bin 19 possess ori for both host and
Agrobacterium. Segment of DNA is ligated into T-region of MINI Ti and recombi-
nant MINI Ti is cloned in E. coli. Conjugational transfer mechanism is used to
transfer recombinant MINI Ti into E. coli. MINI Ti has kanamycin resistance genes
for selection of Agrobacterium cells containing Bin 19 and neomycin resistance
gene for selection of transformed plant cells. A binary vector avoids the transfer of
unnecessary sequences into plant cell which occurs in case co-integrative vectors.

3.3.1.4 Plant Viral Vectors
Since long time plant viruses have been exploited as vectors for several purposes, for
example, production of useful commercial proteins (Rybicki 2009). Viral genomes
are excellent choice to be used as vectors because they have competent machinery
and broad genome structure. Autonomously replicating virus based vectors offer
different route to deliver gene of interest to plant cells. Wheat streak mosaic virus
(WSMV), Barley stripe mosaic virus (BSMV) and Tobacco rattle virus (TRV) are
used for transformations of monocot and dicot plants, respectively (Lee et al. 2012).
Single stranded DNA viruses such as geminiviruses have been also extensively
adopted as vectors for various crops. These viruses can be prepared to hold exoge-
nous coding sequences for protein expression in important crops such as corn, oat,
wheat, barley and rye (Choi et al. 2000). Different viral vector used to transfer
foreign genes into plant to generate transgenic plants is described as follows:

3.3.1.4.1 Geminiviruses
Geminiviruses have the capability to infect a huge range of plant species such as
wheat, cucurbits, maize, cotton, tomato, beans, ornamental plants, legumes, fruits
and common weeds (Nawaz-Ul-Rehman and Fauquet 2009). Geminiviruses have a
small genome of 2.8 Kb containing 4–6 overlapping open reading frames (ORFs).
They are transmitted through insect vectors such as leaf hoppers and whitefly
Bemisia tabaci. Geminiviruses are successfully designed as vectors for the produc-
tion of exogenous proteins in plants (Lozano et al. 2016).
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3.3.1.4.2 Tobacco Rattle Virus (TRV)
Tobacco rattle virus is a positive single stranded RNA virus. They are pathogenic
plant viruses which infects over many plant species from different families. They are
naturally transmitted via nematodes. TRV1 (or RNA1) and TRV2 (or RNA2) are the
two genome components of TRV. The TRV1 is important for viral movement. The
TRV2 genome component has genes encoding the coat protein and non-structural
proteins. These non-structural proteins are not essential for experimental infection.
Thus for use as a vector, few genes in TRV2 component are replaced with multiple
cloning sites for inserting gene of interest (Senthil and Mysore 2014).

3.3.1.4.3 Cucumovirus
Cucumber mosaic virus (CMV) is a RNA virus that has also been extensively
utilized for the production of plant made biologics. CMV has highly broad host
range. CMV has trimeric RNAs which are required for virus infection and successful
packaging into icosahedral capsids. Recently, Hwang et al. (2012) designed the
complete tripartite genome on a binary plasmid by the replacement of the coat
protein gene with α-1-antitrypsin (AAT). Cucumber mosaic virus has also been
utilized as an antigen presentation system to express epitopes of porcine circovirus
type 2 (PCV2) capsid protein (Gellert et al. 2012).

3.3.1.4.4 Cowpea Mosaic Virus
Cowpea mosaic virus (CPMV) is the icosahedral, positive sense RNA virus designed
for the generation of vaccine and other therapeutic proteins in plants. After construc-
tion of epitope presentation system, CPMV recombinant particles have been shown
to produce a strong immune response for a number of diseases (Peyret and
Lomonossoff 2013).

3.3.2 Direct Gene Transfer

Direct gene transfer method is used for the transfer of foreign DNA directly into the
plant genome without involvement of a biological agent. The spontaneous uptake of
DNA by plant cell is quite low. Therefore, different and physical and chemical
methods are used to facilitate the entry of DNA into plant cell. Direct DNA transfer
methods rely on the delivery of naked DNA into plant cell in contrast to the
Agrobacterium which is based on the vector mediated DNA transfer. Majority of
direct DNA transfer methods are simple and effective and in fact several transgenic
plants have been developed by this approach. But the limitations of direct DNA
transfer method are its higher frequency of transgene rearrangement which will
result in higher transgene copy number and lower stable transformation efficiency.

3.3.2.1 Physical Methods
Gene transfer approaches in plant system provide both qualitative and quantitative
improvements in crop production. Physical methods are based on the transformation
of protoplasts or intact cells either by mechanical introduction of DNA or
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non-mechanical DNA uptake by the protoplast. However, these methods require
specialized equipment facilities and skill for the stable plant cell transformation
(Singh and Shaw 1992).

3.3.2.1.1 Electroporation
Electroporation has become a favoured technique for the transfer of DNA in to plant
cell (Shillito et al. 1985). Introduction of naked DNA into plant cell by exposing
them to high voltage electric pulse which induces transient pores in the plasma
membrane is called electroporation. Electric field pulses cause structural rearrange-
ment in plasma membrane resulting in a temporary increase in porosity. There are
two strategies to carry out the electroporation, first low voltage with long pulses
(300–400 V cm�1 for 10–15 ms) and second high voltage with short pulses
(1000–1500 V cm�1 for 10μs) (Shillito et al. 1985; Fromm et al. 1985). The
optimum voltage and time will depend on the plant species, source of protoplast
and resistance of the medium. This method is not only used for protoplasts transfor-
mation but also used for walled plant cells transformation. Electric field provides a
local driving force for ionic and molecular transport through these pores. But in
several cases, to facilitate gene transfer, target cells are treated with enzymes in order
to increase the transformation frequency (D'Halluin et al. 1992; Laursen et al. 1994).
However, gene transfer in immature rice, wheat and maize embryos can be
performed without enzyme pre-treatment by using electroporation (Kloti et al.
1993; Xu et al. 1995). Several reports showed stable protoplasts transformation
with electroporation (Fromm et al. 1986; Toriyama et al. 1988), whereas low voltage
with long pulse produces high rate of transient transformation. The advantageous
features of this technique are that it is a very simple, convenient, rapid, cost effective
and also have high transformation efficiency. But there are certain limitations of
electroporation method such as the amount of DNA delivery into the plant cell is
very low and efficiency of electroporation is highly variable depending upon the
plant material. Several physical parameters such as transmembrane potential created
by the electric field, extent of porosity, duration of the permeated state, mode and
duration of molecular flow, concentrations of DNA and the heterogeneity of the cell
population may affect the electrotransfection efficiency (Hui 1995; Weaver 1995;
Weaver and Chizmadzhev 1996).

3.3.2.1.2 Microinjection
In microinjection method, solutions containing DNA are injected directly inside the
cell nuclei by using fine capillary tubes. During microinjection, there is need to
immobilize the protoplasts for high rate of transformation. Immobilization of proto-
plast is carried out by embedding the protoplast in low melting agarose or by
application of micromanipulator holding pipettes. Tobacco, alfalfa and rape
protoplasts showed stable transformation with the use of microinjection method
(Crossway et al. 1986; Reich et al. 1986; Neuhaus et al. 1987) and transformation
frequencies ranging up to 66%. However, this procedure is very tedious, requires
specialized instrumentation and recovery systems for regeneration of protoplasts.
Literature also showed that plant cells with intact walls can also be transformed with

3 Transgenesis in Plants: Principle and Methods 51



the help of microinjection method. Neuhaus et al. (1987) reported that Brassica
napus embryoids showed 80% transformation rate and about 50% of which were
stable transformants with microinjection method.

3.3.2.1.3 Particle Bombardment
In particle bombardment technique, tungsten or gold particles coated with the
foreign DNA is used to introduce into plant cells (Gan 1989; Birch and Franks
1991; Christou 1992; Takeuchi et al. 1992; Yao et al. 2006). This method is also
known as biolistic or ballistic method. DNA coated gold or tungsten particles are
loaded into a particle gun device which is involved in DNA transfer. Loaded
particles are released at high speed either by using pressurized helium gas or
electrostatic energy released from a droplet of water exposed to high voltage. The
projected particle penetrates the plant cell walls and membranes. As the DNA coated
particle enter in to cells, transgenes are released from the particle and get attached to
the plant’s chromosomal DNA. Kikkert (1993) result showed that higher number of
stable transformants in suspension cultured cells gets increased with the use of
mannitol or sorbitol as bombardment medium. The major applications of biolistic
method include transient transformation studies, formation of transgenic plants and
viral pathogenesis during inoculation of plants (Southgate et al. 1995; Sanford 2000;
Taylor and Fauquet 2002). Biolistics method is also used for plastid transformation
as well as to study of transient gene expression after 24–48 h of bombardment
(Norris et al. 1993). Biolistics method has some disadvantages over Agrobacterium
mediated cell transformation such as lower transformation efficiency, more costly,
random integration of DNA to nuclear genome. It also causes multiple copy
insertions resulting in to gene silencing and variation of transgene expression (Dai
et al. 2001; Darbani et al. 2008). But some laboratories use linear cassettes or lower
quantity of DNA to overcome this problem (Fu et al. 2000).

3.3.2.1.4 Fibre Mediated DNA Delivery
Plant materials such as embryo or embryo derived callus or cells in suspension
medium are introduced in to a buffer containing DNA and silicon carbide fibres of
0.3–0.6μm in diameter and 10–100μm in length. Culture medium containing all
components was vertexed which leads penetration of cell wall and plasma membrane
by silicon fibres allowing the transfer of DNA inside the cells. This method is
recently used for successful transformation of wheat, barley and maize cells. How-
ever, this method has several disadvantages such as DNA damage by silicon carbide
fibres, unable to penetrate the hard embryonic callus in many cereals and lower
transformation frequency.

3.3.2.1.5 Laser Induced DNA Delivery
Laser beams have been used to deliver DNA in to plant cell. Laser creates transient
holes in plasma membrane through which DNA may enter into cell. Transfection of
animal cells has been successfully transformed with laser induced DNA deliver
method. High intensity laser creates high pressure on cell membrane to enhance the
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permeability of cell membrane (Noack and Vogel 1995). This method does not
provide information about transient or stable transformation.

3.3.2.2 Chemical Methods

3.3.2.2.1 Polyethylene Glycol (PEG) Mediated
Gene transfer across the protoplast membrane is promoted by a number of chemicals
such as polyethylene glycol, polyvinyl alcohol and calcium phosphate. Polyethylene
glycol has become the most widely used chemical for the DNA transfer because it
stimulates endocytosis and thereby causing the uptake of DNA (Negrutiu et al.
1987). However, polyethylene glycol gene transfer technique is applicable for
protoplast only. Before gene transfer, protoplasts are kept in 15% polyethylene
glycol (PEG) solution. Protoplasts are now exposed to exogenous DNA for the
transfer of DNA in presence of PEG. After transformation, PEG is removed and
intact protoplasts are cultured to form cells with walls and callus (Jogdand 2006).
Calcium alginate micro beads coated with DNA along with polyethylene glycol are
also used for protoplast transformation (Liu et al. 2004).

3.3.2.2.2 Liposome Fusion
Transfer of DNA into cells through liposomes is known as lipofection. Lipofection
method is most preferably used in case of animal cell to transfer the DNA. However,
it was first method used for plant protoplast transformation. Direct delivery of naked
DNA into protoplasts may be affected by the presence of nucleases in the medium.
Tobacco protoplasts have been documented for stable transformation with the use of
DNA encapsulated into liposomes (Deshayes et al. 1985). DNA in liposome
provides a protective cover for the DNA against nuclease attack. However, liposome
mediated transformation has lower frequency as compared to electroporation or by
chemical agents. Pea plant yielded segregating transformants when DNA is deliv-
ered at the time of pollination (Ahokas 1987).

3.3.2.2.3 Diethylaminoethyl (DEAE) Dextran Mediated
Plant cell transformation frequency increases when transformation is carried out with
high molecular weight polymer diethylaminoethyl dextran. The efficiency can be
increased up to 80% when dimethyl sulfoxide shock is given to the sample but it
does not produce stable transformation. DEAE dextran mediated transformation is
used to obtain the efficient transient expression. The advantages of this technique are
very simple and cheap technique to transform the protoplast. The disadvantage of
this technique is that it showed unpredictable pattern of foreign DNA integration and
DNA faces nucleolytic cleavage during the passage into the nucleus.
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3.4 Analysis and Confirmation of Transgene Integration

Analysis and confirmation of transgene (gene of interest) incorporation are con-
firmed through an appropriate mean relied on the transgene constructs, reporter gene
and selectable marker used. Transgenic plant cells integrated with antibiotic or anti-
herbicidal resistance genes are screened by the supplementation of antibiotics or
herbicides to the used growing media. These supplements are allowed us to discrim-
inate between transformed and the non-transformed plant cells. However, these
methods have certain disadvantages, for example, it requires a large quantity of
herbicides and antibiotics that make it expensive. Additionally, the risk of horizontal
gene transfer to other bacteria is also associated with these methods. In view of this,
other screening methods like reporter gene expression screening and polymerase
chain reaction (PCR) are used for better accuracy as an optional screening method
for transgenic plants. Some reporter genes, for example, the green fluorescent protein
(GFP), β-glucuronidase (GUS) and luciferase (Luc) expression could be observed
visually or directly under microscopy for confirmation of transgene expression
(Naylor 1999). Quantifications of expression of the reporter gene are feasible with
the use of a spectrophotometer. In addition, few more reporter gene expressions, for
example, chloramphenicol acetyltransferase (CAT) and β-galactosidase (LacZ)
activity are screened through enzyme assays.

A molecular technique, southern blotting is utilized for the detection of specific
DNA sequences within DNA samples. Southern blotting is normally employed to
identify the number of foreign gene integrated into the host genome as well as for the
detection of transgene rearrangement and transgene integrity (Dai et al. 2001). In this
method DNA fragments obtained after restriction enzymes digestion. Now these
fragments are separated through electrophoresis, and finally transferred onto a nylon
or nitrocellulose membrane. Membranes having bound DNA will be incubated in a
solution with labelled probes and autoradiography is used for the detection of pattern
of hybridization. The number of bands observed is equal to transgene copy number.

PCR method is one of the most sensitive methods between all the known
molecular techniques used for the confirmation of the transgene integration. Suc-
cessful amplification by using specific primers of the DNA fragment with expected
band indicates the presence of transgene and it is further confirmed through DNA
sequencing. A real time PCR (RT-PCR) is a fast, sensitive and high throughput
molecular based analysis. As compared to the southern blot analysis especially of
transgene copy number and zygosity detection in transgenic plants RT-PCR is a
superior technique for transgene detection (Bubner and Baldwin 2004). RT-PCR is
suitable as it allows for quantitative, semi-quantitative (qPCR) or qualitative
(RT-qPCR) analysis of target DNA in real time. Some limitations of PCR based
techniques in transgenic analysis are the generation of non-specific products and
failure to amplify large exogenous DNA, multiple insertion, truncated transgene
sequences and hinders precise transgene identification (Park et al. 2017). The
discovery of next generation sequencing (NGS) tools and bioinformatics makes
possible the study of genome and molecular characterization of complex character.
The NGS data is also useful in the identification of precise genomic locations of
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transgene insertion which was not identified with the traditional PCR based method
(Elbaidouri et al. 2013). Thus, NGS approach offers choice for high resolution
analysis for transgenes insertion in transgenic crops (Lambirth et al. 2015).

3.5 Advantages of Transgenic Plants

Transgenic plants also called genetically modified (GM) plants are engineered to
acquire desirable characteristics. It allows researchers to introduce new traits in the
plants that are difficult or impossible through conventional methods. Transgenic
plants can play a key role in crop improvement programmes. A variety of crops
including soybean, cotton, canola, corn and so forth have been engineered to possess
some desirable and useful features such as resistance to herbicides, insects, viruses,
etc. Transgenic plants can also be employed for the production of nutraceuticals and
therapeutic agents.

3.5.1 Herbicide Resistant

Chemical herbicides are widely used to control the weed population. Glyphosate is
an active component of many broad-spectrum herbicides such as Round up. It is
most commonly used postemergence, non-selective herbicide (Ma et al. 2016).
Glyphosate does not have selectivity to distinguish between crops and weeds.
Glyphosate inhibits the 5-enolpyruvylshikimate-3-phosphate synthase (EPSPS)
enzyme which catalyses the critical step of the shikimate pathway in the biosynthesis
of chorismate derived metabolites including the aromatic amino acids (Senseman
2007; Gong et al. 2016). Herbicide resistant plants can tolerate the effect of
herbicides. The use of herbicide resistant transgenic plants simplifies the effective
weed management through need-based applications of herbicides (Bonny 2008).
Different herbicide resistant plants such as soybean, corn, cotton and canola have
been developed (James 1999; Liu 1999; Green and Owen 2011) (Table 3.2). There
are two strategies by which crops can be modified to be glyphosate tolerant. One
approach is to incorporate a bacterial gene that produces glyphosate-insensitive
EPSPS. The other way is to incorporate a bacterial gene that produces an enzyme
which modify or degrade the glyphosate (Simoens and Van Montagu 1995). The
CP4 gene of Agrobacterium sp. which encodes a glyphosate-insensitive EPSPS has
been used as a transgene for most of glyphosate resistant crops (Cerdeira and Duke
2007). Some crops express the glyphosate degrading enzymes (glyphosate oxidore-
ductase) which degrade the glyphosate to aminomethylphosphonic acid (AMPA)
and glyoxylate. Some glyphosate resistant crops express the enzyme glyphosate
acetyltransferase (GAT) that modifies glyphosate (Green and Owen 2011). In
addition, various crops have also been engineered conferring resistance to
glufosinate-based herbicides. Glufosinate is also a non-selective, broad-spectrum
foliar herbicide that inhibits glutamine synthetase. In the development of glufosinate
resistant crops, pat or bar gene from Streptomyces spp. has been used as transgene.
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These genes encode phosphinothricin N-acetyltransferase (PAT) or Basta
N-acetyltransferase (BAR) enzyme, which catalyse the metabolic inactivation
through acetylation of glufosinate (Herouet et al. 2005; Zhang et al. 2008; Green
and Owen 2011).

3.5.2 Insect and Pest Resistant

Insect pests cause significant damage to crops all over the world. Although a wide
variety of chemical pesticides are used for pest management, they are not effective
against the wide variety of pests and contaminate the environment. In addition, some
pests are resistance to these pesticides. Transgenic plants can have impacts on pests
in an effective manner (Kennedy and Gould 2007). Insect-resistant transgenic plant
designed for increased levels of resistance to insect pests has the potential to offer
large benefits to agriculture in terms of enhanced crop protection against the pests
and reduce the dependency on pesticides and their harmful effects (Ferry et al. 2003;
James 2005). The development of insect-resistant transgenic plants involves the
incorporation of transgene (cry) from the Bacillus thuringiensis (Bt) bacterium to the
plant by the genetic engineering methods that make the plants resistant to pests.
B. thuringiensis is a gram-positive, spore forming soil bacterium. During sporula-
tion, B. thuringiensis produces crystalline inclusion bodies with unique insecticidal
property that contain insecticidal delta endotoxins, also known as insecticidal crystal
proteins (Cry proteins) (Estela et al. 2004; Flannagan et al. 2005; George 2013).
These proteins are encoded by cry genes. Different strains of B. thuringiensis
produce different Cry proteins and their toxicity varies towards different insects.
The CryI proteins are specific for Lepidopteran pest species having size of 138 kDa;
CryII proteins are specific for Lepidopteran and Dipteran pest species having size of
70 kDa; Cry III proteins are specific for Coleopteran pest species having size of

Table 3.2 Herbicide resistant transgenic plants

Transgene Source of transgene Transgenic plants
Resistant to
herbicide

cp4 epsps gene Agrobacterium
tumefaciens strain CP4

Soybean, corn, cotton,
canola, sugar beet, alfalfa

Glyphosate

Zm-2mepsps gene Maize (Zea mays L.)

Glyphosate
N-acetyltransferase
gene

Bacillus licheniformis

Glyphosate
oxidoreductase gene

Ochrobactrum
anthropi strain LBAA

Bar gene Streptomyces
hygroscopicus

Canola, corn, cotton, Rice Glufosinate

Pat gene Streptomyces
viridochromogenes

Bxn gene Klebsiella ozaenae Tobacco, cotton, canola Bromoxynil
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70 kDa and Cry IV are specific for Dipteran pest species (Hofte and Whiteley 1989;
Tailor et al. 1992). The insecticidal crystal protein expressed by transgenic plants has
to be ingested to affect the insects. After ingestion of this protein by the insects, the
pro-toxin breaks down to active form inside the gut in presence of the high pH and
gut enzymes. The active toxin binds to specific glycoprotein receptors (cadherin and
APN) on the surface of gut membrane where it creates pores leading to leakage of
mid-gut content, imbalance in ion concentration and death of the insect (Choma et al.
1990; Pigott and Ellar 2007; Bravo et al. 2007). Different variety of root crops,
vegetables, forage crops and cereals are now being transformed with Bt genes for
protection against insects (Shelton et al. 2002; Fontes et al. 2002) (Table 3.3). In
addition to Bt genes, transgenic plants expressing genes for protease inhibitors,
Alpha-Amylase inhibitors, enzymes and plant lectins have also been demonstrated
for their resistance to pests (Fontes et al. 2002).

Virus infestation is a serious problem in agricultural cultivation (Waterhouse et al.
2001). It negatively affects the quality of crops and reduced the crop yields (Tolin
1991). Different methods have been used to inhibit the viral transmission to the
plants but these strategies are not feasible. The virus resistant transgenic plants
(VRTPs) confer effective resistance to viral infection. Most of the virus resistant
transgenic plants are based on pathogen derived resistance (PDR) (Saharan et al.
2016). PDR refers the resistance obtained from a pathogenic virus through introduc-
tion of pathogenic viral genes either wild type or mutant into the plant genome. The
expression of viral sequences in plant cells confers effective resistance to the
susceptible plants (Prins et al. 2008). Many different types of transgenes have
been used to develop virus resistant transgenic plants including viral coat protein
(CP) genes, viral replicase genes, genes encoding movement proteins and nuclear
inclusion genes as well as non-viral sequences from a variety of species (Tepfer

Table 3.3 Insect and pest resistant transgenic plants

Transgene Source of transgene
Transgenic
plant Resistant to Pest species

cry1Ab Bacillus
thuringiensis

Cotton Lepidoptera

cry1Ac and cry2Ab

cry1Ab Bacillus
thuringiensis

Corn Lepidoptera

cry9c

cry1Aa Bacillus
thuringiensis

Tobacco Lepidoptera

cry1Ab

cry1Ac

cry1C

cry2A

cry1Ab Bacillus
thuringiensis

Rice Lepidoptera

cry1B

cry1Ac, cry2A and GNA Homoptera

cry1Ab Bacillus
thuringiensis

Egg plant Lepidoptera

cry3A Coleoptera
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2002; Saharan et al. 2016) (Table 3.4). Among the different transgene, most com-
mon transgene used for development of VRTPs is viral coat protein gene (White
et al. 1995). The resistance mechanism induced by coat protein gene is mediated by
protein encoded by the transgene (protein mediated) or by the transcript of the
transgene (RNA mediated) (Lomonossoff 1995; Reimann-Philipp 1998). The
expression of coat protein transgene is resulting in high level of protein which
inhibits the disassembly of infecting virus and preventing the viral reproduction in
the host cell because the plant cell blocks the viral coat protein gene in response to
the high level of protein. Coat protein mediated resistance (CPMR) can provide
either narrow or broad protection against the closely related viruses (Tepfer 2002).
Post-transcriptional gene silencing (PTGS) is another approach to develop virus
resistant transgenic plants. It involves the degradation of mRNA produced by the
transgene and pathogenic virus by endogenous RNA degrading enzymes
(Waterhouse et al. 2001; Galvez et al. 2014).

3.5.3 Therapeutic Proteins from Transgenic Plants

Therapeutic proteins are used in treatment of several diseases. These therapeutic
proteins can be obtained from their natural sources only in limited amounts. There-
fore, alternative sources are required for mass production of therapeutic proteins
(Warzecha 2008). Plants can be engineered with the help of recombinant DNA

Table 3.4 Virus resistant transgenic plants

Transgene Source of transgene
Transgenic
plant

Resistant to
Virus

Coat protein gene (CP) Cowpea chlorotic mottle virus
(CCMV)

Tobacco CCMV

Tobacco mosaic virus (TMV) TMV

Plum pox virus (PPV) PPV

Tobacco mosaic virus (TMV) Tomato TMV

Cucumber mosaic virus (CMV) CMV

Zucchini yellow mosaic
potyvirus (ZYMV)

Squash ZYMV

Watermelon mosaic 2 potyvirus
(WMY2)

WMY2

Potato virus – X (PVX) Potato PVX

Potato virus – Y (PVY) PVY

Papaya ringspot virus (PRSV) Papaya PRSV

Replicase gene Rice yellow mottle virus
(RYMV)

Rice RYMV

Potato leaf roll virus (PLRV) Potato PLRV

Movement protein encoding
transgene

Red clover necrotic mosaic
virus (RCNMV)

Tobacco RCNMV

Tobacco mosaic virus (TMV) Tobacco TMV
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technology for production of different therapeutic proteins such as drugs, antibodies,
vaccines, hormones and a variety of other biologically active pharmaceutical
proteins (Fischer and Emans 2000; Ma et al. 2005). The production of human
therapeutic proteins by using genetically engineered plants for pharmaceutical and
other commercial interests is called as ‘molecular farming’ (Franken et al. 1997; Ma
et al. 2003a, 2003b). Different variety of plants such as leafy crops, cereals, legumes,
oilseeds, fruits, vegetables, etc. have been used for the production of therapeutic
proteins (Twyman et al. 2003; Fischer et al. 2004; Daniell et al. 2001; Goldstein and
Thomas 2004; Iyappan et al. 2017) (Table 3.5). Plant systems have become an
alternative source for the production of therapeutic proteins to traditional production
systems such as microbial cells or mammalian cell culture (Daniell et al. 2001;
Goldstein and Thomas 2004). The advantages of using transgenic plants for produc-
tion of therapeutic proteins include low production costs for large scale production,
ability to produce complex proteins and a low risk of human pathogen contamination
(Hellwig et al. 2004; Moustafa et al. 2016). The transgenic plants can produce
glycosylated protein with correct folding that is an advantage over microbial systems

Table 3.5 Therapeutics produced by transgenic plants

Therapeutics Potential application Transgenic plant

Antibodies
ScFvT84.66 (ScFv) Cancer treatment Rice

ScFvT84.66 (ScFv) Cancer treatment Wheat

Anti-HSV-2 (IgG) Herpes simplex virus 2 Soybean

38C13 B-cell lymphoma treatment Tobacco

Guy’s 13 (secretory IgA) Dental caries Tobacco

RhinoRX Common cold Tobacco

Vaccines
Vibrio cholera Cholera Rice and potato

Antiviral (griffithsin) Severe acute respiratory syndrome (SARS) Tobacco

PA83 and DIV Anthrax Brown mustard and
tobacco

DPP4-fc Middle east respiratory syndrome corona
virus (MERS-CoV)

Tobacco

LTB Enterotoxigenic E. coli Potato

Other biopharmaceuticals
Human protein C (serum
protease)

Anticoagulants (protein C pathway) Tobacco

Human hirudin variant 2 Anticoagulants (indirect thrombin
inhibitors)

Ethiopian mustard

Human haemoglobin Blood substitute Tobacco

Human serum albumin Liver cirrhosis Potato, tobacco

Human aprotinin Trypsin inhibitor for transplantation
Surgery

Maize

Human interferon-α Hepatitis B and C treatment Rice, turnip

Glucocerebrosidase Gaucher’s disease Tobacco
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(Ma et al. 2003a, b; Marsian and Lomonossoff 2016). The production of
biopharmaceuticals by plant system involves the transfer of gene that encodes
therapeutic protein to the plant. The transgenic plant is cultivated and harvested
for desired protein. The therapeutic protein is extracted, purified and possibly
modified. In some instances, a vaccine can be delivered through the direct consump-
tion of plant parts as an ‘edible vaccine (Daniell et al. 2001). The plant parts such as
leaves, fruits or other parts in a processed form which express a therapeutic protein
could be consumed directly. Many plants such as corn, banana, tomatoes, carrots and
lettuce have been used as possible oral delivery mechanisms for vaccines because all
of these plants can be eaten raw which avoids protein denaturation occurring during
the cooking (Sala et al. 2003).

3.5.4 Nutritional Benefits

The increase in production of food is necessary to feed the increasing world
population. Plant derived foods are the major source of nutrition in human diet.
The nutrient value of different food crops varies significantly (Sun 2008). Nutritional
deficiency or malnutrition is the major challenge of developing countries because
people rely on a single staple food crop such as rice, maize, etc. as source of nutrients
(Christou and Twyman 2004). The staple foods are poor sources of nutrients and
deficient in essential amino acids, minerals and vitamins (Bakshi and Dewan 2013).
Most of the population in developing countries uses rice as staple food which is
deficient in vitamin A. Vitamin A deficiency is quite possibly the most common in
children of developing countries which is the leading cause of blindness (Ye et al.
2000; WHO 2009). The transgenic technology offers a way to improve the
nutritional quality of food crops that can combat malnutrition. One of the important
examples of this technology is the ‘Golden Rice’. Golden rice is transgenic rice
which exhibits an increased production of β-Carotene. β-Carotene is a precursor of
vitamin A which is not present in endosperm of rice naturally (Xudong et al. 2000).

Golden rice was developed by incorporation of psy gene from daffodil and the
crtI gene from bacterium Erwinia uredovora in rice endosperm (Ye et al. 2000). The
transgenic Golden rice may be useful to treat the vitamin A deficiency in children of
developing countries. Some other food crops have also been engineered to improve
the nutritional levels by enhancing the synthesis of other vitamins and minerals
(Perez-Massot et al. 2013) (Table 3.6).

3.5.5 Salt Tolerance

Abiotic stresses such as salt, drought and oxidative stresses are the environmental
constraints that greatly affect plant growth and productivity (Acquaah 2007; Ahmad
et al. 2012). Agricultural productivity might be increased if crops were genetically
engineered to better cope with these stresses (Ahmad et al. 2012). A number of
candidate genes expressed under different types of abiotic stresses have been
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Table 3.6 Transgenic
Plants with Enhanced
Mineral and Vitamin
Content

Nutrients Transgene Transgenic plant

Vitamin A Nppsy1, EucrtI Rice

Zmpsy1, PacrtI Corn

Zmpsy1, PacrtI Wheat

PacrtB Potato

Vitamin C Acggp Tomato

Osdhar Corn

Folic acid Atgtpchi, Atadcs Rice

Zinc Atzip Cassava

Osnas2 Rice

Iron Gm ferritin and Af phytase Corn

Osnas2 Rice

Calcium scax1 Lettuce

scax1 Carrot

Selenium Ataps1 Indian mustard

Table 3.7 Transgenic plants with enhanced abiotic stress tolerance

Transgene
Source of
transgene Transgenic plant Abiotic stress tolerance

Transcription factors
TabZIP60 Triticum

aestivum
A. thaliana Drought, salt and freezing

tolerance

TaMYB3R1 Triticum
aestivum

A. thaliana Drought and salt tolerance

ZmWRKY58 Zea mays Oryza sativa Drought and salt tolerance

ONAC063 Oryza sativa A. thaliana Salinity and osmotic tolerance

SlDREB1 Solanum
tuberosum

Solanum
tuberosum

Salt tolerance

Signaling molecules
MAPK5 Oryza sativa Oryza sativa Drought, salt and cold tolerance

NDPK2 A. thaliana A. thaliana Salt, cold and oxidative
Stress tolerance

OsMSR2 Oryza sativa A. thaliana Salt and drought tolerance

AtCPK6 A. thaliana A. thaliana Salt and drought tolerance

Ion transporters
AtNHX1 A. thaliana Solanum

lycopersicum
Salt tolerance

TaNHX1 and
TVP1

Triticum
aestivum

A. thaliana Drought and salt tolerance

NHX2 Hordeum
vulgare

Solanum
tuberosum

Salt tolerance

AVP1 A. thaliana A. thaliana Drought and salt tolerance
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focused for development of transgenic plants which combat against the abiotic
stresses (Jha 2019) (Table 3.7). These genes can be categorized in three groups
(Li et al. 2013; Paul and Roychoudhury 2018; Jha 2019):

1. Genes involved in direct protection by synthesis of functional proteins or stress-
adaptive compounds such as osmolytes, ROS scavengers or antioxidant enzymes,
polyamines, late embryogenesis abundant proteins (LEA) and heat shock proteins
(HSPs).

2. Genes involved in synthesis of regulatory proteins and signaling pathway
intermediates such as transcription factors.

3. Genes involved in ion homeostasis such as sodium/proton transporters.

3.6 Global Status of Transgenic Crops

The global area of transgenic crops increased with an increasing proportion grown
by developing countries (James 2004). It was estimated that one-third (30%) of the
world transgenic crop area were grown in developing countries. The major trans-
genic crops which are being commercialized comprise soybean (60%), corn (23%),
cotton (12%), canola (5%) and potato (~1%). The properties for which transgenic
crop have been developed are herbicide tolerance, insect resistance and qualitative
traits. Moreover, scientific efforts are continued to develop genetically modify plants
having high economic value like cereals, floriculture, fruits, vegetables and horticul-
ture species. In recent times, it was reported that there are 14 countries growing about
50,000 hectares or more of transgenic crops (James 2004). Thus, despite the several
concerns about the transgenic crops, the hectare and number of farmers growing
these crops have continued to cultivate with high rate every year after their introduc-
tion in 1996. More than eight million farmers are gaining profit from this technology
(James 2004). About 90% of the beneficiaries farmers from developing countries are
poor farmers in resources, whose increased revenue from these crops contribute to
the lessening of poverty. In 2014, 19 out of 28 countries planted transgenic crops on
more than 50,000 hectares area. These countries included USA, Brazil, China,
Argentina, India, Canada, South Africa, Sudan, Uruguay, Bolivia, Australia,
Myanmar, Mexico, Spain, Philippines, Burkina Faso, Paraguay, Pakistan and
Colombia. There are 100 fold increases in transgenic crops cultivation while 1996
when GM commercialization started. The area for transgenic crops cultivation for
the last 19 years has grown remarkably each year. The top country with highest per
hectare growth in 2014 was US beating Brazil with total of ~30 million hectares
(James 2014). Depending on the area of land covered by each crop in different
transgenic planting countries, 4 crops, for example, soybean, maize, oilseed rape and
cotton are commonly genetically modified. The global soybean plantation in year
2014 was 111 million hectares with 90.7 million hectares being genetically
modified. The global cotton cultivation area was 37 million with 25.1 million
hectares being genetically modified. Similarly the total area covered by transgenic
maize and transgenic oilseed rape plantation was 55.2 and nine million hectares.
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3.7 Major Concerns of Transgenic Crops

The use of advanced recombinant tools for changing the plant genome has created
infinite opportunities of crop improvement. The use of transgenic crops has several
concerns from many years. The major concerns arise due to commercialization of
transgenic plants are as follows:

3.7.1 Environmental Concerns

Engineered crop plants are better suited to the environment by integration of genes
for tolerance to biotic and abiotic stresses which leads to improvement in crop
production (Ortiz 1998). Transgenic crops for reduced fertilizer requirement have
reduced the negative impact on the soil and the subsequent effects of run-off into
rivers and seepage into ground water. Disease and pest resistance are an additional
area of transgenic technology that has gain criticism because virus resistance leads
the evolution of new and harmful viruses (Borja et al. 1999; Rubio et al. 1999).
Similarly crops engineered to produce toxins might poison non-target hosts (Concar
1999). Several evidence suggest that many targeted pest species have developed
resistance to engineered genes in the similar approach as they have done to naturally
occurring resistance genes (Holmes 1997). The concerns associated with transgenic
plants with regard to their adverse effect on the environment, biodiversity, wildlife
populations and gene transferring in non-transgenic wild plants.

3.7.2 Transgenesis and Human Health

The harmful health effects of transgenic crops increase fear and concern about the
safety of feeding population (Godfrey 2000). The point of concerns associated with
potential adverse health effects of consuming transgenic crops are as follows:

3.7.2.1 Allergenicity
There is no actual proof so far that genetically modified foods cause allergic
reactions than conventional food. Genetic modification itself does not create any
allergens but the nature of genes used for introduction into host plant may induce
allergic reaction. The reports of some allergies to nuts are very common. The
transgenic soybean was tested and it was found that the people who had allergic
reactions to Brazil nuts also had allergic reactions to the GM soybean (Nordlee et al.
1996).

3.7.2.2 Horizontal Transfer and Antibiotic Resistance
The use of antibiotic resistance markers in transgenic crops has raised concerns to
lose the ability to treat infections with antibiotic drugs. It is a fact that successful
DNA transfer from transgenic plants would not arise enough to source of health
problems in humans. Another important concern related to transgenic plants is the
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horizontal gene transfer which involved in transfer of DNA from one organism to
another outside the parent to offspring route. Transfer of a resistance gene from
transgenic food to microorganisms that normally resides in our mouth, stomach and
intestines can gradually become competent to survive an oral dose of antibiotic
medicine.

3.8 Conclusions and Future Prospective

The transgenic crops are important for hunger management, pest resistance and
nutrient fulfilment. Transgenic technology may also useful in increasing crop yields,
reducing risk of pest and weed attacks and increasing income of farmers. Addition-
ally several developing countries lack the basic knowledge and regulatory
infrastructures to monitor transgenic crops, and therefore are guarded about the
benefits of transgenic technology. In order to remove these limitations they encour-
age investments in regulatory infrastructures as well as knowledge sharing among
developing and developed countries. Even though these crops surely not be assumed
as a magic bullet towards poverty and food demand, but they are promising answer
to increase farm yields, reduce risk and increase wealth of small farmers. The
worldwide release of transgenic crop and food in environment and markets has
resulted in public debate in various part of the globe. Presently, there are 14 countries
including 9 developing countries and 5 developed countries, growing transgenic
crops. The need for recognition and detection of transgenic crops and their products
has improved with the fast growth in the cultivation of transgenic crops. Labelling
and traceability of transgenic material are way forward to deal with the concerns of
customers and regulators. A large number of diverse strategies and protocols are
available for testing of transgenic material. Thus, it is necessary to know about the
methods and their applications for detection of transgenic crops and their products.
Presently, existing methods for detecting transgenic crops and products are almost
completely based on polymerase chain reaction, because of their high sensitivity,
specificity and need for only a small amount of DNA. Particularly, real time PCR has
been believed as the most potent tool for the detection and quantification of trans-
genic despite its high expense. In the future, scientist hopes to be able to supply
vaccine and medicines through transgenic food which is useful for population of
developing countries. Medications integrated into food are easier to store and
transport than conventional medicine. Transgenic plants recommend a new possible
approach for production and administration of human antibodies. Future generations
of transgenic plants are wished for suitable towards harsh environments and for the
enrichment of nutrient content, production of bio-energy and bio-fuels and produc-
tion of pharmaceutical agents. Thus the potential of transgenic crops is bright and
hopeful.
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Genetically Modified Crops and Their
Applications 4
Minal Garg

Abstract

Continual rise in global population and, therefore, demand for food (grains and
animal proteins/ fats) present massive challenge to agriculture to generate the
steady supply of improved cultivars. Advancements in modern breeding
programs and the genome level technologies exploit the use of genes from all
the sources to develop and produce genetically modified plants for improved crop
yield, nutrition potential/ quality, and lower yield losses from disease and envi-
ronmental factors such as changing climate and soil depletion. Over the past few
decades, advancements in biotechnological tools have revolutionized the world
market with the production of genetically modified (GM) crops that possess novel
combination of genetic material. To promote the global acceptance of GM crops,
it is highly imperative to spread the awareness about the social gains, economic
benefits, and health improvements obtained through GM crop adoption to the
farmers, consumers, policy makers/ regulators, and science/ media
communicators.

Keywords

Crop yield · GM crops · Stable expression · Transgenic methods · Transformation

4.1 Introduction

According to the U.S. Census Bureau population clock (https://www.census.gov/
popclock/), currently the global world population is 7.6 billion and by the year 2050,
it is expected to be somewhere between 8.3 billion and 10.9 billion. The
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unprecedented growth in population is considered to be majorly responsible for
death toll due to suffering from hunger and malnutrition. Two-third of such people
live in Asia and the Pacific and a quarter in Sub-Saharan Africa. Unlike deadly
diseases, hunger and malnutrition are curable conditions and require all the neces-
sary measures to cope up with the increased global demand for staple crops, feed,
and livestock. Continual rise in global population and, therefore, demand for food
(grains and animal proteins) present massive challenge to agriculture to generate the
steady supply of improved cultivars.

The U.N. Food and Agricultural Organization (FAO) estimates the requirement
of increase in agricultural production by at least 60% globally and by 70% in
developing countries by the year 2050 (Ray et al. 2013). Special emphasis is
required on the annual increase of 2.4% in the production of major global crops
including maize, wheat, rice, and soybean which constitute around 66% of total
calories in the form of “global” diet. Urbanization, desertification, salinization, soil
degradation, and demand for pastureland are continuously minimizing the availabil-
ity of finite amount of arable land for food production per person. Besides these
factors, climate change and limited agricultural resources including fertilizer, water,
and procedures to manage pest/ weed further compound the problem of low crop
productivity. Contradicting the very fact of continual requirement of increased crop
productivity, the current trends in yield gains are either maintaining status quo or are
declining under present agricultural practices (Lobell et al. 2011; Ray et al. 2012).

It has been possible to obtain sustainable and high yields of staple crops in the
developed countries of North America and Europe by means of conventional
breeding. However, many parts of Asia in the middle of twentieth century faced
acute famine. In 1940s, advancements in new mechanized agricultural technologies
and cropping systems helped Norman Borlaug, an eminent plant breeder (awarded
with noble prize in 1970), to develop a breeding program for high-yielding and
disease resistant wheats. This helped in a version of the famine in Mexico to great
extent (Phillips 2013). The success story of wheat crop was followed by the
development of high-yielding disease resistant cultivars of rice, IR8. It is possible
to introduce new sexually compatible desirable genes/ traits into daughter progenies
after sexual crossing by means of conventional breeding. However, the resultant
progenies with desired traits could also inherit the multitude of undesirable traits
from their parents. Thereby, such crosses could affect and reduce the final crop yield,
also known as “yield drag.” Use of chemical mutagens also could not introduce
selective traits into the breeding lines. It was soon realized that altering genetic
material by the conventional mating or natural recombination is almost impossible.
Therefore, it is highly unlikely to achieve dramatic gain in crop yields as noted in
green revolution by pursuing conventional breeding practices.

Improvements in the genetics and the production of stable heritable transgenic
lines of major crops as per regional/ local needs and environment may reverse the
existing trends of poor productivity and thereby achieve the goal of yield gains.
Advancements in modern breeding programs based on molecular and genomics
driven technologies, such as marker assisted breeding and genotyping-by-
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sequencing, could not only dramatically increase the crop yield but also reduce the
breeding timelines. Modern breeding programs employ the application of novel
genetic modification strategies and offer the use of genes from all sources regardless
of their origin in order to improve crop yield, nutrition potential/ quality, and lower
yield losses from disease and environmental factors such as changing climate and
soil depletion (Oliver 2014).

The cross between wheat and rye led to the development of stable hybrid for the
first time in laboratory in 1884 but unfortunately it could not survive in nature. This
was followed by the experiments on chromosome doubling (where daughter prog-
eny receives the copy of chromosome from each of its parents) to successfully
produce the stable and fertile polyploid plant (Ammar et al. 2004). In 1930s,
polyploid plant cells were generated by treating the embryos with colchicine
(a chemical that interferes with the normal process of cell division or mitosis)
under in vitro culture conditions. Polyploid daughter cells thus produced were
although had improved properties compared to their parents but they were not
designated as GMOs/GM crops.

Genetically modified organisms (GMO) and genetically modified (GM) crops are
man-made and have long been fully accepted in the medical arena. Over many
decades, advancements in biotechnological tools, use of restriction enzymes as
molecular scissors, and tremendous growth in recombinant DNA technology led to
the production of GMOs/GM crops. Modern biotechnology tools allowed the
successful delivery of genes obtained from distant sources into the target/ host
cells via transformation followed by their regeneration in tissue culture in order to
produce genetically modified cells/organisms that possess novel combination of
genetic material. The first GM crop, known as FLAVR SAVR tomato, modified to
delay premature fruit softening (by manipulating the biosynthesis of the ripening-
promoting hormone ethylene and increasing levels of the antiripening polyamines)
entered into the commercial market in USA in 1994. GM tobacco, modified to
withstand the harmful effects of herbicide, bromoxynil, became the first
commercialized crop approved by European Union in 1994. FDA and Environmen-
tal Protection Agency (EPA) approved the first pesticide resistant Bt potato in USA
in 1995. Insect-resistant Bt maize and Bt cotton, herbicide tolerant soybeans, and
oilseed rape were produced later in 1996. GMOs/GM crops are being widely
developed to effectively treat variety of ailments and diseases. Their use as
biopharmaceuticals (products obtained from genetically modified bacteria/GMO),
for example, production of human insulin for treating diabetes is well established
(Aggarwal 2012). Another prime example is the golden rice whose production has
been envisioned to deliver a cheap and effective dietary source of vitamin A in the
form of its precursor, β-carotene (an essential component of rhodopsin which is the
fundamental light absorbing pigment in the human eye), to cure blindness and a
compromised immune system (Gosse and Manochia 1996). Tremendous
applications/ benefits of GM crops necessitate the efforts towards unmatched part-
nership between public and private sectors to fund for their sustainable production.

Despite an overwhelming consensus received from the scientists and experts
worldwide on the safety of foods produced from genetically modified crops, a
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group of anti-GM crops activists have been successfully sowing doubt about GM
crops in the general population. Despite the negative propaganda about the GM
crops by small group of activists, the benefits associated with GM crops, their safe
and wide applications among the mankind are well understood.

4.2 Transgenic Methods to Produce Genetically Modified
Crops

Large number of agronomically and horticulturally important monocot and dicot
plant species are being transformed to raise transgenics. Genes/ pathways derived
from bacteria and other organisms, plant species belonging to different taxonomic
groups and even the synthetic genes are being exploited for their transfer and
expression to engineer plant metabolism for their improved yield and quality
(Fig. 4.1).

4.2.1 Agrobacterium Tumefaciens Mediated Transformation

Agrobacterium tumefaciens, gram negative soil bacterium, and a causative agent of
crown gall disease, is capable of transferring T-DNA of its large Ti (tumor-inducing)
plasmid into the nucleus of infected target cells. Target gene is placed between the
left and right border repeats of T-DNA after replacing the originally located genes
involved in auxin, cytokinin, and opine synthesis. Ti plasmid virulence vir region,
three chromosomal virulence loci, chvA (A. tumefaciens chromosomal virulence A),
chvB (A. tumefaciens chromosomal virulence B), and pscA/exoC locus, and

Fig. 4.1 Biological and physical methods of gene transfer to raise transgenic plants
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25-bp T-DNA border sequences regulate the transfer and stable integration of
transgene into plant genome. Certain plant proteins including BTI1 (virB2-
interacting protein), VIP1 (vegetative insecticidal proteins), Ku80 (ATP-dependent
DNA helicase 2 subunit KU80), CAK2Ms (plant ortholog of cyclin-dependent
kinase-activating kinases), histones-H2A, H3–11, H4, SGA1 (silencing group A),
UDP (uridine diphosphate) glucosyltransferase, and GALLS interacting proteins
actively participate in T-DNA and virulence protein transfer, cytoplasm trafficking,
nuclear targeting, T-DNA integration, stability and expression, and defense
responses and thereby significantly regulate Agrobacterium-mediated transforma-
tion. Following the removal of Agrobacterium, the transformed cells are grown into
plants under selection by standard tissue culture. Factors like genotype of the plant,
explant, vector/ plasmid, bacterial strain, composition of culture medium (salt
concentration, sugars, growth regulators), temperature, time and pH of
co-cultivation medium, antibiotics (cefotaxime, carbenicillin, kanamycin, timentin),
chemicals (acetosyringe, L-cysteine, dithiothreitol, and sodium thiosulfate),
surfactants (silwet L77, pluronic acid F68, Tween20), selectable markers (neomycin
phosphotransferase, phosphinothricin acetyltransferase, and hygromycin
phosphotransferase), tissue damage, suppression, and elimination of Agrobacterium
infection after co-cultivation influence Agrobacterium-mediated transformation
(Mehrotra and Goyal 2012). Organism’s host specificity, limited host range, and
adaptability of the culture/ regeneration systems of certain plant species to the
mechanisms of gene transfer are some of the potential limitations associated with
Agrobacterium-mediated transformation.

Biolistic transformation or gene bombardment is based on coating of DNA to be
transferred on the microscopic beads (made of inert metal particles of gold/tungsten),
its attachment to the plastic gun and loading in gene gun. Helium gas at high pressure
provides the force for the gun and upon gun firing, ruptures disk breaks, drives the
plastic bullet down a shaft, accelerates the microprojectiles, and allows the
DNA/metal particles to emerge from the gun with great speed and force. This results
in the penetration of DNA coated beads to the cytoplasm of target cells or tissues of
diverse types in vacuum. Two principal helium-driven gene gun devices, the Accell
gene gun by Agracetus, Inc. and the Helios gene gun by Bio-Rad Laboratories are
extensively used. The major concern of stable transformation by biolistic methods is
random, multi-copy transgene integration in inverted repeat arrangement, which can
lead to transgene silencing. For efficient production of single copy events, the
strategy of using minimal transgene cassettes (2.50–2.73 ng of DNA cassette per
shot) instead of bombarding with whole plasmid DNA is recommended and has been
applied in the transformation of many important monocotyledonous species includ-
ing wheat, maize, pearl millet (Pennisetum glaucum), and sugarcane (Saccharum
officinarum) (Ismagul et al. 2018). The competence of gene transfer by bombard-
ment method depends on the type of gene gun; bombardment force; circulation of
carrier particles at target site; type of targeted cells/ tissues; amount of DNA; ratio,
dimension, and material of carrier molecules; and density of carrier particles and
macromolecules.
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4.2.2 Microinjection

Microinjection is a physical method of transformation for direct gene transfer in a
host independent manner. It is based on the injection of DNA carried into a very fine
metal microinjection needles or glass micropipettes with 0.5–10 μm diameter, under
the microscopical control, into the defined cells without damaging them. Immobili-
zation of the protoplasts/ target cells in a thin layer of alginate eliminates the need of
a holding capillary and greatly facilitates the process of microinjection. Southern
analysis of genomic DNA isolated from regenerated plants confirms the stable
integration of full length microinjected genes into high molecular weight DNA.
Microinjection is possible in 50–100 cells in 1 h with the transformation efficiency of
up to 20%. Stable integration of foreign gene and its transmission to the next
generation in a Mendelian fashion were identified in crossing experiments (Schnorf
et al. 1991). Microinjection has been not only a slow process and expensive method
but also requires trained/ skilled personnel. Nevertheless, reliability, reproducibility,
and affordability make it an attractive technology for transferring genetic material
into living cell.

4.2.3 Electroporation

Electroporation, an electrical transformation method, is based on the formation of
transient pores in the plasma membranes of cells upon applying short high voltage
pulses. The field strength and pulse duration may be chosen within the range of
100–5000 V/cm and 0.01–100 ms, respectively. These microscopic aqueous pores/
electropores in cell membrane facilitate the uptake of plasmid DNA for its stable
integration into the target genome. Overheating due to rigorous electrical conditions
is the primary cause of cell deaths. Plasmid DNA concentration, up to about 100 μg/
mL; linearized plasmid DNA; heat shock; and addition of polyethylene glycol (PEG)
stimulate stable transformation. Besides, protoplast size, pulse type, culture medium,
and temperature are also known to affect transformation efficiency. Stable transfor-
mation frequency is reported to lie within the range of 0.0001–0.1% of the
electroporated protoplasts. Exogenous gene transferred in the target protoplasts
during electroporation appears to be inherited as a single dominant character in a
Mendelian fashion (Ozyigit 2020).

4.2.4 Chemical Methods

Chemical methods for genetic transformation are based on the use of calcium
phosphate, polyethylene glycol, DEAE-Dextran, and liposomes. Calcium
phosphate-mediated transfer is based on the formation of calcium phosphate precip-
itate by mixing the desired quantity of DNA with calcium chloride and potassium
phosphate solutions. This is followed by the incubation of cells/ tissues with
precipitated DNA which can later be taken inside via endocytosis. PEG- mediated
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transfer is mainly used to transform the protoplasts. Soaking of protoplasts in
PEG-containing solution facilitates the endocytosis and uptake of DNA. DEAE
(diethyl aminoethyl)-Dextran mediated transfer employs the use of commercially
available, low cost, and simple DEAE-Dextran as a transfection medium, for the
transformation of target cells. Liposome-mediated transfer is based on the applica-
tion of artificial lipid vesicles known as liposomes. Liposomes are made of positively
charged cationic lipids which can readily interact with negatively charged cell
membranes. They surround the delivery molecule and enable its transfer via fusion
with cell membrane (Ozyigit 2020).

4.3 Benefits of GM Crops

4.3.1 Herbicide and Insect-Tolerant Transgenic Plants

Unwanted and useless plants grown as weeds along with main crops not only harbor
insects but also compete for light and nutrients and thereby reduce the global crop
yield by 10–15%. Inevitable use of herbicides to kill the weeds is known to have
environmental and ecological consequences even for main crops derived by conven-
tional breeding programs. Herbicide tolerant GM crops are engineered or stacked to
express multiple traits to tolerate the specific broad-spectrum herbicides that are
sprayed to kill the surrounding weeds. Successful release of glyphosate-resistant
soybean and corn in 1996 and 1998, respectively, and their widespread adoptability
flooded the American agriculture with 93% of soybeans, 82% of cotton, and 85% of
corn glyphosate tolerant plants. Over 63% of GM crops growing globally have
herbicide tolerant traits. The most common are glyphosate and glufosinate tolerant
varieties and occupy the largest planting area of biotech crops from 1996 to 2018.

Overexpression of EPSPS gene [5-enolpyruvylshikimate 3-phosphate synthase,
an enzyme catalyzes shikimate pathway for the synthesis of aromatic amino acids
and a competitive inhibitor of glyphosate] or expression of insensitive form of
EPSPS gene in the GM plants make them resistant to the killing effects of glyphosate
(Funke et al. 2006). Genetically modified crops resistant to glufosinate/
phosphinothricin (glutamine synthetase inhibitor and disrupts nitrogen metabolism)
is created by overexpressing the bar or pat genes (phosphinothricin acetyltransferase
that detoxify phosphinothricin) isolated from Streptomyces (Wehrmann et al. 1996).
The first glufosinate-resistant crop, canola, was brought to market in 1995, followed
by corn in 1997, cotton in 2004, and soybeans in 2011. Alfalfa, argentine canola,
carnation, chicory, cotton, creeping bentgrass, flax, linseed, maize, potato, polish
canola, rice, soybean, sugar beet, tobacco, and wheat are the major approved
herbicide tolerant with single and or stacked genes crops for food, feed, and/or
cultivation globally.

Owing to the beneficial impact on the environment, herbicide tolerant crops are
gaining widespread adaptability (Dillen et al. 2013). Use of GM herbicide tolerant
crops has accelerated the adoption of conservative tillage (no-till and reduced-till)
practices, reduction in the land use for agriculture, enhancement of soil quality,
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reduction in water runoff, conservation of nutrients, increase in water infiltration,
reduction in greenhouse gases, and increase in the use of less toxic, more environ-
mentally friendly chemicals. Crop rotation, herbicide tolerance gene-stacking
technologies and field management technologies as a part of a broader integrated
weed management program take care of the problems associated with the evolution
of herbicide tolerance in weeds (Oliver 2014).

Fourteen percent of crop productivity of high-yielding genotypes of
agronomically important crops is estimated to be lost globally due to pest insects.
Application of chemical pesticides although has significantly improved the pest
management practices but they are reported to impose adverse effects on human
health, other biological organisms and environment. Therefore, it is imperative to
drastically discourage their application in agriculture and environment for practicing
safe and sustainable farming.

Insect-tolerant GM crops are rapidly growing in acreage globally and as effective
alternatives, they are well integrated in agriculture ecosystems. The primary trans-
gene used to produce insect-resistant crops is isolated from the bacteria Bacillus
thuringiensis (Bt) and codes for CRY protein toxin/ insecticidal crystal protein.
These toxins when engulfed affect the gut cells of specific agronomic caterpillar and
beetle pests that feed on the Bt-GM crop plants. Thus, kill the insects by preventing
digestion but are innocuous to vertebrates, including humans, and have no impact on
the Bt-GM plants. Novel family of insecticidal proteins called vegetative insecticidal
proteins (Vip) produced by B. thuringiensis during its vegetative stage. Vip toxins
do not form crystals and following its stable integration into the plant genome, it
confers resistance against coleopteran species and wide range of lepidopteran
insects. These proteins are biodegradable and do not persist in environment
(Abbas 2018). Besides being stably integrated into the genome of GM crops, these
toxin proteins are also sprayed over the crop in the form of formulations and or
bacterial preparations as a microbial pest control agent. Cotton, cowpea, eggplant,
maize, poplar, potato, rice, soybean, sugarcane, and tomato are being developed and
produced as Bt-GM crops. Genes code for protein toxins with different mode of
mechanisms and are isolated from various sources to produce insect-resistant trans-
genic plants (Table 4.1).

Improved pest management program, reduction in insecticide use, greater sus-
tainable crop productivity, safe environment for the growth of non-target organisms,
and less mycotoxin production in food obtained from GM crops are the potential
benefits associated with insect-tolerant GM crops. Transfer of transgene (gene flow)
from herbicide/ insect-tolerant GM crops to wild relatives or non-GMO crops close
by and environmental/ecological concerns that relate to biodiversity are the issues
that need to be addressed.

4.3.2 Abiotic Stress Tolerant GM Crops

Food security, growth, and yield of plants are greatly influenced by global climate
changes and environmental stresses. Around less than 10% of the soils used in
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Table 4.1 Insecticidal proteins isolated from various sources and their
mode of mechanisms to produce insect-tolerant GM crops

Source Insecticidal 

protein toxin

Insecticidal activity/mode of action Transgenic plants

Bacillus 

thuringiensis

Insecticidal 

crystal proteins

Bt protein gets activated in the gut’s 

alkaline condition and punctures the 

midgut leaving the insect unable to feed

Cotton, cowpea, 

eggplant, maize, poplar, 

potato, Rice, soybean, 

sugarcane, tomato

Bacillus 

thuringiensis

Vegetative 

insecticidal 

proteins

Active form of Vip toxins binds to the 

midgut epithelial membrane, forms the 

pore and prevents digestion in insects

Cotton, maize, tobacco, 

poplar, Rice

Plants and 

animals

Protease 

inhibitors

Inhibit the proteolytic activity of 

enzymes specific to insects and 

phytopathogens

Alfalfa, Arabidopsis, 

oilseed rape, potato, Rice, 

sugarcane, tobacco, 

wheat, tomato

Plants α-Amylase 

inhibitors

Inhibit the activity of amylase of specific 

plant pests

Azuki bean, common 

bean, pea, Chick pea

Plants Lectins Reduced larval weight, mortality, 

feeding inhibition, delays in total 

developmental duration, adult 

emergence and fecundity on the first and 

second generation

Tomato, Rice, sugarcane, 

tobacco, maize, mustard, 

Arabidopsis, rapeseed, 

wheat

Streptomyces 

species

Cholesterol 

oxidase

Catalyzes the oxidation of 3-

hydroxysteroids to ketosteroids and 

hydrogen peroxide. Disrupts the midgut 

epithelial membrane and marked 

stunting of growth of several 

lepidopteran pests

Tobacco

Plants and 

insects

Chitinases Digests chitin in the peritrophic matrix 

or exoskeleton of the pests 

Maize, tobacco

Plants Tryptophan 

decarboxylase

Catalyzes the decarboxylation of 

tryptophan to tryptamine; accumulated 

Tobacco, poplar, canola, 

petunia

levels of tryptamine adversely affect 

feeding behavior and physiology of 

Malacosoma disstria and Manduca sexta 

and results in poor larvae growth, 

apparently due to a postingestive 

mechanism

Agrobacterium Isopentenyl 

transferase

Involved in cytokinin biosynthesis. 

Products of secondary metabolic 

pathways exhibit antifeedant effects, and 

reduced larval weight of specific pests 

including M. sexta and M. persicae

nymphs

Potato, cucumber, 

tobacco, tomato

Plants Peroxidase 

(POD) and 

polyphenol 

oxidase (PPO)

Increase the inhibitory effect of 5CQA 

(5-Caffeoylquinic acid) and 

cholorogenic acid by oxidizing the 

dihydroxy groups to ubiquinones that 

covalently bind to nucleophilic (-SH2 

and NH2) groups of proteins, peptides,

and amino acids. Contribute to 

lignification, consume oxygen, produce 

quinones and thus reduce plant 

digestibility for the insects

Tobacco, tomato, potato, 

Faba bean, Rice, turf 

grass, alfalfa
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agriculture are free from environmental stresses and therefore it necessitates the
development and production of genetically modified crops with improved tolerance
to abiotic stresses. Among the abiotic stresses, salinity and drought remain the
greatest constraint to crop production and is responsible for 70% reduction in crop
yield.

Variety of transgenics are developed to express transgenes involved in signaling
cascades and in transcription control for the improved yield under stress conditions.
These transgenes include the expression of DREB (dehydration responsive element
binding protein) genes involved in drought, salinity, and freezing to increase drought
tolerance in rice, maize, and wheat; SNAC1, a transcription factor [derived from the
names of proteins with DNA binding domain, namely NAM (No Apical Meristem),
ATAF1 (Arabidopsis thaliana activating factor1), and CUC2 (Cup-Shaped Cotyle-
don)] for enhanced tolerance to severe drought and salt stress during reproductive
and vegetative growth without any negative phenotypic effects or yield loss in rice;
and OsWRKY11 (member of WEKY group of transcription factor) under control of
heat shock protein promoter (HSP101) to prolong the survival and retain water under
severe drought in rice (Bakshi and Dewan 2013). Transgenic rice with the
overexpression of HSP101 and HVA1 (Hordeum vulgaris abundant protein) genes
exhibits significant improvement in plant growth recovery after heat stress and
dehydration tolerance, respectively. Overexpression of abscisic acid-responsive
element binding protein (AREB) /ABF (ABRE binding factor) regulon in the
transgenic plants makes them insensitive to salt, drought, heat, and oxidative stress
(Singh and Laxmi 2015).

4.3.3 GM Crops Expressing Therapeutic Molecules

Constant threat of disease-causing microorganisms prompts the pharmaceutical and
biotechnological industries to exploit the plants as biofactories for the rapid devel-
opment and consistent production of plant-derived biopharmaceutical agents. High
yields of proteins/ therapeutic molecules; lower production, processing, storage and
transportation cost; increased shelf life; and elimination of pathogen contamination
are the benefits associated with plant-derived molecules of therapeutic significance.

Stable nuclear and plastid expression of recombinant pharmaceutical proteins in
plants dates back to 1989 which mark the development of transgenic-tobacco-
derived functional immunoglobulins. Since then, series of experiments were
conducted to produce edible vaccines in transgenic rice, carrot, soybean, tomato,
potato, tobacco, sugar beet, lettuce, cotton, cauliflower, wheat, Brassica and
Arabidopsis. Stable/ transient nuclear and chloroplast expression of varieties of
pharmaceutical molecules (antigens, vaccine, antibodies, drugs) extends the produc-
tion potential of the transgenic plants. Development and production of biopharma-
ceutical agents include human lysozyme and Cholera toxin-B (CTB) in rice;
hemagglutinin surface protein, heat labile enterotoxin B, pE2 polypeptide (envelop
glycoprotein), HPV 16-L1 (human papilloma virus type 16-L1) capsomere, HCV
(hepatitis c virus) core protein, CMV VLPs (cytomegalovirus virus-like particles),
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HPV-16 L2 (human papilloma virus type 16-L2), influenza virus M2E (matrix
protein 2), GFP/HFBI (green fluorescent protein/ hydrophobin fusions for high-
level transient protein), HIV-1 pr55GAG (human immunodeficiency virus type
1 polyprotein), HIV monoclonal antibody 2G12, COPV L1-protein (canine oral
papilloma virus major capsid protein), GFP HA (hemagglutinin) peptide, GFP, GUS
(β-glucuronidase), HBc (VLPs) (hepatitis B core antigen virus-like particles), active
dust mite allergens, Hepatitis B core antigen, SAG1 protein (Toxoplasma gondii
surface antigen), Ce16a/aadA (aminoglycoside resistance protein), βC1/GFP
(betasatellite of tomato yellow leaf curl China virus/GFP), pyMSP119 (Plasmodium
yoelii merozoite surface protein 1), LTB (lymphotoxin β), immune-dominant
antigens, TB (tuberculosis) vaccine protein, viral coat B5 candidate pB5 [Variola
virus (human)], RV VLPs (rotavirus-like particles), CTB-ESTA6 (cholera toxin
B-subunit 6 kDa early secretory antigenic target), MV-H protein (measles virus
strain Halle), HA1-protein, (Influenza hemagglutinin) HA1-5 (VLPs) (Influenza
hemagglutinin 1-5 virus-like particles), HA7-7 (Influenza hemagglutinin 7-7),
HA1–5/1 (Influenza hemagglutinin 1-5/1), Chimeric CMVs, pE2, HPV16-L2 epi-
tope, HPV16-L1mAbs, and HPV11-L1-NLS (human papilloma virus type 11-L1
with nuclear localization signal) proteins in tobacco; FMDV 2A (Foot-and-mouth
disease virus 2A) catalytic peptide, sDPT polypeptide (synthetic gene encoding the
recombinant polypeptide against diphtheria, pertussis, and tetanus), and rabies
nucleoprotein in tomato; heat labile enterotoxin B, Seed-specific LTB in soybean;
heat labile enterotoxin B in carrot; GFP in sugar beet; anti-spectinomycin in Bras-
sica; GUS in cotton; CTB-MSP1 AMA-1 (cholera toxin-B subunit merozoite sur-
face protein-1 and apical membrane antigen-1), CTB-ESTA6, S-HBsAg (surface
antigen of the hepatitis B virus), and dengue virus tetraepitope peptide (cE-DI/IIp) in
lettuce; SARS-Cov (severe acute respiratory syndrome coronavirus) in cauliflower;
and HPR (By2) (hepatoglobin-related protein), and HPV11-L1-NLS proteins in
Arabidopsis (Fahad et al. 2015).

4.3.4 Biofortification of Crops with Nutrients by Transgenic
Approaches

Agricultural system has been so far designed to focus on increased grain yield and
crop productivity but not to promote human health. This approach has resulted in the
production of nutrient-deficient food crops. Thus, conventional approaches of crop
production do not support healthy lives of consumers but instead result in their
impaired development, stunted mental and physical growth, sickness, poor health,
diminished livelihoods, and reduced national socioeconomic development espe-
cially in developing countries. About 30% of world’s population are anemic and
suffer from hidden hunger. The prevalence of anemia is more acute in developing
countries with Africa and South-East Asian countries are the most affected ones.
Transgenic approaches have made it possible to shift the agriculture from producing
the larger quantities of food crops to producing safe and nutrient-rich food crops in
sufficient quantities (Chizuru et al. 2003).
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Most of the crops including staple crops like rice, wheat, maize, sorghum,
cassava, barley, soybean, lupine, common bean, potato, sweet potato, tomato,
cauliflower, banana, lettuce, carrot, canola, and mustard are targeted by transgenic
approaches (Garg et al. 2018) (Fig. 4.2).

Poor heritability, linkage drag, and limited availability of genetic diversity for the
targeted component especially in oilseed crops allow the practice of cost-effective
and sustainable approach of transgenics for the production of high-yielding
biofortified crops. Around 40 known nutrients in adequate amounts including
essential micro and macronutrients, amino acids, fatty acids, improved vitamin
content, and higher levels of antioxidants are the important nutritional targets for
the biofortification of crops. The crops with improved nutrient content not only
provide enough calories to meet the energy needs but also all the vitamins and
essential minerals/nutrients which are required for the healthy and productive lives
of the consumers (Table 4.2).

Genetic modifications or reconstruction of selected pathways in the host plant
species are targeted in order to increase the bioavailability of nutrients with enhanced
concentration and redistribute them to the edible tissues/ parts of commercial crops.
Reports on successful experimentations for biofortification of cereals, legumes,
vegetables, oilseeds, fruits, and fodder crops are recently published (Table 4.3).

(continued)(continued)(continued)(continued)

4.3.4.1 Cereals and Oil Rich Crops
Expression of genes that code for PSY (phytoene synthase) and carotene desaturase
result in the enhanced synthesis of phytoene (precursor of β-carotene) and β-carotene
in golden rice is considered as an important breakthrough to tackle the problem of
provitamin A deficiency in the consumers (Burkhardt et al. 1997). Overexpression of
genes encoding Arabidopsis GTP-cyclohydrolase I (GTPCHI) and
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Fig. 4.2 Percentage of crops biofortified using transgenic approaches
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aminodeoxychorismate synthase (ADCS) in rice results in the 150 fold increase in
folate levels (Storozhenko et al. 2007; Blancquaert et al. 2015). One hundred gram of
such rice is sufficient to meet the daily requirements of folate in an adult individual.
The genes code for nicotianamine aminotransferase, OsIRT1 (Oryza sativa iron
transport protein 1), OsNAS1 (Oryza sativa nicotianamine synthase 1), OsNAS2
(Oryza sativa nicotianamine synthase 2), soybean ferritin, and common bean ferritin
are overexpressed to produce genetically modified rice for higher levels of iron to
address the challenge of iron deficiency anemia (Goto et al. 1999; Lee et al. 2012;
Trijatmiko et al. 2016). Overexpressing OsIRT1 gene and mugineic acid synthesis
genes from barley HvNAS1 (Hordeum vulgare nicotianamine synthase 1),
HvNAAT-A (Hordeum vulgare nicotianamine aminotransferase A), HvNAAT-B
(Hordeum vulgare nicotianamine aminotransferase B), IDS3 (iron-deficiency-spe-
cific clone 3) in GM rice either allow an increase in levels of zinc or make the plants
to absorb more Zn from the soil (Masuda et al. 2008; Lee and An 2009). Quality of
protein in rice can be improved by targeting essential amino acids by allowing the
expression of seed-specific genes of bean β-phaseolin, pea legumin; soybean
glycinin, Sesame 2S Albumin, bacterial aspartate kinase, dihydrodipicolinate
synthase (DHPS), maize DHPS, rice anthranilate synthase α-subunit, and E. coli

Table 4.2 Nutritional targets for biofortification of crops
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Table 4.3 Genetic modification of crops for their biofortification with various nutrients

Nutrients GM Crops Genes modified and transferred into 

host plants

References

Vitamins
β-Carotene and phytoene Rice β-Carotene desaturase and phytoene 

synthase (PSY)

Burkhardt et al. 

(1997)

Wheat Bacterial PSY and carotene 

desaturase genes

Cong et al. (2009)

Maize Bacterial crtB (phytoene synthase) 

gene

Aluru et al. (2008)

Soybean PSY and carotene desaturase Kim et al. (2012a, 

b)

Potato PSY, phytoene desaturase, and 

lycopene β-cyclase

RNAi to silence the beta-carotene 

hydroxylase gene (bch)

Diretto et al. 

(2006); Van Eck 

et al. (2007)

Tomato 1-deoxy-d-xylulose-5-phosphate 

synthase (dxs) and lycopene beta-

cyclase gene (beta-Lcy)

Wurbs et al. 

(2007)

β-Carotene Soybean PSY and carotene desaturase Kim et al. (2012a, 

b)

Cauliflower Insertion of a copia-like LTR (long 

terminal repeats) retrotransponson 

Lu et al. (2006)

Banana PSY gene (PSY2a) of Asupina 

banana

Waltz (2014)

Carotene, lutein, and total 

carotenoids

Sweet 

potato

Sweet potato orange (IbOr-ins) gene Kim et al. (2013)

Folate Rice GTP-cyclohydrolase I (GTPCHI) and 

aminodeoxychorismate synthase 

(ADCS)

Storozhenko et al. 

(2007); 

Blancquaert et al. 

(2015)

(continued)
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Table 4.3 (continued)

Ascorbic acid Maize Dehydroascorbate reductase (DHAR) Chen et al. (2003)

Potato Galactouronate reductase (GalUR) Upadhyaya et al. 

(2009)

Tomato GDP-mannose-3' 5' -epimerase 

[SlGME1, SlGME2], DHAR, and co-

expression of three genes GDP-

mannose pyrophosphorylase, 

arabinono1,4-lactone oxidase, and 

myo-inositol oxygenase 2

Zhang et al. 

(2011); Haroldsen 

et al. (2011); 

Cronje et al. 

(2012)

Tocotrienol and tocopherol Maize Homogentisic acid geranylgeranyl 

transferase (HGGT)

Cahoon et al. 

(2003)

Increased content of δ-

tocopherol and decreased 

content of γ-tocopherol

Soybean 2-methyl-6-phytyl benzoquinol 

methyltransferase genes (at-VTE3; 

at-VTE4)

Van Eenennaam 

et al. (2003)

Minerals

Iron Rice Nicotianamine aminotransferase, 

OsIRT1 (Oryza sativa iron transport 

protein 1), OsNAS1 (Oryza sativa

nicotianamine synthase 1), OsNAS2 

(Oryza sativa nicotianamine synthase 

2), soybean ferritin and common 

bean ferritin

Goto et al. (1999); 

Takahashi et al. 

(2001); Lee et al. 

(2012); 

Trijatmiko et al. 

(2016)

Wheat Ferritin gene from soybean and wheat 

(TaFer1-A)

Xiaoyan et al. 

(2012); Borg et al. 

(2012)

Maize Soybean ferritin and aspergillus 

phytase, aspergillus Niger phyA2, 

soybean ferritin, and silencing the 

expression of ATP-binding cassette 

transporter and multidrug resistance 

associated protein

Drakakaki et al. 

(2005); Shi et al. 

(2007); Chen et 

al. (2008); Aluru 

et al. (2011)

Lettuce Soybean ferritin gene Goto et al. (2000)

Zinc Rice OsIRT1 gene and mugineic acid 

synthesis genes from barley HvNAS1 

Masuda et al. 

(2008), Lee and 

(continued)
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Table 4.3 (continued)

(Hordeum vulgare nicotianamine 

synthase I), HvNAAT-A (Hordeum 

vulgare nicotianamine 

aminotransferase A), HvNAAT-B 

(Hordeum vulgare nicotianamine 

aminotransferase B), IDS3 (iron-

deficiency-specific clone 3) 

An (2009) 

Barley Phytase gene (HvPAPhy_a) Ramesh et al. 

(2004) 

Calcium Carrot Arabidopsis H+/Ca2+ transporter 

(CAX1) 

Park et al. (2004) 

Proteins and amino acids 

Proteins and amino acids 

(methionine, cysteine, lysine, 

tryptophan, aspartate) 

Rice Bean β-phaseolin, pea legumin; 

soybean glycinin, sesame 2S 

albumin, bacterial aspartate kinase, 

dihydrodipicolinate synthase 

(DHPS), maize DHPS, rice 

anthranilate synthase α-subunit, and 

E. coli aspartate aminotransferase 

Zheng et al. 

(1995); Sindhu et 

al. (1997); 

Katsube et al. 

(1999); lee et al. 

(2003); Wakasa et 

al. (2006); Zhou 

et al. (2009); 

Yang et al. (2016) 

Lysine, methionine, cysteine, 

and tyrosine) 

Wheat Amaranthus albumin gene (ama1) Tamas et al. 

(2009) 

Lysine and tryptophan Maize Antisense dsRNA targeting alpha-

zeins 

Huang et al. 

(2006) 

Lysine Barley DHPS gene (dapA) Ohnoutkova et al. 

(2012) 

Sorghum High lysine protein (HT12) (Zhao et al. 2003 

Cysteine and methionine Soybean O-acetylserine sulfhydrylase, maize 

zein protein and cystathionine γ-

synthase 

Dinkins et al. 

2001; Kim et al. 

2012a, b; Song et 

al. 2013; Hanafy 

et al. 2013) 

Methionine Common Methionine-rich storage albumin Aragao et al. 

(continued)
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Table 4.3 (continued)

bean from Brazil nut (1999)

Lupines Sunflower seed albumin gene Molvig et al. 

(1997)

Potato Cystathionine γ-synthase (CgSΔ90) 

and methionine-rich storage protein 

and seed storage protein from Perilla 

(PrLeg polypeptide

(Dancs et al. 

2008; Goo et al. 

2013)

Total protein Potato Amaranth albumin (ama1) Chakraborty et al. 

(2010)

Carbohydrates

Dietary fiber cyclodextrins 

from starch

Potato Cyclodextrin glycosyltransferases 

(CGT) gene

Oakes et al. 

(1991)

Fatty acids

α-Linolenic acid Rice Soybean omega-3 fatty acid 

desaturase (FAD3) gene (GmFAD3)

Anai et al. (2003)

Polyunsaturated fatty acids, γ-

linolenic acid, and stearidonic 

acid (STA)

Barley Δ6 -desaturase (D6D) gene Mihalik et al. 

(2014)

Lowering the levels of α-

linolenic acids

Increasing the levels of γ-

linolenic acid (GLA) and 

STA (ω-3 fatty acids)

Soybean siRNA-mediated gene silencing of ω-

3 FAD3

Δ6 -desaturase gene

Flores et al. 

(2008); Sato et al. 

(2004)

Unsaturated fatty acids Mustard Enzyme Δ6 FAD3 that led to the 

production of gamma linoleic acid

Hong et al. (2002)

Antioxidants

Flavonoids Rice Maize C1 and R-S regulatory genes 

[Myb-type and basic helix-loop-

helix-type transcription factors; and 

phenylalanine ammonia lyase and 

chalcone synthase (CHS) genes

Shin et al. (2006); 

Ogo et al. (2013)

Tomato RNAi technology to suppress 

photomorphogenesis regulatory gene 

known as light mediated 

Davuluri et al. 

(2005)

(continued)
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aspartate aminotransferase (Zheng et al. 1995; Sindhu et al. 1997; Katsube et al.
1999; Lee et al. 2003; Wakasa et al. 2006; Zhou et al. 2009; Yang et al. 2016). An
essential fatty acid α-linolenic acid is made to express in rice by transferring the gene
that codes for soybean omega-3 fatty acid desaturase (FAD3) gene (GmFAD3)
(Anai et al. 2003). Levels of flavonoids with antioxidant activity can be increased
by overexpressing maize C1 and R-S regulatory genes [Myb-type and basic helix-
loop-helix-type transcription factors; and phenylalanine ammonia lyase and
chalcone synthase (CHS) genes (Shin et al. 2006; Ogo et al. 2013). Rice grains
with the expression of functional human milk protein (lactoferrin) have resulted in
the development of value-added cereal-based ingredients that can be added into baby
food (Nandi et al. 2002).

One of the most widely grown staple food crop, wheat has been modified for the
overexpression of bacterial PSY and carotene desaturase genes for enhanced provi-
tamin A content; ferritin gene from soybean and wheat (TaFer1-A) for higher levels
of iron; Amaranthus albumin gene (ama1) to increase the levels of proteins and
amino acids; and maize regulatory genes (C1, B-peru) involved in anthocyanin
production for improving the antioxidant activity (Doshi et al. 2006; Cong et al.
2009; Tamas et al. 2009; Xiaoyan et al. 2012; Borg et al. 2012).

Table 4.3 (continued)

development protein (DET1)

Anthocyanin Wheat Maize regulatory genes (C1, B-Peru) Doshi et al. 

(2006)

Potato Chalcone synthase (CHS), chalcone 

isomerase (CHI) and dihydroflavonol 

reductase

Lukaszewicz et al. 

(2004)

Sweet 

potato

IbMYB1 (Ipomoea batatas R2R3 

MYB related transcription factor)

Park et al. (2015)

Tomato CHI gene Muir et al. (2001)

Isoflavone Soybean Maize C1 and R transcription factor-

driven gene activation

Yu et al. (2003)

Sterol Tomato Hydroxymethylglutaryl CoA (hmgr-

1)

Enfissi et al. 

(2005)

Chlorogenic acid Tomato Gene silencing of hydroxycinnamoyl-

CoA quinate transferase (HQT)

Niggeweg et al. 

(2004)

Trans-resveratrol Tomato Stilbene synthase Giovinazzo et al. 

(2005)

Resveratrol Apple Stilbene synthase gene from the 

grapevine

Szankowski et al. 

(2003)

Genistin Tomato Isoflavone synthase (IFS) Shih et al. (2008)
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Transgenic maize is produced to enrich it with provitamin A by expressing
bacterial phytoene synthase (crtB) gene; to increase the levels of tocotrienol and
tocopherol by expressing homogentisic acid geranylgeranyl transferase (HGGT); to
enhance the levels of Vitamin C (l-ascorbic acid) a water-soluble antioxidant to
nearly 100 times by recycling oxidized ascorbic acid to reduced form by
overexpressing dehydroascorbate reductase (DHAR); to enhance the bioavailability
of iron by expressing soybean ferritin and Aspergillus phytase, Aspergillus niger
phyA2, soybean ferritin, and silencing the expression of ATP-binding cassette
transporter and multidrug resistance associated protein (Cahoon et al. 2003; Chen
et al. 2003; Drakakaki et al. 2005; Shi et al. 2007; Aluru et al. 2008; Chen et al. 2008;
Aluru et al. 2011). Transgenic maize with higher content of lysine is marketed under
the trade name of Mavrea™ Yield Gard Maize by Monsanto in Japan and Mexico;
Mavera™ Maize (LY038) by Renessen LLC (Netherland) in Australia, Columbia,
Canada, Japan, Mexico, New Zealand, Taiwan, USA. These maize varieties are
produced by antisense dsRNA targeting alpha-zeins (maize seed storage proteins
with poor nutritional quality) (Huang et al. 2006).

Phytase gene (HvPAPhy_a) has been overexpressed in barley seeds to increase
the bioavailability of iron and zinc (Ramesh et al. 2004). Lysine content has been
enhanced in barley by overexpressing DHPS gene (dapA) (Ohnoutkova et al. 2012).
Overexpression of cellulose synthase-like gene (HvCslF) results in the higher levels
of dietary fibers in GM barley which significantly reduce the risk of contracting
cardiovascular disease and type II diabetes in humans (Burton et al. 2011). Levels of
polyunsaturated fatty acids, γ-linolenic acid, and stearidonic acid (STA) can be
enhanced by expressing Δ6-desaturase (D6D) gene in transgenic barley (Mihalik
et al. 2014).

4.3.4.2 Legumes and Pulses
Transgenic soybean has been modified for enhanced levels of beta-carotene through
overexpression of PSY and carotene desaturase; increased content of δ-tocopherol
and decreased γ-tocopherol by co-expressing 2-methyl-6-phytyl benzoquinol
methyltransferase genes (At-VTE3; At-VTE4); higher levels of sulfur-containing
amino acids, cysteine and methionine by expressing sulfur assimilatory enzyme,
O-acetylserine sulfhydrylase, maize zein protein and cystathionine γ-synthase; and
increased levels of isoflavone which is associated with reduced risk of heart disease,
reduced menopausal symptoms, and reduced risk of some hormone-related cancers
by overexpressing the combination of maize C1 and R transcription factor-driven
gene activation and suppression of a competing pathway (Dinkins et al. 2001; Van
Eenennaam et al. 2003; Yu et al. 2003; Kim et al. 2012a, b; Song et al. 2013; Hanafy
et al. 2013).

Of the 20% oil in soybean, 7–10% of oil is rich in unstable fatty acid α-linolenic
acids which reduce its seed oil quality due to the formation of undesirable trans-fatty
acid as a result of hydrogenation. To enhance its agronomic value, the levels of
α-linolenic acids are reduced by siRNA-mediated gene silencing of ω-3 FAD3
(Flores et al. 2008). However, to increase the content of γ-linolenic acid (GLA)
and stearidonic acid (STA) (ω-3 fatty acids), soybean has been genetically modified
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for the overexpression of Δ6 -desaturase gene (Sato et al. 2004). Mustard, an
economically significant crop has been modified for enhanced levels of unsaturated
fatty acids by overexpressing the gene that codes for enzyme Δ6 FAD3 that led to
the production of gamma linoleic acid (Hong et al. 2002).

4.3.4.3 Vegetables and Fruits
Potatoes being the world’s fourth most important source of calories have been
extensively researched to enhance its nutritional content. Potato tubers are enriched
with beta-carotene by incorporating the genes for PSY, phytoene desaturase, and
lycopene β-cyclase or by using RNAi to silence the beta-carotene hydroxylase gene
(bch) which converts beta-carotene to zeaxanthin (Diretto et al. 2006; Van Eck et al.
2007). Potatoes are targeted to enhance the content of vitamin C (ascorbic acid) by
overexpressing strawberry GalUR (galacturonate reductase); methionine by
co-expressing cystathionine γ-synthase (CgSΔ90) and methionine-rich storage pro-
tein and seed storage protein from Perilla (PrLeg polypeptide); total protein content
by expressing Amaranth albumin (ama1); carbohydrate content by expressing
cyclodextrin glycosyltransferases (CGT) gene to produce dietary fiber cyclodextrins
from starch; anthocyanins by simultaneous expression of CHS, chalcone isomerase
(CHI), and dihydroflavonol reductase (Oakes et al. 1991; Lukaszewicz et al. 2004;
Dancs et al. 2008; Upadhyaya et al. 2009; Chakraborty et al. 2010; Goo et al. 2013).
Sweet potato, an alternative source of bioenergy and natural antioxidants are geneti-
cally modified to increase the contents of carotene, lutein, and total carotenoids by
overexpressing sweet potato orange IbOr-Ins gene in white fleshed sweet potato and
anthocyanins by overexpression of IbMYB1 (Ipomoea batatas R2R3 MYB related
transcription factor), a key regulator of its biosynthesis in storage roots (Kim et al.
2013; Park et al. 2015).

Cassava, another staple crop, although is resistant to different types of stresses but
deficient in many nutrients. Transgenic varieties of cassava biofortified for increased
levels of iron, beta-carotene, and zinc are under development and field trials. Levels
of beta-carotene, vitamins, and minerals are high in carrots but it is deficient in
calcium content. Transgenic carrots are being developed by over expressing the
Arabidopsis H+/Ca2+ transporter (CAX1) to enrich it with high calcium concentra-
tion (Park et al. 2004). Transgenic lettuce, the most popular leafy vegetable, is
developed to enrich it with iron levels by expressing a soybean ferritin gene (Goto
et al. 2000). Nutritional values of cauliflower which is rich in antioxidant
phytonutrients are further enhanced with beta-carotene by the insertion of a copia-
like LTR retrotransponson in the Or (mutant orange cauliflower) (Lu et al. 2006).

Tomato is the most popular worldwide and an important source of vitamin C,
micronutrients, and other phytonutrients. Higher concentration of isoprenoid lyco-
pene contributes to its red color. Efforts are being made to increase the levels of other
isoprenoids like sterol by overexpressing 3-hydroxymethylglutaryl CoA (hmgr-1);
phytoene and beta-carotene by expressing 1-deoxy-d-xylulose-5-phosphate synthase
(dxs) and lycopene beta-cyclase gene (beta-Lcy); flavonoid contents by using RNAi
technology to suppress photomorphogenesis regulatory gene known as light
mediated development protein (DET1); ascorbic acid by overexpressing
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GDP-mannose-30,50-epimerase [SlGME1, SlGME2], DHAR, and co-expression of
three genes GDP-mannose pyrophosphorylase, arabinono1,4-lactone oxidase, and
myo-inositol oxygenase 2; anthocyanin by expressing CHI gene; chlorogenic acid
by gene silencing of Hydroxycinnamoyl-CoA quinate transferase (HQT); trans-
resveratrol by expressing stilbene synthase; and genistin by the overexpression of
isoflavone synthase (IFS) gene (Muir et al. 2001; Niggeweg et al. 2004; Giovinazzo
et al. 2005; Enfissi et al. 2005; Davuluri et al. 2005; Wurbs et al. 2007; Shih et al.
2008; Zhang et al. 2011; Haroldsen et al. 2011; Cronje et al. 2012). Transgenic apple
has been targeted with stilbene synthase gene from the grapevine for its enhanced
production (Szankowski et al. 2003). Banana, an important food crop has been
bioengineered with PSY gene (PSY2a) of Asupina banana to increase the expression
of beta-carotene (Waltz 2014).

4.4 Public Acceptance of GM Crops

Farming of GM crops has been massively increased since the time witnessed their
development on laboratory scale. GM crops have become the fastest adopted crop
technology in the history of modern agriculture. In 2018, GM crops are being
planted by approximately 17 million farmers over 191.7 million hectares in
26 countries. Currently, total of 10% of world’s arable surface area is being utilized
for GM crops plantation and this corresponds to an increase of 113 fold since 1996.
According to the International Service for the Acquisition of Agri-biotech
Applications, five industrial countries plant GM crops as a major share of 46% on
88.6 million hectares of land (https://www.isaaa.org/resources/publications/
pocketk/16/). Soybean, maize, cotton, and canola are the majorly grown GM crops
worldwide.

4.4.1 Global Acceptance of GM Crops Among Farmers

Import and or cultivation authorizations have been issued by more than 65 countries
since 1994. Adoption rate of GM crops like maize, cotton, and soybean in the USA;
soybeans in Brazil and Argentina; cotton in India and China; and oilseed rape in
Canada skyrocketed to more than 90% within no time of their inception (James
2014). One of the interesting examples citing the significance of herbicide tolerant
GM soybean comes from Romania. Owing to high adoption rate of 68% of GM soy
varieties that were grown on 137,000 ha land, its production soared and the surplus
soybeans were exported to other European countries in 2006. In 2007, when
Romania joined the European Union, farmers were declined cultivation authoriza-
tion of GM soy and they were forced to grow conventional seed varieties. This
marked the heavy shrinkage in the GM soy planting area by 70% and strong
reduction in profitability. As a result of which, Romania became dependent on
expensive soybean imports like the rest of Europe (Otiman et al. 2008).
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More than 95% of food-producing animals (100 billion animals during the last
decade) consume GM feed in USA alone. No detrimental effects of the GM feed
versus conventional feed on the health and performance of these animals were
observed (Van Eenennaam and Young 2014). Transgenic, papaya ringspot-virus
(PRSV) resistant papaya trees were introduced in Hawaii in 1998, but their cultiva-
tion gained momentum following the devastating outbreak of PRSV infections.
Growing transgenic varieties greatly helped Hawaii papaya industry was saved
from extinction (Gonsalves and Gonsalves 2014). Besides saving crop from extinc-
tion, increase in farmer’s average profits by 68%; increase in crop yields by 22%;
decline in the expense for pesticides by 39%; saving of time; ease of use and more
flexibility in planning for crop plantation are some of the pronounced benefits
associated with GM varieties compared to the conventional crops. Hence, despite
higher seed cost for genetically modified varieties, farmers profit financially by
planting them (Qaim 2009; Carpenter 2013; Fernandez-Cornejo et al. 2014; Brookes
and Barfoot 2014).

4.4.2 Consumers’ Attitudes Towards GM Crops

Despite superficial awareness and knowledge about GM foods, majority of
consumers in USA expressed little or no concerns about food and agricultural
biotechnology and were likely to buy GM food products. Permissive approval
policies for GM food products are adopted by the United States authorities where
the finished products are not required for GM labeling. Nevertheless, contrary to the
situation in USA, stringent approval policies for GM crop cultivation and strict
labeling regulations in the finished food and feed products (if it contains genetic
modifications) for GM food are being adopted by the European Union since 1990
(Bernauer and Meins 2003; Du 2014).

Anti-GMO activists belonging to non-government organizations are although
less successful in USA but in Europe, their often-sensationalistic campaigns
highlighted GMOs as a threat to biodiversity, farmer autonomy, and food safety
(Ansell et al. 2006; Doh and Guay 2006). Government policies and campaigns
against GMOs by the activists together leave negative perception. As a result, a
large percentage of consumers in Europe do not intend to purchase GM food
compared to the consumers in USA. Owing to the potential benefits of GM crops,
the percent of GM food supporters in Europe are being increased year by year.
Remote availability of GM food in the market and negative voice of administration
do not deter the European consumers to avoid purchase of GM foods (Aerni 2011).
Spain and Portugal are among the countries which grow Bt maize and have the
highest GM food approval rate. Countries like Austria, Germany, or France ban GM
cultivation and have a very low approval rate (Gaskell et al. 2010).

In other geographical regions like China, government is investing huge sums of
money towards the development and cultivation of GM crops to meet the food
demands of its growing population. GM insect-resistant cotton and Bt rice have
fetched special attention for their commercial planting by the Chinese government.
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Development and cultivation of GM crops on large scale have brought significant
global welfare gains. The principal countries over the past few years that gained
economically the most from the GM crops are USA (US$7.3 billion), Brazil (US$3.8
billion), India (US$1.5 billion), Argentina (US$2.1 billion), China (US$1 billion),
Canada (US$0.82 billion), and others (US1.8 billion) for a total of US$18.2 billion.
Global GM crops and seeds market revenue are expected to increase by 8.3% in
2022 to 10.5% in 2025 (Brookes and Barfoot 2018). Of the global economic profit,
48% is shared by the farmers in the industrial countries while 52% is shared by the
farmers in the developing countries. Other than farmers, seed and technology
providers and consumers also reap a significant fraction of the total welfare gain.
Alleviating pressure to expand agricultural surfaces because of increased GM crop
productivity; reduced environmental footprint of production methods; reduced
emission of greenhouse gases; and safe environment are the other significant benefits
associated with GM crops (Carpenter 2011; Barfoot and Brookes 2014).

4.5 Conclusion

The future of GM technologies seems to be very promising to meet the global needs
for food, feed, and fiber in a sustainable manner. Advancements in the genome level
technologies and conventional breeding methods pave the way to generate the
effective variants/ genes and exploit their inheritable functions in the genetically
modified plants for improved quality and yield. In today’s era, it is highly imperative
to spread the awareness about the social gains, economic benefits, and health
improvements obtained through GM crop adoption to the (i) farmers and consumers
in order to make informed-choice about the crops to be grown and consumed,
respectively; (ii) policy makers and regulators to design and enable the biosafety
guidelines to adopt and commercialize GM crops; and (iii) science and media
communicators to disseminate the potential benefits of the GM technology among
the masses.
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Abstract

Within a span of about 20 years, transcriptomics has established itself as an
indispensible tool in almost all the areas of plant research. This chapter provides
information on the rapid development of this important research area over a short
period. Here, we present an overview of plant transcriptomics with an outline of
the basic processes and tools including study design, RNA isolation, library
preparation, sequencing platforms and bioinformatics analyses for annotation,
pathway mapping and differential gene expression. A brief overview of the
current status of transcriptomics in plants is presented followed by examples
from a fibre producing plant, jute (Corchorus spp., Malvaceae), where
transcriptomic researches have been proved very useful to understand biology
and genetics of economically important traits.
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5.1 Introduction

Analysis of genes and genomes is a major research arena for understanding life
process. A genome encompasses the whole set of inherited genetic material, carrying
genes, regulatory sequences, repetitive elements and other components. Only a small
part of it carries active genes, many of which are differentially expressed in tissues
during various developmental phases or/and in response to external stimulations. If
any of these conditions (time, cell or tissue type or environment) change, the cell
adjusts to the new condition by changing the pattern and degree of gene expression.
The term transcriptome, first used by Charles Auffray in 1996 (Piétu et al. 1999),
refers to the total set of expressed mRNA molecules in a particular cell/cell type at a
given physiological state in a specific environment. Such dynamic nature of
transcriptome, which is not observed at genome level, provides opportunities to
study the response of the organism to the change in environment or to study its
growth and development. By analogy, transcriptomics is a collection of tools and
techniques used to study the transcriptome. Over time, the use of the term
‘transcriptomics’ has expanded to include other coding and non-coding RNAs
expressed in the cell, such as long non-coding RNA, as the same techniques can
be used for mRNA or other RNA characterization by tweaking crucial steps. In plant
science, transcriptomics is employed in various research arenas, such as to study
environmental responses of plants under biotic or abiotic stresses, to understand
basic biological processes like germination or fertilization, to identify genes and
metabolic pathways, to decipher biological basis of crop productivity or to mine for
novel phytochemicals from plant sources. Transcriptomics also helps to identify
potential targets for a disease (e.g. ssRNA virus can be targeted using CRISPR/
Cas12a/DNA ternary complex) and discovery of gene regulatory proteins
(e.g. ChIP-Seq helps in identification of transcription factor and their exact binding
sites on DNA). Its application has been extended to the areas of genomic manipula-
tion, such as DNA free genome editing, which relies on RNA rather than DNA for
making transgenic using CRISPR-Ribonucleoprotein complexes. Thus,
transcriptomics has applications beyond identification of genes and characterization
of their functionality and is an indispensable tool for solving fundamental biological
questions.

While the sequencing technologies are same for both the genome and the
transcriptome, the output sequence information has some basic differences. First of
all, genome sequencing captures all the coding and non-coding sequences by first
sequencing raw reads (contigs), and then stitches these contigs to a full length
genome sequence. Transcriptome sequencing, on the other hand, captures all the
mRNA sequences that are synthesized in a specific tissue/cell, where multiple copies
of one particular gene are captured, each transcript being a ‘raw read’. These are then
aligned and matched with the gene sequences present in the genome (reference
based) or de novo (based on robust gene identification algorithms). This allows a
quantitative evaluation of transcript abundance by comparing the relative copy
number of a read. Thus, relative expression of a gene in two or more transcriptomes,
ideally from same plant and sequenced using same platform can be done to
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understand the biological role of the gene. This ability to interpret gene function is
the most important strength of transcriptomics, which cannot be obtained from
genome sequencing. Second, genome sequence is individual-level information;
thus it is fixed for a genotype. Transcriptome sequence, on the other hand, exhibits
variations in different cells within a genotype. Even the same cell exhibits difference
in transcriptome sequence under different environmental stimuli, making the
transcriptome much more variable and informative than the genome. This inherent
variability allows a wider application of transcriptomics in biological sciences,
particularly to study development and responses to environmental changes. Third,
gene expression is controlled by a variety of regulators, including small molecules,
other genes (transcriptional factors), methylation (epigenomic modification), and
external factors. This multi-dimensional cross-talk makes interpretation of
transcriptome data more complex. Obviously, such dimensional complexity of
transcriptome data requires specific robust mathematical analysis, big data analysis
platforms and trained human resources to find the desired ‘needle’ from the
transcriptomic haystack. To provide a better overview of transcriptomics, some
specific terminologies are presented in Table 5.1.

5.2 Historical Development

Although expression analysis has long been utilized as a technique to establish gene
functionality, large scale cDNA analysis was first undertaken under the Human
Genome Project. In a seminal work published in the journal ‘Science’, Adams
et al. (1991) generated 600 expressed sequence tags (EST) after cloning randomly
selected cDNA from human brain tissue and showed that 337 of these coded for
novel genes. They predicted that their approach would allow mapping most of the
human genes within a few years. Within 5 years, the first human transcript map
carrying 16,000 genes was generated (Schuler et al. 1996). Since then, this approach
of large-scale gene characterization through cloning and sequencing of ESTs has
been proved to be extremely useful for gene identification and characterization. A
variety of subsequent methods were developed, ultimately bypassing the cloning
step (direct sequencing of cDNA fragments). Development of DNA microarray
technique (Schena et al. 1995) was the first milestone for large-scale gene expression
analysis. Several large-scale platforms of microarray based gene expression systems
emerged rapidly, including serial analysis of gene expression (Velculescu et al.
1995) and cDNA fingerprinting (Clark et al. 1999). At the same time, new clustering
and multivariate algorithms for robust statistical analysis of large-scale gene expres-
sion data started to appear. One such clustering technique (Eisen et al. 1998) came
from David Botstein’s group, who is well-known as a pioneer researcher in DNA
marker development. The research in plant transcriptomics gained momentum when
Zhu and Wang (2000) designed the first large-scale expression array containing
8835 probes for Arabidopsis genes and generated over 500 transcriptome profiles.
Since then, almost all the branches of plant science have resorted to transcriptome
analysis for solving research problems, which can be envisaged from the sharp rise
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in research publications. A search in Pubmed Central of the US National Library of
Medicine (https://www.ncbi.nlm.nih.gov/pmc) with keyword ‘plant transcriptome’
retrieved only 22 hit in 2000, which increased rapidly to 10,408 in 2020. By 2019,

Table 5.1 Terminologies associated with transcriptomics

Terminology Explanation

Adapter Short oligonucleotide sequences that are ligated to the 50 and 30 ends of
DNA fragment during library preparation for sequencing. They match to
the sequences present on the surface of the flow cells

Alignment The process of matching two sequences. Two types of alignment
strategies, local alignment and global alignment are used for aligning two
nucleotide sequences

Barcode (tag) A unique DNA sequence attached to template sequence before
sequencing. Useful for multiplex sequencing, pooling of libraries, post-
sequencing analyses, etc.

Cluster Multiple copies of a sequence around a template, formed by bridge
amplification. Each cluster grows in size as sequencing proceeds until a
desired size of about 1000 copies are reached, and represents a single
template sequence

Contig A stretch of continuous nucleotide sequence

Coverage level The average number of sequenced nucleotides that match with the
reference nucleotide

De novo Assembly Assembly of a set of RNA sequences without the support of a reference
sequence

FASTQ file A text output file of NGS sequencing containing the sequence and quality
information of every sequenced base

Flow cell A specially designed glass slide containing lanes for sequencing. The
templates are fixed (immobilized) on the flow cell surface, so that enzymes
can synthesize multiple copies using the template as source

Indels Insertions and deletions in DNA sequences. Indels identified from a
transcriptome analysis may be due to sequencing error or due to true
mutations

Kmer length A sequence can be broken down into small sequences (words) that can be
overlapping or non-overlapping. These are used for rapid matching of
sequences during matching with reference genome or matching between
multiple sequences. The length of the word is the kmer length

Paired-end
sequencing

Sequencing a fragment of DNA from both end

Q-score A measure for error in base calling during sequencing. A Phred score is a
quality score defined by the negative logarithm of the error probability

Reference-based
assembly

Assembly of a set of RNA sequences based on a reference sequence

RNA-seq An abbreviation of ‘RNA-sequencing’, a technique for sequence analysis
of RNA from a sample. The sample can contain full spectrum of the RNA
of a cell, tissue or organism (transcriptome), specific components of RNA
(mRNA, snRNA, etc.), or partial sequences

Variant discovery Identification in variation in genetic material between two cell, tissue or
individual. Detects single nucleotide polymorphism (SNP), InDel
(insertion-deletion) and variation in RNA secondary structure
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the One Thousand Plant Transcriptome Initiative sequenced the transcriptomes of
1124 species of Viridiplantae, and reconstructed the phylogeny of the major clades.
To date, this is the most exhaustive documentation of plant transcriptomics. Analysis
of major gene families revealed the role of gene and genome duplications in
evolution although some components of the species tree remain still unresolved.
The same group is now working on transcriptomics of ten thousand plants to develop
a more robust phylogenetic species tree.

Advances in next-generation sequencing as well as biocomputing technologies
during the past two decades resulted in development of several approaches for
sequencing of genome and transcriptome. The first generation sequencers developed
by Applied Biosystem Instruments (ABI) employed Sanger sequencing with fluo-
rescent probes and used early-generation computers to collect and analyse data. In
1982, GenBank, the first public repository for sequence data was established, and a
number of genome sequences were deposited by 2000. Two very important
technologies, polymerase chain reaction (PCR) and shotgun sequencing
revolutionized the field of genome sequencing and analysis during this period.
However, post-2000 period was dominated by various new chemistry-based
sequencing technologies, collectively referred as next-generation sequencing
(NGS) technologies. The first wave came with the development of sequencing by
synthesis (SBS), a technology based on massively parallel signature sequencing
(MPSS) on microbeads. The commercial venture of MPSS was started by Lynx
Therapeutics. Shankar Balasubramanian and David Klenerman developed the SBS
technology and formed Solexa. Lynx Therapeutics merged with Solexa in 2005 and
Solexa was acquired by Illumina in 2007. In 2004, 454 Life Science (now acquired
by Roche) offered a pyrosequencing based NGS platform, and new models based on
this system came in 2005-06 (454 GS 20), 2007 (454 GS FLX) and was further
improved such as 454 GS FLX+, but was discontinued in 2013. By 2005, another
commercial venture, Life Technologies developed SOLiD (Sequencing by Oligonu-
cleotide Ligation and Detection). Illumina Inc. after acquiring Solexa started its own
sequencing platform in 2009 and developed three very popular sequencing
technologies, Hiseq, Miseq and Novaseq, and later developed Genome Analyzer
platform, which is also based on SBS. A third generation of sequencing platforms
like Pac Bio, nanopore and electron microscopy-based systems are currently being
developed and utilized for large-scale sequencing, filling of gaps in existing
sequences and resequencing of hundreds and thousands of samples. These
improvements led to drastic reduction in cost and time of sequencing whole genome
and transcriptome. A timeline of various events in transcriptome analysis is
presented in Table 5.2.

5.3 Pipeline for Transcriptome Analysis in Plants

A pipeline or workflow of transcriptome analysis is an outline of the sequential
processes to be followed to generate a transcriptome sequence and further analyse it
as per the researcher’s requirement. The processes can be divided in few major steps,
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Table 5.2 A timeline of different transcriptomics technologies

Technology
intervened

Year of
intervention Reference Comment(s)

Northern Blot 1977 Alwine et al. Gene specific detection, not
applicable for global gene
profiling

Sanger sequencing 1977 Frederick Sanger First sequencing platform but
very slow and costly

RT-PCR 1984 After PCR discovery
by Kary Mullis

For cDNA synthesis from
mRNA, routine transcriptome
work

Microarray/
Affymetrix gene chip

1990s Fodor et al. (1991),
Schena et al. (1995)

Gene expression profiling and
differential gene expression
study

RACE 1989 Frohman and Martin For cDNA end information, not
useful for global transcript
profiling

ESTs 1991 Adams et al. High throughput single pass
partial cDNA sequencing; now
EST-clusters (unigene) used

Competitive PCR 1992 Siebert and Larrick For differential gene
expression analysis, not used
recently

Antisense/Co-
Suppression

1992 Richard Jorgensen Functional transcript knocked
down, targeted approach, now
become obsolete

Improved DDRT-
PCR

1993 Liang et al. Differential gene expression
study, target specific approach,
not useful in organism level

Microarray system 1995 P Brown and R Davis cDNA sequences on glass
slides

SAGE/CAGE 1995 Veculescu et al. Representative partial
sequencing of transcripts, tags
gives useful information about
cell/tissue specific transcript
profile.

Two-dimensional
microarray

1995–96 P Brown’s group Fluorescent detection, high
speed

Initiation of the
concept of
‘sequencing by
synthesis’

Mid 1990s S. Balasubramanian,
and D. Klenerman at
Cambridge

Detected motion of DNA
polymerase during synthesis by
fluorescent labelling

Patent filed for
nanopore sequencing

1995 Church, Deamer,
Branton and
colleagues

The concept of nanopore
sequencing developed

SSH 1996 Diatchenko et al. Identify novel gene, very
useful tool but not amenable
for whole transcriptome level

(continued)
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Table 5.2 (continued)

Technology
intervened

Year of
intervention Reference Comment(s)

RNAi 1998 Fire et al. Targeting mRNA for
functional validation, gene
specific approach

Clustering of
microarray data

1998 Eisen et al. Improved statistical analysis
and interpretation

Oligonucleotide
microarray system/
GeneChip platform

1999 Affymerix In situ synthesis of oligos on
chip

Massively Parallel
Signature
Sequencing (MPSS)

2000 Brenner et al. Sequencing throughput
accelerated, useful for cell level
when using NGS technology

qRT-PCR/Real-Time
PCR-based analysis

2001 Livak et al. Quantification of mRNA
expression

Next Generation
Sequencing (NGS)
platforms

2004
onwards

Various commercial
ventures

See previous section for
historical development

454 sequencing 2005 Life Sciences (Roche
Diagnostics)

Used for transcriptome study,
technology withdrawn in 2013

SOLiD (Sequencing
by Oligonucleotide
Ligation and
Detection)

2006 Applied Biosystems
Inc. (later Life
Technologies)

Can generate 60 Gb data per
run

Genome Analyzer 2006 Solexa Sequenced 1 GB per run

Single molecule
detected by nanopore

2008 Gundlach’s group Used MspA nanopore

Single Molecule
Real-Time (SMRT)
sequencing

2009 Craighead, Korlach,
Turner and Webb

Sequencing is performed in a
SMRT cell containing
nanowells

Third generation
sequencing (TGS)
platforms

2009
onwards

Various commercial
ventures

Pacific Biosciences, Oxford
Nanopore Technology,
Quantapore (CA-USA), and
Stratos (WA-USA)

Single Molecule
Real-Time (SMRT)
sequencing
commercialized

2011 Pacific Biosciences Can sequence longer reads,
base calling less accurate than
Illumina short read sequencing

MinION sequencer 2014 Oxford Nanopore Portable device, up to 30 GB

NovaSeq platforms 2017 Illumina Up to 6 TB read capacity

HiFi (High Fidelity) 2019 Pacific Biosciences Can generate Circular
Consensus Sequences (CCSs)
approximately 10–20 kbp-long

Sequel II sequencer 2019 Pacific Biosciences Contains 8 million nanowells
SMRT Cell, capacity 160 GB.

R10 Nanopore
sequencing

2019 Oxford Nanopore Double sensor for more
efficient base calling

5 Transcriptomics in Plant 105

https://en.wikipedia.org/wiki/Pacific_Biosciences
https://en.wikipedia.org/wiki/Oxford_Nanopore_Technologies
https://en.wikipedia.org/wiki/Oxford_Nanopore_Technologies


namely, design of the study, RNA isolation, prepare a sequencing library, sequenc-
ing of the library, processing of the raw reads to obtain clean reads, assembly of the
sequences and annotation of the transcriptome (Fig. 5.1). Further bioinformatics or
wet-lab analyses are performed based on the research need. A transcriptome analysis
pipeline can be objective specific. For example, several pipelines have been devel-
oped for differential gene expression analysis.

5.3.1 Transcriptomic Study Design

Any experiment needs to be planned methodically by applying appropriate tool
(s) for testing the hypothesis. Testing a biological hypothesis using transcriptomics
requires selecting an appropriate sequencing platform, determining the number of
replicates and use of a statistically robust design. In plant RNA-seq experiments, at
least three biological replicates are recommended by the European Molecular Biol-
ogy Laboratory (EMBL). Biological replicates are, however, only required when
inferences are to be drawn on population rather than the individual organism itself.
In case of studies with plant, we primarily draw inference on population, so
determining the number of biological replicates is essential for drawing a robust
conclusion. In some cases, however, biological replicates may be avoided. For
example, if in some experiment two tissues from the same plant are compared, or
two plants of same genotype cultured in same flask are compared, one may not use
biological replicate. But usually in an experiment, particularly for differential gene
expression analysis, plants are grown in different conditions, where biological
replicates are required. Selecting technical replicates depends on the technical
reproducibility of the sequencing platform, which is high for most of the advanced
sequencing systems although several processes during library preparation can intro-
duce bias in output. Cost is another important issues, because with each replicate
sequencing cost is increased, thus the researcher has to sacrifice some accuracy in
case of budget constraint. A number of statistical techniques are available for
interpreting un-replicated transcriptome data. Software like NOISeq (Tarazona
et al. 2011) and GFOLD are effective for expression analysis of genes that have
strong biological response (Khang and Lau 2015). Use of three or more replicates
improves the power of the study, allowing identification of genes with weak
biological response.

Another important issue is the read depth/read coverage of the transcriptome. If
the experiment is a pilot scale study, or high quality reference sequence information
is available, one may select low read depth and more number of replicates. But if the
RNA-seq sequencing is de novo, more read depth would be preferable. Although
such benchmark studies are rare, Liu et al. (2013) observed that an increase in
number of DE genes with sequencing depth has diminishing returns after 10 million
reads and suggested increasing replication over read depth. Lamarre et al. (2018)
observed that the optimal threshold to control the false discovery rate (FDR) is
approximately 2�r (r ¼ replicate number). They showed that 20 million reads per
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Fig. 5.1 A simplified pipeline for transcriptomics in plant
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sample and four biological replicates would be required to capture 1000 differen-
tially expressed genes in tomato.

5.3.2 RNA Isolation and Processing

Transcriptomics starts with quality RNA isolation. Since there are various kinds of
RNA in cell that differ in length, the procedure for isolation of RNA will vary based
on the experimental requirement. Standard RNA-seq captures only the protein
mRNAs that are generally >200 bp, thus the RNA isolation procedure is
standardized in such a way that short RNAs (<100 bp) are washed out, and the
isolated RNA is enriched with mRNAs. To isolate short RNAs, specific silica-based
membranes are used. The quality of RNA, in addition to standard spectrophotomet-
ric quality assessment, is evaluated by RNA integrity number (RIN), which is
determined in an Agilent BioAnalyzer by 18s/28s rRNA electrophoresis. A RIN
value of >7 (range 1–10) is well accepted for RNA-seq analysis. The next step is to
remove the rRNA and tRNA, which together constitutes 96–98% of the total RNA
sample, and to retain only mRNA (2–3%) in the sample. The mRNA portion is
recovered from the total RNA pool by poly-dT primers that specifically bind to the
poly-A tail of mRNA. Alternatively, the rRNA and tRNA can be removed by
binding to probes specific to these RNAs. In case of mRNA capture, long
non-coding RNAs (lncRNA) are also removed, so this method cannot be used to
capture and sequence lncRNA. On the other hand, probe based methods are not full-
proof and some rRNA and tRNA remnants are always present in the sample after
processing. This method also requires probe information, which requires prior
sequence knowledge.

5.3.3 Library Preparation

The preparation of sequencing library is the most important step of RNA-seq. It
depends on the sequencing platform and sequencing strategies used. Principally, a
RNA-seq library is a pool of cDNA fragments (in case of sequencing by synthesis).
On an Illumina platform, the RNA pool is fragmented to a size of 50–300 bp (read
length) either enzymatically, chemically or mechanically. The cDNA is synthesized
either by single end sequencing or paired-end sequencing using reverse transcrip-
tase, using a specific PCR system called bridge amplification. For the first strand
synthesis, oligo-dT primer, random primer or adaptor ligated primers can be used,
each of which has its own advantages and limitations. The oligo-dT primers are
biased towards 30-end, and will miss all the fragments that lack poly-A tail. Random
primers capture all these fragments but suffer from drawbacks like non-random
binding and loss of strand information. The ligated primers are better than the
other two systems for capturing the mRNA pool. The second strand is synthesized
by DNA polymerase using specially designed primers.
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5.3.4 Library Sequencing

Different sequencing platforms employ different strategies for sequencing the cDNA
library. The following are the major sequencing platforms widely used in plant
transcriptomics. Technological advances in each of these systems have resulted in
tremendous improvement in sequencing power, output quality and cost reduction.

5.3.4.1 Roche (454) FLX
454 Life Sciences (Roche Diagnostics) was first commercialized in 2005 and
currently Genome Sequencer (GS) FLX System and GS FLX Titanium series
platforms are available. After preparing template as discussed above, beads along
with the attached DNA fragments are removed from the emulsion and loaded into the
wells (PicoTiter Plate). Each well contains only one bead. Pyrosequencing principle
(luciferase-based light detection on pyrophosphate release when a base is added in
sequencing process) is used for sequencing (Ronaghi et al. 1996). From template
preparation to data processing the FLX system (read length 450–500 bases) takes
10 h per run (generates 400-Mb sequence data). Recently developed GS FLX
Titanium XL+ platform can generate 1 Gb sequence data with read length of
1000 bp.

5.3.4.2 Illumina/Solexa
The Illumina sequencing system is based on the principle of sequencing by synthesis
(SBS). The solid phase PCR is then carried out inside flow cell, which is also called
fold-back PCR or bridge PCR (Fedurco et al. 2006). The system works on reversible
terminator technology. The templates are immobilized on a proprietary flow cell
array and are ligated with adaptors carrying barcode or inline index (both are unique
short sequences to discriminate reads of different pools). After the first cycle of
cDNA elongation, the 50 end of the single strand DNA bends and binds to a
functional group on the flowcell, and the original templates are washed away. The
bridge fragments are made double stranded and PCR is performed on these bridges
to generate several millions of dense clusters. The first sequencing cycle is
performed by adding four fluorescently labelled terminator nucleotides with primers
and DNA polymerase. After incorporation of each dNTP, the polymerization is
terminated to image the fluorescence tag, the dye is enzymatically removed and
the next dNTP is incorporated to extend the chain, which allows recording of every
fluorescent signal, thereby determining the sequence of the template. Few recent
platforms like, Illumina Genome Analyzer 1 Gb and HiSeq 600 Gb are very popular.
Illumina read length generally varies from 35 to 150 bases. IlluminaHiSeq 2000
platform yields 400 Gb of sequence data in a single run (takes 7–8 days). Another
model, HiSeq X Ten can generate 1.8 Tb sequence data. In 2017, Illumina
introduced Novaseq platforms which are more efficient, generating up to 6 TB
sequence data and claims to complete sequencing of 48 genomes in less than
two days.
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5.3.4.3 ABI SOLiD
SOLiD (sequencing by oligonucleotide ligation detection) platform utilizes oligonu-
cleotide probes (8 bp long, each having two unique nucleotides at 30end and labelled
with fluorophore at the 50 end) ligation for detecting the base of transcripts while
sequencing. It was commercialized by Applied Biosystems in 2005 as SOLiD 3.0
platform (Shendure et al. 2005). In this technology, single layer beads are
immobilized in an acrylamide matrix on a glass slide along with attached DNA
molecules. A set of 16 oligos (for 4 bases of nucleic acid) are required for
hybridization with template cDNA while sequencing in each reaction. While
encoding base in sequencing, each unique base pair of 30 end of the probe is assigned
one out of four possible colours for ease of detection and analysis. During sequenc-
ing, each base in the template is sequenced twice and hence SOLiD technology is
said to be highly accurate. The SOLiD 3.0 platform yields read length of 50 bases
only and can generate approx. 20 Gb sequence data per run. SOLiD 5500 and
SOLiD 5500 XL systems were introduced to increase the sequence data of up to
300 Gb per run (Edwards et al. 2013).

5.3.4.4 Ion Torrent (Semiconductor-Based Life Technologies)
This technology was developed by Ion Torrent Systems Inc. and was
commercialized in 2010. It utilizes a semiconductor-based device, also called ion
chip, that senses the H+ ions generated during DNA extension by DNA polymerase
(measures the induced pH changes by the release of hydrogen ions (Rothberg et al.
2011)). The ion chip, having wells of 3.5-μm-diameter, is located directly over the
electronic sensor. The voltage signal is proportional to the number of bases
incorporated in the new strand synthesized by DNA polymerase and the detection
system is non-optical scanning, which eliminates use of fluorophores, thereby
reducing cost and increasing speed of detection. In 2012, another high throughput
technology was released, called ‘Ion Proton’, which increased output by an order of
magnitude of 10� but the read length was drastically reduced in comparison with
Ion Torrent (200 bp instead of 400 bp).

5.3.4.5 Pacific Biosciences
Single molecule real-time (SMRT) sequencing was developed by Nanofluidics, Inc.
and commercialized by Pacific Biosciences, USA. In this technology, template is
prepared through ligation of single-stranded hairpin structured adaptor to the cDNA
ends (thereby generating a bell-shaped structure called SMRT-bell). Single
molecules of DNA polymerase are immobilized at the bottom using biotin–
streptavidin interaction in zepoliter-sized wells, also called zero-mode waveguides
(ZMWs), and four dNTPs in high concentration with different fluorophore labelled
are used for rapid DNA synthesis using strand displacing polymerase (Levene et al.
2003). One advantage is that a cDNA molecule can be sequenced multiple times.
Moreover, direct sequencing instead of clonal multiplication allows the sequence to
be read in real-time (Eid et al. 2009). Each SMRT cell can generate �50 k reads and
up to 1 Gb of data in 4 h.
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5.3.4.6 Oxford Nanopore Technologies
In a nanopore system, a sequencing flow cell composed of hundreds of micro-wells
containing a synthetic bilayer and punctured by biologic nanopores (Wang et al.
2015). Sequencing is achieved simply by precise measuring the changes in current
induced as a result of incorporation of bases through the nanopores with the help of a
molecular motor protein. Library is prepared by ligating adapters to cDNA ends in a
manner that first adapter can bind with motor enzyme and second adapter (a hairpin
oligonucleotide) can bind with another HP motor protein. Therefore, simultaneously
two strands can be sequenced from a single molecule and increase the accuracy in
comparison with SMRT technology. This is a highly throughput technology where a
single run (18 h) can generate more than 90 Mb of sequencing data with maximum
read lengths of more than 60 kb using MinION platform (USB-powered, portable
sequencer) (Ashton et al. 2015).

5.3.5 Quality Control

The raw sequence data output from the system is obtained in ‘FASTQ’ format. A
quality score, known as Phred quality score (Q) determines the quality of the
sequence. Generally, Q >28 indicates good quality of the transcriptome, while Q
<20 has a poor quality. Several other parameters, such as technical artefacts
(adaptor, primer dimer, etc.) and biological artefacts (other sequence contamination)
can interfere with the quality. To test these parameters, number of overrepresented
sequence, duplicate reads and kmer count (a measure for technical artefact) are
examined. Once such artefacts are determined, the contaminated sequences are
removed by filtering and trimming using processing software to generate processed
reads.

5.3.6 Read mapping, assembly and annotation

Once the reads are generated, they are to be assembled to identify the genes. Since
the transcriptome reads are of very small length (30–100 nt) (though some platforms
produce longer reads) and are to be matched ideally against genome sequence of the
same organism (which is in case of plants can go up to thousands of megabases), a
robust annotation system is required. Mostly, a compression algorithm is applied to
reduce the computational load. Burrows–Wheeler algorithm is one such compres-
sion tool that helps in fast annotation of the sequences. Several annotation pipelines
are available for de novo and reference-based annotation of transcriptomes and
differential gene expression.
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5.4 Bioinformatics Software for Transcriptome Analysis

Bioinformatics software is at the core of transcriptomics. These software filter raw
data, assembly the filtered sequences into transcripts, annotate their biological
function and mine the transcriptome for various information including SSRs,
SNPs, regulatory genes, differentially expressed genes, metabolic pathways, genetic
causes and responses of disease or stress, transposable elements and many more.
While using software depends on use of platform and purpose of experimentation,
some software are often preferred due to their high reliability and accuracy.

5.4.1 Filtering

As described earlier, filtering involves cleaning and trimming of unwanted
sequences from the reads and quality assessment. FASTX-Toolkit (Gordon and
Hannon 2010) is widely used for filtering of transcriptome raw reads. For quality
inspection of a transcriptome, FastQC (Andrews 2010) is a good choice. During
sequencing, the raw reads are stored in ‘FASTQ’ format by the sequencer, which
merge the sequence (FASTA) with a quality score, called Phred score, which is
determined by error probability of base calling. A higher Phred score indicates more
confidence in base calling, i.e., sequencing quality.

5.4.2 Assembly

Errors in assembly can seriously impair transcriptome quality. A single transcript
may be fragmented and scored as multiple transcripts, causing loss in information, or
multiple transcripts may be erroneously joined together constructing a chimera,
creating problems in annotation. Many genes exist as duplicates or gene families
having high sequence similarity. Correct assembly of fragmented reads of these
genes is extremely difficult, which is another source of error. Several tools are
available for assembly, some of which are bundles of software or assembly pipeline.
Often it is better to use more than one assembly for finding out the best one, which
obviously depends on the sequence type, sequence quality and method of assembly
(reference-based/de novo). Since a de novo assembly generates transcripts only
based on RNA-seq data, it is more erroneous than reference-based assembly. The
basis of de novo assembly is generation of a de Bruijn Graph based on kmer
decomposition of the read. Therefore, kmer length is an important factor for de
novo assembly. A shorter kmer has more coverage, but at the same time has more
chance to be read from multiple transcripts. For de novo assembly, several tools are
available, of which Trinity (Grabherr et al. 2011), SOAPdenovo-Trans (Xie et al.
2014), Trans-ABySS (Robertson et al. 2010) and rnaSPAdes (Bankevich et al. 2012)
are more popular. Trinity is a well trusted assembly pipeline for de novo assembly
and is recommended by various researchers as it has high transcript recovery and
accuracy (Freedman and Weeks 2020). A software, TransRate can compare various
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assemblies by giving a quality score (Smith-Unna et al. 2016), which can be used for
selecting appropriate assembly. Wang and Gribskov (2017) compared eight de novo
assembly tools (BinPacker, Bridger, IDBA-tran, Oases-Velvet, SOAPdenovo-Trans,
SSP, Trans-ABySS and Trinity) at different kmer length (25-71) and observed that
SOAPdenovo-Trans had the highest base coverage, while Trans-ABySS was best in
gene coverage and recovery of full-length transcripts. They recommended
performing de novo assembly even when reference genome is available, as transcript
fragmentation, incorrect/incomplete gene annotation and exon level differences are
major reasons for difference in annotation and differential gene expression. Holzer
and Marz (2019) observed that for short read sequences, Trinity, SPAdes, and Trans-
ABySS, were better than other tools, but no tool was best for all data sets. These
results show that evaluation of different assemblies is a critical step for good
assembly construction. Another tool that can be used for de novo transcriptome
analysis for gene expression is RSEM (RNA-Seq by Expectation-Maximization),
which uses Bowtie/Bowtie2/STAR for read alignment and EBseq for differential
gene expression (Li and Dewey 2011). New methods like principles of information
theory and abundance of alternate spliced transcripts are being applied to improve
the efficiency of de novo assembly (Mao et al. 2020).

For reference-based genome guided assembly, the chance of error is less, but the
quality of transcriptome depends on the reference genome/transcriptome quality.
Several reference based assemblers are available, such as Cufflinks (Trapnell et al.
2010), StringTie (Pertea et al. 2015), TransComb (Liu et al. 2016), Bayesembler
(Maretty et al. 2014), CLASS2 (Song et al. 2016) and Scallop (Shao and Kingsford
2017). In addition, Trinity has options for genome guided de novo assembly.
Comparative estimations show that StringTie produces more accurate assembly
than Cufflinks or Bayesembler, but results may vary depending on sequence quality.
An updated version of StringTie, StringTie2 is now available that can assemble
longer reads (>200) efficiently (Kovaka et al. 2019). The RNA-seq reads are first
aligned using a spliced aligner such as HISAT/HISAT2 (Kim et al. 2015) or STAR
(Dobin and Davis 2013). Alignment outputs are stored as SAM (Sequence Align-
ment/Map) or BAM (Binary Alignment/Map format) file format, which are used as
input files for differential gene expression analysis tools. New alignment-free
assemblers, based on kmer matching, for example, Salmon (Patro et al. 2017) and
Kallisto (Bray et al. 2016) are faster than the alignment-dependent methods like
StringTie, but have lower efficiency in detecting low-abundance transcripts and
novel transcripts. Another assembler, Necklace (Davidson and Oshlack 2018) is
useful when the reference sequence is incomplete. It requires the RNA-seq read to be
assembled, the incomplete reference genome and one or more well-annotated
genome from related species, and builds a super Transcriptome merging all inputs.

5.4.3 Annotation

For de novo transcriptome assemblies, annotation is required to identify the function
of the transcript, while in reference based assemblies, the transcripts are matched to
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annotated reference, so further annotation is not required. One may, however,
improve over the previous annotation, as the databases used for annotation (for
example, BLAST databases) are updated frequently. The tools of genome and
transcriptome annotation are same, based on BLAST databases, which have a variety
of algorithms and tools for annotation of RNA-seq data.

5.4.4 Differential Gene Expression

Perhaps the most common use of plant transcriptome analysis is study of differential
expression of genes (DEG or DGE) of tissues having different treatments or stress
conditions. The basic principle is to identify the number of sequenced reads mapped
to a single gene, which is a measure of expression of the gene in the sample. Several
other factors influence this count, such as gene length (longer transcripts have more
fragments mapped), sequencing depth and expression level of other genes. There-
fore, a normalized measure is required to estimate DEG. A couple of such measures
are widely used in DEG analyses. The RPKM (Reads PerKilobase per Million
mapped reads) is a measure where mapped reads are first normalized to reads per
million (RPM) with a scaling factor of 106, which is then divided by the length of the
gene. For paired-end sequencing, FPKM (Fragment Per Kilobase per Million
mapped reads) is used, which follows the same normalization RPKM, with the
difference that that two paired reads are considered as a single unit. Another measure
is TPM (Transcript Per Million), where the mapped reads are first normalized with
the length of the gene followed by with the total of the normalized reads scaled by
the factor 106. Significance of gene expression can be tested by estimating mean and
variance of expression of a gene over replicates, which means that replicated data
should be generated for DEG. A number of other measurements and plots, such as
false discovery rate, MA plot and volcano plot can be generated to understand DEG
data. Software like DeSeq2 (Love et al. 2014) and NOIseq (Tarazona et al. 2011)
provide these normalized read counts for comparing gene expression and perform
clustering or other multivariate techniques to study relationship of samples in terms
of gene expression. Most commonly, the clustering is described with a heat map
showing gene expression values.

5.4.5 Pathway and Gene Ontology Mapping

Once the DEGs are identified, the next step is to understand their biological roles.
While annotations using blast identify the closest homolog from the database, more
meaningful biological information can be derived by DEG. For this, two approaches,
pathway mapping and gene ontology (GO) mapping are very helpful. The Kyoto
Encyclopaedia of Genes and Genomes (KEGG) (https://www.genome.jp/kegg/
pathway.html) maintains databases and tools for mapping a gene onto metabolic
pathways, which is extensively used by researchers for assigning annotated genes to
metabolic pathways, and in case of DEG, helps to identify reaction paths
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overexpressed and underexpressed within a metabolic pathway under two or more
different conditions. However, only a small fraction of the genes identified in a
transcriptome or from DEG are annotated by KEGG. The GO Consortium (http://
geneontology.org), on the other hand, can provide biological meaning to more
number of genes, assigning them under broad categories of cellular component,
molecular function and biological process, under which several sub-categories are
available, which sequentially describe the ‘ontology’ of the gene via a GO map.
Another approach, cluster of orthologous groups (COG) (Tatusov et al. 2000)
classify the annotated genes into several cluster of orthologous groups. The query
protein sequences can be searched using ‘blastp’ against the COG database. Most
gene annotation pipelines have capacity for searching these databases and assign
biological meaning to the RNA-seq transcripts. The European Molecular Biology
Laboratory (EMBL) hosts another gene ontology search tool, EggNOG (Huerta-
Cepas et al. 2019), that includes non-supervised orthologs (NOGs) for functional
characterization of a gene.

5.5 Transcriptomics of Plants

5.5.1 Arabidopsis thaliana

A. thaliana, the mouse ear cress, is a model plant species for biological researches on
plant. Consequently, Arabidopsis transcriptomes are the most researched
transcriptomes. Before the advent of NGS technologies, large scale gene expression
experiments were carried out using microarray, which still provides useful informa-
tion on expression pattern of the A. thaliana genes. The Unite´ de Recherche en Ge´
nomique Ve´ge´tale (URGV), France hosts a publicly available database of
Arabidopsis transcriptomes, CATdb (Complete Arabidopsis Transcriptome Data-
base) (http://urgv.evry.inra.fr/CATdb), a collection of 281 Arabidopsis projects
mainly obtained from the microarray data resources generated by the URGV
transcriptome platform. It provides access to CATMA (Complete Arabidopsis
Transcriptome MicroArray), developed by a European consortium. The CATMA
probes cover over 85% of the genes present in Arabidopsis providing gene sequence
tags for individual genes. It has further been extended to 20 other species and
presently contains data on 353 projects. The Salk Institute hosts a Arabidopsis
Transcriptome Genomic Express Database (http://signal.salk.edu/cgi-bin/atta),
containing data from the Arabidopsis transcriptome Tilling array, exosome,
At-TAX (a whole genome tilling array) and DNA methylome. It provides a pictorial
description of the expression pattern of the genes. The Arabidopsis Information
resource (Tair) (https://www.Arabidopsis.org/index.jsp) also contains exhaustive
functional genomics resources on Arabidopsis. Various other databases are publicly
available to researchers for transcriptomics studies in Arabidopsis, making it the
most researched plant species (Table 5.3).
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5.5.2 Current Status of Transcriptomics in Crop Plants

Use of transcriptomics in understanding the biology and cultivation of the crop
plants is rising sharply in the present century. However, the sequence read archive
(SRA) deposits in NCBI (https://www.ncbi.nlm.nih.gov/sra/) for the most important
25 crops of the world show a skewed pattern. Out of these, the number of SRA
deposits for ten crops (maize, rice, wheat, Brassica, soybean, tomato, cotton, tea,
potato and sugarcane) are about 0.35 million, which is ten times higher than the SRA
deposits for the other 15 crops (0.036 million) (Fig. 5.2), indicating that more
transcriptomics research is needed for harvesting the benefit of this technology in
minor crops. Maize and rice, two principal food crops have received maximum
attention to the transcriptomics researchers, comprising about 53% of the total SRA
deposits.

Table 5.3 A list of Arabidopsis functional genomics databases

Database Description url

Arabidopsis Transcriptome
Genomic Express Database

Contains information from tilling,
methylome, expression analysis. Provides
gene specific expression profile

http://signal.salk.
edu/cgi-bin/atta

Arabidopsis RNA-seq
Database

Gene expression levels from 20,000+
public Arabidopsis RNA-Seq libraries

http://ipf.sustc.edu.
cn/pub/athrna/

ARTADE -- Arabidopsis
Tiling-Array-based
Detection of Exons

Annotation of genome-wide tiling-array
data

http://omicspace.
riken.jp/ARTADE/

Arabidopsis Gene
Regulatory Information
Server (AGRIS)

Contains promoter sequences,
transcription factors and their target genes

http://Arabidopsis.
med.ohio-state.
edu/

Arabidopsis Small RNA
Project database (ASRP)

Information on small nuclear RNA http://asrp.
danforthcenter.org/

Arabidopsis Next Gen
sequence database

A part of Next Gen sequence database at
Donald Danforth Plant Science Centre

https://mpss.
meyerslab.org/

AthaMap Genome-wide map of potential
transcription factor and small RNA
binding sites

http://www.
athamap.de/

CATMA Provides high quality Gene-specific
Sequence Tags (GSTs) covering most
Arabidopsis genes

http://www.catma.
org/

ePLANT Multiple visualization tools for gene
expression

http://bar.utoronto.
ca/eplant/

Expression Atlas Contains results of 962 experiments
including Arabidopsis, rice and maize

https://www.ebi.
ac.uk/gxa/plant/
experiments

SeedGenes Information on genes with essential
function during seed development

http://seedgenes.
org/

TraVA A database of gene expression profiles
based on RNA-seq

http://travadb.org/
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Similarly, in Pubmed Central (https://www.ncbi.nlm.nih.gov/pmc/), a total of
0.156 million hits were recorded for these 25 cultivated crops (Fig. 5.3, data up to
31.12.2020). The distribution shows that over 50% of these hits are from four
principal crops, rice (18.6%), wheat (11.8%), maize (13.3%) and soybean (9.1%),
while another 26.4% are from tomato, potato and cotton. More emphasis on
transcriptomics of other economically important crops would be required for having
a better understandin
g of genetic basis of economically important traits in these crops. In the next section,
we will give some examples of use of transcriptomics in jute (Corchorus spp.).
Despite being the second most important fibre crop (after cotton), jute
transcriptomics has received comparatively less attention and support than the
food crops or even the beverage crops like tea and coffee. However, within a short
time frame, transcriptomics has helped to understand a number of biological pro-
cesses in jute, which is an inspiring example of the benefits of transcriptomics in crop
plants.

5.6 Transcriptomics in Jute: An Overview

The jute plant represented by two species Corchorus olitorius L. and Corchorus
capsularis L. (Malvaceae, subfamily Grewoideae) is cultivated for production of
long, tough fibre synthesized in bast (phloem) tissue. The fibre, known as jute fibre is
a lignocellulosic fibre is used for production of sacks, bags, burlaps, geotextiles, fibre
composites and various other diversified products. It is valued globally as the most
important non-textile fibre. While the principal producers of jute are India,
Bangladesh and China, it is globally used to pack food grains and is in high demand

Fig. 5.2 Crop-wise top ten species with SRA (sequence read archive) deposits in NCBI SRA
database (as on 11.02.2021)
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for replacement of synthetic polypropylene bags. Apart from producing natural
fibres, jute plant consumes over 14 ton of CO2/ha during its vegetative growth
period of about 120 days and fixes nutrition to the soil by addition of leaf litters.
It, therefore, is a climate-friendly crop that produces climate-friendly natural fibre.
Consequently, research in jute genomics and transcriptomics has attracted consider-
able attention in recent decades in the wake of the rising concerns over climate
change. Due to low genetic variability in jute at population level, researchers have
concentrated more on transcriptomics to understand the genetics of economically
important traits rather than using genomic tools like linkage mapping and genomic
selection. This has generated a large amount of sequence information, identifying
genes, regulatory sequences, metabolic pathways and genic markers. Till
11.02.2021, the number of SRA deposits for both the jute species was 714, which
included full length high coverage transcriptomes of various tissues, as well as low
coverage sequences from mapping experiments. The earliest reference of jute
sequence was deposited to NCBI SRA archive in 2015 by the Central Research
Institute for Jute and Allied Fibres, India, which were the RAD-seq (restriction-site
associated DNA sequence) of jute cv. Sudan Green (SRX591273) and mutant bast
fibre shy (bfs) and their F2 plants. These were sequenced using IlluminaHiseq 2000
platform generating 2.2 Gb and 1.8 Gb sequences for Sudan Green and bfs,

Fig. 5.3 Comparative crop-wise research focus in transcriptomics as indicated by number of hits
returned by Pubmed Central on search with keywords “Transcriptome”+“respective crop name”
between 2000 and 2020. Most of the researches (85%) are focused on major crops (rice, wheat,
maize, soybean, tomato, potato, sugarcane, cotton and pea)
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respectively. In this study, RAD-seq data for 330 F2 genotypes were also deposited.
The first SRA deposit for the first whole transcriptome sequence of jute was
submitted by the same institute in 2015, providing transcriptome data for bast tissue
of a mutant deficient in lignified phloem fibre production (dlpf) and its wild-type
cv. JRC-212. Transcriptomes of different tissues including bast, hypocotyl, devel-
oping stem, root, fibre cell, leaf and flower have been generated in jute. In addition,
expression of genes under different conditions such as salt-stressed and GA3-treated
plants has been investigated.

5.6.1 Transcriptome Assembly

A number of assemblers have been used for annotation and functional characteriza-
tion of jute genes. Chakraborty et al. (2015) and Satya et al. (2018) performed de
novo assembly of bast transcriptome using three assemblers CLC Genomics Work-
bench (v6.0; CLC bio, Aarhus), SOAPdenovo-Trans and Trinity. Islam et al. (2017)
performed a reference-based assembly of the fibre cell transcriptome using
Cufflinks. Yang et al. (2020) also developed reference genome based assembly
using Bowtie and TopHat. The first transcriptome assembly with publicly available
TSA (Transcriptome shotgun assembly) was generated by Chakraborty et al. (2015)
using IlluminaTMHiseq 2000 platform generating a total of 72,750,724 raw read and
67,424,930 clean reads for cv. JRC-212. After de novo assembly using CLC
workbench, SOAPdenovo-Trans and Trinity, a total of 34,163 genes were identified.
Among the three assemblers, Trinity was found to be the best performing with
maximum percentage of unigene recovery.

5.6.2 Gene Discovery from Transcriptome Data

Wide variations have been reported for the number of genes expressed in different
tissues of both the jute species. The earliest transcriptome study (Chakraborty et al.
2015) reported presence of 29,000-34,000 genes in the bast tissue of C. capsularis,
which can be publicly accessed from the TSA database of NCBI. Some reports
contain an exorbitantly high number of genes expressed (over 72,000) in jute, which
probably needs to be verified. Overall, jute has an estimated number of 35,000-
40,000 annotated genes (Table 5.4).

5.6.3 Orthologous Group Identification and Gene Ontology

Chakraborty et al. (2015) used four annotation databases, Nr, SwissProt, KEGG and
COG for functional interpretation of the bast transcriptome assembly (Fig. 5.4), and
reported that Nr-annotation was superior to the other three systems. Further, they
identified gene ontology using Blast2GO (Conesa et al. 2005) and obtained the GO
functional classifications using WEGO (Ye et al. 2006). Satya et al. (2018) followed
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Table 5.4 Major transcriptomics studies in jute

Tissue (s)
Sequencing
platform Species

Unigenes
identified Reference

Tissues from Vegetative
growth period, flowering
period, bast of technical
mature period, fruit

IlluminaTM

Hiseq 2500
C. olitorius 33,312 in total,

15,491
common in all
the tissues

Yang et al.
(2020)

Whole plant IlluminaTM

HiSeq 4000
Corchorus
sp. L.

72,674 Tao et al.
(2020)

Shoot apiece Illumina
NextSeq
500

C. olitorius 14,050 Choudhary
et al. (2019)

Hypocotyl IlluminaTM

Hiseq 2000
C. capsularis 32,821-39,076

(annotated)
Satya et al.
(2018)

Fibre cell IlluminaTM

Hiseq 2500
C. capsularis
and
C. olitorius

37,031
(C. olitorius),
30,096
(C. capsularis)

Islam et al.
(2017)

PEG-treated tissue Illumina
HiSeq X
Ten

C. olitorius 45,831 Yang et al.
(2017a, b)

Salinity-stressed tissue Illumina
HiSeq 4000
platform

C. olitorius 72,278 Yang et al.
(2017a, b)

Pooled RNA from various
tissues

IlluminaTM

Hiseq 2000
C. capsularis 48,914 Zhang et al.

(2015)

Bast IlluminaTM

Hiseq 2000
C. capsularis 34,163–29,463 Chakraborty

et al. (2015)

Fig. 5.4 A venn diagram
representing annotations of
the bast transcriptome of
Corchorus capsularis
cv. JRC-212 (Chakraborty
et al. 2015) using four
annotation databases. Note
that SwissProt, KEGG and
COG annotations did not add
much information over
Nr-annotations
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similar methodology for annotation of hypocotyl transcriptomes and confirmed that
Nr-annotation performed better. Both the studies screened the COG database to
retrieve and classify COG functional categories of the genes. In case of reference-
based assemblies, orthology and ontology analysis are not required, as the
transcriptome is assembled based on a reference genome having genes with assigned
functions.

5.6.4 Identification of Novel genes

Often, transcriptomics leads to discovery of novel genes that were unknown to exist
in that species, family or even may be unknown to plant Kingdom. During exami-
nation of the role of β-galactosidases in hypocotyl development in jute, Satya et al.
(2018) discovered a novel class of beta-galactosidases that are similar to prokaryotic
β-galactosidase (Fig. 5.5). The prokaryotic β-galactosidase (a member of Glycosyl
Hydrolase-2 or GH-2 family of enzymes) converts lactose to glucose and galactose,
and was thought to be lost in higher eukaryotes. The domains of the GH-2
β-galactosidases are highly conserved in prokaryotes, consisting of three protein
domains Glyco-hydro_2_N, Glyco-hydro_2 and Glyco-hydro_2_C that are linked to
a Bgal_Small_N domain by another β-sandwich domain of unknown function
(DUF4981). As such, plant cannot utilize lactose as a food source, which was
thought to be due to absence of the prokaryotic GH-2 β-galactosidase. They, on
the other hand, contain a number of β-galactosidases of GH-35 family, which
function in cell wall formation by breaking galactose linked with other molecules.
Satya et al. (2018) observed that a homolog of E. coli lacZ gene (codes for
β-galactosidase) with this five-domain architecture is present not only in jute but
in all the plants starting from algae to woody perennials. Phylogenetic study revealed
that the plant GH-2 β-galactosidases evolved from the prokaryotic β-galactosidases.
It was transferred from prokaryotes to lower plants (Marchantiophyta and
Bryophyta) via Charophytic green algae and from lower plants to higher plants via
Lycophyta. Protein modelling revealed remarkable similarity between the plant and
prokaryotic GH-2 β-galactosidases despite having low sequence similarity.

Fig. 5.5 A 3-D predicted
protein structure of a novel
prokaryotic β-galactosidase
gene of jute discovered in
plant lineage by hypocotyl
transcriptomics. The structure
was generated using Phyre2

5 Transcriptomics in Plant 121



Particularly, the catalytic residues that cause a nucleophile attack on the β-1,4
linkage of glucose and galactose were found to be conserved in higher plants.

5.6.5 Metabolic Pathway Identification

For metabolic pathway analysis, annotated genes are mapped to the KEGG database
(Kanehisa et al. 2008) using the KEGG Automatic Annotation Server (Moriya et al.
2007). Chakraborty et al. (2015) characterized the phenylpropanoid biosynthesis
pathways in jute that lead to monolignol formation and genes involved in the
secondary cell wall development. They identified a total of sixteen genes with
multiple isoforms which were involved in lignin biosynthesis and jute fibre forma-
tion. Islam et al. (2017) described the major genes involved in fibre formation in jute
from genomic and transcriptomic datasets and observed that C. capsularis exhibits
higher ATPase activity, oxidoreductase activity, transmembrane transport, vacuolar
transport and homeostasis, suggesting that it has wider environmental adaptability.
In another study, Satya et al. (2020) characterized the pectin biosynthesis pathways
in jute, identifying 18 genes involved in interconversion of nucleotide-sugars,
salvage biosynthesis of sugar-acids and polymerization of pectin monomers. Of
these, 17 were involved in nucleotide-sugar interconversion and one,
galacturonosyltransferase (GAUT) for polymerization of pectin monomers. A total
of 12 GAUT genes were identified from both the species, which phylogenetically
were distributed in seven subclades. Two of these, CcGAUT3 and CcGAUT12 were
identified as the primary pectin homo-polymerizing enzymes. Both the CcGAUT3
and CcGAUT12 had an N-terminal transmembrane domain that carried a consensus
motif ((R)–(X)2–(R)) for proteolytic cleavage. It was predicted that a CcGAUT3-
CcGAUT12 complex may be involved in polymerization of galacturonic acid
monomers in jute. The study also reported that the core pectin biosynthesis pathway
is conserved in higher plants. Species that produce high mucilage, such as Ziziphus
jujube exhibited high conservation with the jute pectin biosynthesis genes.

5.6.6 DEG Analysis

Only a few DEG experiments have been conducted in jute. Choudhary et al. (2019)
identified a total of 240 differentially expressed transcripts between delayed
flowering mutants under short-day (pfr59) in comparison with cv. JRO-524 and
observed that 10 transcripts showed homology to known photoperiodic genes of
Arabidopsis. DEG analysis was also used for identification of drought-stress
associated genes in C. olitorius by Yang et al. (2017a, b). A drought sensitive
cultivar exhibited 794 DEGs under drought stress, while in a drought tolerant
cultivar only 39 genes were differentially expressed. Recently, Yang et al. (2020)
identified 576/379, 291/227, 2367/255 and 1766/736 genes (upregulated/
downregulated), respectively, in the stem bast, fruit, flower, and leaf compared to
other tissues. They observed that 26 genes of the secondary metabolite biosynthesis
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pathway were consistently upregulated in the bast and the phenylpropanoid biosyn-
thesis pathway genes were significantly upregulated in flower.

5.6.7 Marker Development

5.6.7.1 SSR
One of the major applications of plant transcriptomics is to identify EST-SSRs or
genic SSRs. In jute, Zhang et al. (2015) discovered 1906 EST-SSRs with a fre-
quency of di-, tri-, tetra-, and penta-nucleotide repeat types of 12.0%, 56.9%, 21.6%
and 9.5%, respectively. They identified 113 transcription factor associated SSRs and
3 SSRs for cellulose synthase. Later, more SSRs (12,772) were identified from a bast
transcriptome, with an average frequency of one SSR per 3.86 Kb (Satya et al. 2017).
About 45.4% of the sequences exhibited repeat length between 10 and 15 nt. and
46.2% of the SSR loci were about 300–2000 nt. The number of repeats varied from
6 to 15 for dinucleotides, 5–8 for trinucleotides and 5–6 for tetranucleotides. Of the
dinucleotide repeats, (TA/AT)6 was the most frequent (9.3%). They also identified
961 compound SSRs (7.5%). They also designed 39 phenylpropanoid biosynthesis
pathway gene-specific SSR markers, seven SSR markers for peroxidase genes, and
24 SSRs for the genes involved in bast fibre formation. They also reported 4457
transcription factors (TF) and identified 2163 TF-SSRs. The study designed 1079
SSR primers and validated 120 of them using gel electrophoresis studies. Saha et al.
(2017) identified 4509 SSRs and developed a set of 2079 flanking primer-pairs.
They also developed a web-based SSR repository of jute (http://jutemarkerdb.icar.
gov.in/). All these SSRs were found to show moderate polymorphism and were able
to generate high intra-specific and inter-specific diversity.

5.6.7.2 SNP and InDel
Zhang et al. (2015) identified a total of 12,518 SNPs in jute with transition and
transversion frequencies of 59.2 and 22.3%, respectively. Most of the SNPs were of
the synonymous SNP type (99.37 %). Yang et al. (2018) identified 51,172 InDel
sites in 18,800 unigenes of jute, which were distributed in 94 InDel types. Mono-
nucleotide InDels were more (23,028) than bi-nucleotide (9824) or tri-nucleotide
(9182) ones. The polymorphism information content of InDel markers in jute varied
from 0.340 to 0.680, with an average of 0.491.

5.7 Conclusion

During the past 20 years, transcriptomics has established itself as an essential tool in
plant biology. Advances in next generation sequencing have opened up new avenues
for in-depth investigations of the sequence of events in a biological process at single
cell level. The cost of transcriptomics studies have been reduced by several folds in
recent years, allowing its wider application in plant biology and crop improvement.
Moreover, publicly deposited transcriptomics studies not only benefit the researchers
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working for specific crops, but also enrich the public databases, allowing better
precision for gene annotation in future researches. The role of transcriptomics will be
invaluable for future plant research, particularly to battle various abiotic stresses
escalating due to climate change, soil degradation, higher population pressure and
water stress.
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Molecular Breeding and Marker-Assisted
Selection for Crop Improvement 6
Akarsh Parihar and Shiwani

Abstract

In an era of speedily increasing population and unpredictable incidence of climate
changes, enhancing agricultural productivity has imposed a big challenge to the
crop scientists. The situation becomes graver with the continuously shrinking
land resources. To cope up with such an alarming situation, it will be quite
beneficial to intervene the recent modern tools of genomics like molecular
breeding and marker-assisted selection for crop improvement. Marker-assisted
breeding involving trait introgression for biotic and abiotic resistance, breaking
the genetic plateau and quality improvement will require a prior attention. In this
chapter, we present an outline of the conventional breeding techniques, molecular
breeding involving marker-assisted selection/breeding, DNA markers and
mapping populations that have massive potential to perk up the effectiveness
and accuracy of conventional plant breeding through marker-assisted selection
(MAS), advantages of marker-assisted selection and its commonly used
applications in plant breeding. Consideration is also given to genotyping
methodologies and exploitation of genetic diversity. Finally, the approaches to
study genotype-phenotype associations like QTL mapping, GWAS/Association
mapping, transcriptomics and other techniques will also be discussed. Achieving
a significant impact on crop improvement by MAS represents the great challenge
as well as opportunity for agricultural scientists. The objective of this chapter is to
present and describe the methods of molecular breeding and their genetic
underpinnings.
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6.1 Introduction

Plant breeders have been remarkably succeeded in constantly enhancing crop yield
to meet the continuously increasing global demand for food, feed and fibre. The
productivity increase in two major cereals wheat and rice in the history of human-
kind led by nobel laureate Norman E. Borlaug, so-called green revolution provides
the most significant instance of the contribution of science towards an improved food
security (Borlaug and Dowswell 2005). Despite enormous efforts made by the crop
scientists in development of elite genotypes, the rate of increase in cereals produc-
tivity in the past decade has not met the global demand, especially in wheat and rice.
Consequent upon, an increase in rate of gain in crop yield is required to maintain
growing population that gradually seeks a nutritionally balanced and protein-
enriched diet. The confront faced by the modern breeders becomes more daunting
in view of (i) global warming and the consequent increased frequency of environ-
mental constraints (e.g., drought, floods, high temperatures), (ii) the declined avail-
ability of natural resources (e.g., water, fertilizers, arable land), (iii) the rising cost of
fuels, and (iv) reduction of environmental footprint of agriculture, hence improving
its long-term sustainability. Accordingly, agriculture will require producing more
sustainably with fewer resources. Genomics has come up like a new breeding
standard which is based upon molecular approaches and already contributed to
speed up the yield gain commonly achieved through conventional breeding
practices. However, for an effective integration of conventional and molecular
breeding approaches massive adoption of genomics-assisted selection is required
(Leng et al. 2017). A better perceptive of the underlying QTLs for yield and its
variability across seasons will be helpful in devising effective genomics-assisted
breeding strategies for enhancing crop performance under wide range of environ-
mental scenarios. MAB offers unequaled opportunities in comparison to conven-
tional breeding approaches, to analyse the genetic background of traits, mainly those
traits which are quantitatively inherited such as yield, biomass production, and other
agronomic traits.

6.2 Conventional Plant Breeding

Conventional breeding (classical breeding or traditional breeding) is the develop-
ment of new varieties (cultivars) of plants by using older tools and natural processes,
as contrary to the newer, more sophisticated and sometimes radical tools of molecu-
lar plant breeding (Jain and Kharkwal 2004). In conventional breeding, desirable
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traits are assembled from different but usually closely related plants into the new
cultivar using the techniques of crossing (hybridization) (Acquaah 2012). Conse-
quently, the product of conventional breeding only emphasizes target traits which
preexist in the genetic potential of the species, without introducing new genes.

Since 1900, Mendel’s laws of inheritance gave the scientific basis for plant
breeding. The genes located on the chromosomes govern all the traits and their
manipulation by selection/recombination is basic underlying principle for plant
breeding. There are three major breeding methods in crops, namely

(a) Selection, where some genotypes from a population are selected on the basis of
desired trait and population produced from the same plant is selfed separately to
produce a homozygous stable elite genotype.

(b) Hybridization includes crossing between two genetically dissimilar parents and
thereby making a selection in the F2 generation for a desired genotype followed
by repeated selfing to get the desired stable genotype.

(c) Ploidy manipulation, where addition/deletion of a chromosome or a part of
chromosome or a complete set of chromosome is done to manipulate the ploidy
level of plant species to enhance the desired trait.

Although in crop improvement significant pace has been made by phenotypic
selections for agronomically important traits but substantial difficulties are fre-
quently found during the process. To develop a new variety through conventional
plant breeding, it generally takes upto 8 to 10 years. Plant breeders are interested in
to speed up the phenotypic selection and to make this process more efficient by using
new technologies. Development of the molecular markers was a major breakthrough
to overcome this limitation. Marker-assisted selection has become more important as
large number of genes are being identified and functions and interactions between
them are elucidated. Optimized strategies are needed to integrate phenotypic selec-
tion with MAS. Marker-assisted selection has been demonstrated as a very construc-
tive practice in plant breeding. By using these techniques, breeders have been able to
create agriculturally important crop varieties containing genes resistance to biotic
and abiotic stress that was not possible before the introduction of DNA marker
technology.

6.3 Molecular Markers and Genotyping Methodologies

6.3.1 Molecular Marker

Molecular marker technology has changed the fortune of plant breeding. Different
molecular markers have been developed and their ultimate use in plant breeding has
geared up crop improvement. Molecular breeding requires easy availability and
accessibility of genomic resources. Technological advances in genomics era have
provided an array of resources like whole genome sequences, transcriptomes,
molecular markers, genetic linkage maps, etc.
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6.3.2 Genetic Markers

Genetic markers are significant developments in the area of plant breeding. Marker is
a nucleotide sequence with known location of chromosome which is controlling a
gene or a phenotype. Markers are closely linked with the target gene in chromosome
and they act as a sign or flags. Genetic markers are generally categorized into two
groups: classical markers and DNA/molecular markers. Morphological, cytological
and biochemical markers are types of classical markers and restriction fragment
length polymorphism (RFLP), random amplified polymorphic DNA (RAPD),
amplified fragment length polymorphism (AFLP), simple sequence repeats
(SSRs), single-nucleotide polymorphism (SNP) and diversity arrays technology
(DArT) markers are some examples of DNA markers (Jiang 2013).

Molecular markers are the nucleotide sequences which can be investigated
through the polymorphism between the nucleotide sequences of diverse individuals.
The basis of the polymorphism can be insertion, deletion, duplication, point
mutations and translocation. Depending on application, ideal molecular markers
should meet the following criteria for their efficient use in marker-assisted breeding:

• Highly reproducible and should be highly polymorphic.
• Even distribution throughout the whole genome.
• Co-dominance in nature.
• Should be free of any developmental stage specificity.
• Single copy and non epistatic.
• Simple, efficient and inexpensive.
• Automation should be easy.
• High availability and suitability to be multiplexed.
• Genome-specific in nature especially in case of polyploids.
• No harmful effect on phenotype.

6.3.3 Classification of Molecular Markers

Molecular markers are classified on the basis of:

1. Gene action (co-dominant or dominant markers).
2. Detection method (hybridization-based or polymerase chain reaction (PCR)

based).
3. Mode of transmission (paternal/maternal organelle inheritance, biparental/mater-

nal nuclear inheritance) (Semagn et al. 2006).

Various types of molecular markers have been successfully utilized in plant
breeding for the improvement of various agricultural crops. Mariya et al.
(2017), while working on grain protein content and genetic diversity among 28 rice
genotypes at biochemical and molecular levels, encompassed phenotyping for protein
and protein fractions and SSR analysis. The data analyzed for crude protein, total
protein, and its fractions, viz. albumin, globulin, prolamin, and glutelin, revealed
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significant differences among 28 rice genotypes. In case of fractions, albumin and
globulin showed positive and significant correlation between them at both genotypic
and phenotypic levels, while prolamin and glutelin also exhibited positive and signifi-
cant correlation at both the levels. Analysis of 13 SSR primers generated a total of
185 alleles, out of which all were polymorphic with an average of 14 bands per primer.
The subsequent segment provides brief information about the molecular markers.
Comparison of the important characteristics of commonly used molecular marker
has been given in Table 6.1.

6.3.4 Application of Molecular Markers in Crop Science

6.3.4.1 Evolution and Phylogeny
Molecular markers are being used to reform the genetic map to acquire information
about the phylogeny and evolution. Wang et al. (2017) have evaluated the genetic
diversity and population structure of wild soybean by using chloroplast and nuclear
gene sequences. Walunjkar et al. (2015), while working on diverse germplasm of
pigeon pea, reported that both RAPD and SSR techniques may provide consistent
data, and thereby can be used to study genetic diversity in pigeonpea, showing
concordant values of genetic diversity. With minor fluctuations, the four wild
genotypes (Cajanus scarabaeoides, Rhynchosia rufescens, Cajanus cajanifolius,
and Rhynchosia cana) and the four cultivars (GTH-1, GT-100, ICPL-87, and
GT-1) were present distinctly in the same subgroups both in the dendrograms
obtained with RAPD and SSR analysis. Hence, it can be assumed that the results
of diversity analysis with SSR markers validate the finding of RAPD analysis.

6.3.4.2 Investigation of Heterosis
Wu et al. (2013) have used SSRs markers for the investigation of diversity and
heterosis in rice. SSR markers have been used for the investigation of heterotic
groups and patterns in rice (Xie et al. 2014). Some studies show that transcriptome
analysis has been utilized to examine the genes involved in heterosis (Guo et al.
2017; Li et al. 2017).

6.3.4.3 Identification of Haploid Plants and Cultivars Genotyping
Double haploid (DH) is very important mapping population for quantitative trait loci
(QTL) mapping (Khush and Virmani 1996). DH plants allow the accurate detection
of candidate genes of interest (Kunzel et al. 2000; Belicuas et al. 2007). The R1-nj
(Navajo) anthocyanin colour marker has been effectively used for the identification
of haploids (Melchinger et al. 2015). Similarly, SNP and SSR markers have also
been used to detect double haploid and hybrids in maize (Tang et al. 2006) and rice
(Shahid et al. 2013; Wu et al. 2015).

6.3.4.4 Genetic Diversity Assessment
Genome sequencing offers a great advantage to explore the genetic diversity in a
very big germplasm (Nawaz et al. 2016). Molecular markers have been effectively
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applied for the determination of genetic diversity and genetic material classification
in soybean (Wang et al. 2015), potato (Tiwari et al. 2013) and rice (Naeem et al.
2015). DArtseq and SNP are robust molecular markers and have successfully
utilized for the genetic diversity analysis and genetic mapping in wheat (Akbari
et al. 2006), carrot (Grzebelus et al. 2014) and common beans (Brinez et al. 2012).

6.3.4.5 Utilization of Molecular Markers in Backcrossing
Some desired traits are selected from exotic germplasm/plant genetic resources and
transferred into crop plants by repetitive backcrossing (Simmonds 1993). Many
genes of desired traits have been transferred from wild relatives to important
cultivated varieties by using marker-assisted selection. Mostly SSR markers are
being used for this purpose. Wang et al. (2005) have successfully transferred the
Lgc-1 locus by using two SSR markers which is related to low gluten level in
japonica rice with 93–97% selection efficiency. Barley yellow mosaic virus is an
important disease in barley and rym4 and rym5 are genes responsible for resistance
to this disease and various markers have been developed to select these genes in
barley population (You-Xin et al. 2012).

6.3.4.6 Linkage Map Construction
Markers like RFLP, ALP, SSR, ESTs, Dart and SNPs have been widely used for the
construction of linkage maps (Semagn et al. 2006). The number of markers used
depends upon the genome size as large number of markers is required for the species
with larger genome size. With the advancement in new generation sequencing
technologies thousands of markers have been extensively utilized for high resolution
genetic mapping (Dhingani et al. 2015).

6.3.4.7 Varietal and Hybrid Identification
SSR markers have been used to check the purity of many crops like maize and rice
(Li et al. 1999; Wang et al. 2003; Islam et al. 2012).When hybrids are detected using
SSRs, the parents should be provided, and then primers are selected on the condition
of the known parent. This method is very effective in confirming the purity and
authenticity of a plant (Singh et al. 2016).

6.4 QTL Mapping and Applications

The agricultural traits of economic interest are majorly polygenic/quantitative in
nature and controlled by many genes on the same or different chromosome. The
chromosomal regions containing genes related with quantitative traits are referred to
as QTL. The method utilizing molecular markers to locate the QTLs is known as
QTL mapping.

Notably, mapping of QTL controlling the target traits facilitates plant breeders to
use marker-assisted selection on the basis of polymorphic molecular markers
flanking the relevant loci.
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There are different types of QTLs, grouped into different categories on the basis
of their effect size, effect of the environment on their expression, the type of effect
produced by them, and the manner of their action.

1. Main effect QTLs: This has a direct effect on the expression of the concerned
traits. A main effect QTL is described as a major QTL if it explains 10% or more
of phenotypic variance for the trait, whereas a QTL with an effect size smaller
than 10% is termed as minor QTL.

2. Epistatic QTLs: Epistatic QTLs are the same as modifying genes or modifiers,
they interact with the main effect QTLs to influence the trait phenotype and
together constitute the genetic background.

3. eQTLs: Many QTLs affecting the expression level like the level of RNA tran-
script of various genes produced in a tissue have been described as expression
QTLs (eQTLs) or regulatory QTLs.

4. mQTLs: These QTLs control metabolic traits and metabolite levels. These gen-
erally show epistatic interactions and have moderate phenotypic effects. Meta-
bolic traits have been generally found to possess much lower heritability than
eQTLs and mQTLs for a specific trait.

6.4.1 QTL Mapping

There are four salient requirements for QTL mapping:

(1) An appropriate mapping population.
(2) A dense marker linkage map with good resolution for the species.
(3) Reliable phenotypic evaluation for the target trait.
(4) Appropriate software packages for QTL detection and mapping.

The general procedure for QTL mapping is briefly summarized below.

1. Two homozygous lines having contrasting phenotypes for the trait of interest are
selected to cross to develop a suitable mapping population.

2. The mapping population is evaluated for the target trait in replicated trials
conducted over locations and years, the practice is known as phenotyping.

3. The two parents of the mapping population are screened with large number of
markers covering the entire genome at a sufficient density, and polymorphic
markers are identified.

4. All the individuals of the mapping population are screened using these polymor-
phic markers; this practice is termed as genotyping.

5. The data of marker genotype are used to assemble a framework linkage map for
the population depicting the order of markers and genetic distance between them
in terms of centimorgans (cM).

6. The trait phenotype data and the marker genotype data are analysed to identify
association between marker genotypes and the trait phenotype. In other words,
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the plants are divided into separate groups on the basis of their marker genotype.
For each of these groups, mean and variance for the trait phenotype are estimated
and used for comparison. In case the genotype groups for a marker differ
significantly for the trait of interest, it is concluded that the concerned marker is
associated with the trait, i.e., the marker is most likely linked to a QTL controlling
the trait phenotype.

6.4.2 Mapping Population

A population which is suitable for linkage mapping of genetic markers is well-
known as mapping population. Mapping populations are developed by crossing two
or more genetically diverse lines. Generally, the parents used for hybridization will
be from the same species. But in some cases, where intraspecific variation is limited,
related species can be used as parents. Parihar et al. (2010), while working on RAPD
through bulk segregant analysis employed for the F2 population of a cross between
WBPH-resistant parent, Gurjari, and highly susceptible parent, Jaya, comprised of
the resistant as well as susceptible plants, reported that out of the total 50 random
primers surveyed, a single linked marker OPA08 was identified to be putatively
linked to resistant gene, as was evident by its presence in almost all the resistant
bulks and vice versa. There are mainly two types of mapping populations, viz.,
primary and secondary mapping populations. Primary mapping populations are
generated by hybridization between two homozygous lines usually having
contrasting forms for the trait of interest. Secondary mapping populations are created
by crossing two lines or individuals selected from a mapping population. The
primary mapping populations are of the following different types:

(1) F2, (2) F2�derived F3 (F2:3), (3) backcross (BC), (4) backcross inbred lines
(BILs), (5) dou- bled haploids (DHs), (6) recombinant inbred lines (RILs), (7) near-
isogenic lines(NILs), (8) chromosomal segment substitution lines (CSSLs),
(9) immortalized F2, (10) advanced intercross lines, (11) recurrent selection back-
cross(RSB) populations, and (12) interconnected populations (Fig. 6.1). A summary
of the characteristic features of the important mapping populations is given in
Table 6.2.

6.4.3 Methods for QTL Detection and Mapping

QTL mapping methods have to resolve the three major issues:

1. The QTL genotypes of different individuals are not observed and, as a result, have
to be deduced.

2. (2)Since there are potentially thousands of possible loci in the whole genome, an
appropriate genetic model for QTL analysis has to be selected from among large
number of possible models.
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3. The loci located in the same chromosome are correlated and, as a consequence,
difficult to separate.

QTL analysis is an area of intensive research activity as it poses a variety of
challenging questions that need to be resolved for obtaining reliable and reproduc-
ible results. QTL analysis approaches have been classified into the two main groups:
(1) single QTL mapping and (2) multiple QTL mapping (Zou 2009). Each of these
groups, in turn, comprises several approaches. Most of these approaches use maxi-
mum likelihood parameter estimation, regression analysis or Bayesian models for
the detection of QTLs.

1. Simple QTL mapping
These methods are able to detect a single QTL at a time. These methods do not
take into account to other QTLs affecting the target trait that may be present in the
genome. However, quantitative traits are considered to be governed by several
polygenes, which do not locate in a single QTL. Therefore, these methods tend to
be less reliable than those from multiple QTL methods. But these methods are the

Fig. 6.1 Schematic representation of various biparental mapping populations. *Gene introgressed
by repeated backcrossing followed by selection for the gene. **Repeated backcrossing without
selection. @Individual with highest trait value in each backcross generation is selected and
backcrossed with the recurrent parent. Source: Singh and Singh (2015)
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simplest and the earliest approaches for QTL mapping. The two main methods in
this category are single-marker analysis and simple interval mapping.
(A) Single-Marker Analysis

Single-marker analysis (SMA), also called single-point analysis, is the sim-
plest and the earliest used method of QTL detection (Soller and Brody 1976). In
this method, each marker is separately tested for its association with the target
trait. The phenotypic means for the plants placed in the different marker genotype
groups are compared to detect a QTL at or near the site of the marker. The
significance of differences between the means of the marker classes can be tested
by Student’s t-test, analysis of variance, linear regression analysis, likelihood
ratio test, or maximum likelihood estimation. The t-test can be applied when the
marker genotype has only two classes and individuals in population are classified
according to genotype at a marker locus. For t-test the significance of difference
between the traits means for the two marker genotype groups is tested. A
significant difference between the trait mean indicates that the marker is to be
linked to a QTL. This procedure is repeated for every marker locus evaluated in
the mapping population. The magnitude of difference between the phenotypic
mean and the marker genotype classes provide an estimation of the effect
produced by the substitution of a single allele at QTL locus.
(B) Simple Interval Mapping

Interval mapping (IM) also known as simple interval mapping (SIM) has been
developed by Lander and Botstein (1989). This method is regarded as the second
level method of QTL mapping. SIM has become a standard QTL mapping
procedure and has been further extended as composite interval mapping and
multiple interval mapping procedures. SIM requires a marker linkage map for
QTL search as it uses neighbouring marker pairs to define marker intervals and
searches QTLs within these intervals. SIM makes a one-dimensional search for
QTL at many locations, at every 1 or 2 cM, of each marker interval. The SIM
model considers at a time a single QTL affecting the concerned trait, and each
marker interval is analysed independent of the other marker intervals.

2. Multiple QTL Mapping.
Multiple QTL mapping (MQM) combines SIM and multiple regression analysis to
incorporate all important QTLs found in the genetic model (Jansen 1994).

MQM offers the following advantages:
1. Consideration of other QTLs affecting the trait tends to reduce residual varia-

tion and increase the QTL detection power.
2. Linked QTLs can be detected as separate QTLs.
3. The estimates of QTL effects are more reliable than those with single QTL

methods.
4. QTL � QTL interaction can be detected. But when too many markers are

included as cofactors in the model, the QTL detection power tends to decline
in comparison to SIM.
The main MQM methods include:
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(a) composite interval mapping,
(b) multiple interval mapping,
(c) Bayesian multiple QTL mapping.

6.4.3.1 Composite Interval mapping
Composite Interval Mapping combines interval mapping with multiple regression
analysis (Jansen 1994; Zeng 1994). The effect of QTLs present in other marker
intervals of the same chromosome is controlled by CIM which increase the accuracy
of QTL detection. CIM first carries out single-marker analysis then typically builds
up the model as multiple QTL model using stepwise regression method. In this
approach, the marker with highest LOD score is selected first then the marker with
second highest LOD score is added, and the two markers are reevaluated for
significance. If both the markers remain significant, the marker with next highest
LOD score is added to the model, and the significance of the three markers is
reevaluated.

6.4.3.2 Multiple Interval Mapping
The multiple interval mapping (MIM) approach is devised for simultaneous QTL
mapping in multiple marker intervals (Kao et al. 1999). MIM avoids the complicated
procedure used in CIM for the selection of background markers, but it uses several
selection methods like forward search method and forward and backward selection
methods to search for the best genetic model. MIM is able to take into account
epistatic interactions, if present, among the multiple QTLs included in the model. As
number of QTLs included in the model is increased, there is an exponential increase
in number of parameters. As a result, the MIM implementation is computationally
intensive.

6.4.3.3 Bayesian Multiple QTL Mapping.
Bayesian QTL mapping has been designed for the discovery of multiple QTLs.
Number of QTLs treated as a random variable and reversible-jump Markov Chain
Monte Carlo (MCMC) procedure is used further for specific modeling (Satgopan
et al. 1996; Banerjee et al. 2008). In a Bayesian model, a prior distribution is
selected, from which the posterior distribution is derived, and inferences are drawn
from the posterior distribution. Both CIM and Bayesian methods use maximum
likelihood functions. The advantages of prior distribution decline with the increase
in sample size. Therefore, for most bi-parental mapping populations (population
size
in hundreds), the Bayesian method may offer little advantage over the conventional
mapping, particularly when high-density maps are available, and the genotype data
are nearly complete. The Bayesian mapping methods are flexible in handling the
ambiguity related to the QTL number, locations of the QTLs, and missing genotypes
of QTLs. Bayesian models estimate the probability that a QTL exists in a given
marker interval; this feature is regarded as the major advantage of these methods.
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6.4.4 Factors Affecting the QTL Detection

The genetic properties of QTL, environmental factors, experimental errors in pheno-
type in band size of population are main factors affecting the QTL detection
(Bernardo et al. 2015). There is direct effect of environment on the expression of
quantitative traits and when some experiments are conducted on the same sites for
various seasons, helps in the detection of environmental effect on the QTL (George
et al. 2003).The population size also directly influences the QTL mapping studies,
population which are large in size results in precise mapping and facilitates the
detection of QTLs with less prominent effects (Tanksley 1993; Haley and Andersson
1997). Imprecise phenotyping and genotyping create experimental errors. The
distance between markers can be affected by errors in phenotypic and genotypic
data (Hackett 2002).

6.4.5 QTL Validation

After QTL detection, it is required to validate that particular QTL. For this reason,
diverse populations will be developed by crossing different parents in order to check
the presence of a particular QTL in other populations with different genetic back-
ground. NILs mapping populations are usually used for validation and confirmation
of QTL (Collard et al. 2005). Confirmation of QTL provides the information that
marker should be used for MAS or not (Ogbonnaya et al. 2001).

6.4.6 Software for QTL Mapping

Some methods of QTL analysis like SMA and regression interval mapping can be
performed using standard statistical software. But other QTL analysis methods
require special software packages for their implementation. Most of these software
packages are listed at http://www.linkage.rockefeller.edu.soft. Most of these
packages would give similar, if not the same, results for the same datasets, but
they differ with respect to the required data format, computer platform used, user
interface, graphic output, etc.

(i) MapMaker/QTL
(ii) QTLCartographer
(iii) PLABQTL
(iv) MapManagerQT/QTX
(v) R/QTL
(vi) R/QTLBIM
(vii) QTLExpress
(viii) FlexQTL
(ix) INTERQTL
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(x) MCQTL
(xi) QGene

6.5 Molecular Breeding

Molecular breeding is a technique that uses molecular markers in combination with
linkage maps and genomics to improve a particular trait. There are different molec-
ular breeding strategies like:

• Marker-assisted selection (MAS).
• Marker-assisted backcrossing (MABC) and.
• Marker-assisted recurrent selection (MARC) (Ribaut et al. 2010).

MAS involves indirect phenotypic selection where individuals are selected based
on marker pattern.

6.5.1 Marker-Assisted Selection or Marker-Aided Selection (MAS)

It is a selection process where a trait of interest is selected on the basis of a marker
which should be tightly linked with the trait of interest.

The greater part of MAS works uses DNA-based markers in the present era. In
1923, Sax firstly reported an association of a simply inherited genetic marker with a
quantitative trait in plants, he observed that segregation of seed size associated and
segregation for seed coat colour marker were associated with beans (Phaseolus
vulgaris L.). Plant breeders mostly use MAS for the identification of suitable
dominant or recessive alleles across a generation and for the identification of the
most favourable individuals across the segregating progeny (Francia et al.
2005). Kulshrestha et al. (2020) reported that molecular marker is a tool to study
the resistance in tomato genotypes against root knot nematode. The resistance for
Meloidogyne species is imparted by Mi family genes in tomato. Mi-1 was found to
confer resistance towards M. incognita, M. javanica and M. arenaria.

6.5.1.1 Prerequisites for Marker-Assisted Breeding Program
Marker-assisted breeding needs more facilities as compared to conventional breed-
ing. Pre-requisites essentials for marker-assisted breeding (MAB) in plants are listed
below.

(a) Appropriate marker system and reliable markers should be there.
(b) High-throughput marker detection system.
(c) Genetic maps need to provide framework for the detection of marker and trait

association so to choose markers and using it in marker-assisted selection.
(d) Efficient data processing and management system.
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The common procedure of MAS is given in Fig. 6.2.
Marker-assisted selection includes the following major methods:

• Molecular marker-based screening of populations for genotypes of interest.
• Marker-assisted backcross: one or more QTLs can be transferred from donor to

recipient parent by repeated backcrossing so that desired trait of interest can be
approved.

• Gene pyramiding schemes: where genes (two or more) identified in multiple
lines/parents are accumulated into a single genotype.

• Marker-based recurrent selection: a complex scheme used for more loci involving
several generations of selection and random mating of selected individuals.

• Selection: based on combining molecular and phenotypic data.

6.5.1.2 Important MAS Schemes
Important schemes used for MAS are as follows:

1. Marker-assisted backcrossing.
2. Marker-assisted recurrent selection.
3. Gene pyramiding.
4. Genomic selection.

Fig. 6.2 Basic procedure for marker-assisted selection
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1. Marker-assisted backcrossing (MABC)
In marker-assisted backcross breeding, a useful trait is transferred from a donor
parent into a recurrent parent, which is a superior variety deficient in this trait. The
F1 from cross between the donor and recurrent parent and the subsequent
progenies are backcrossed to the recurrent parent. As a result, donor parent’s
genome is progressively replaced by the recurrent parent genome. The gene/QTL
which is being transferred from the donor parent must be maintained by a
rigorous phenotypic selection or else it would be rapidly replaced by the recurrent
parent allele. Since the ultimate result of a backcross program is the transfer of
target gene(s)/QTL(s) into the recurrent parent genotype, this process is often
referred to as gene/QTL introgression. Some of the examples where MAS is
preferable to phenotypic selection are summarized in Table 6.3.

Backcross breeding has been extensively used because in each crop there are
some varieties that are popular with the farmers. Therefore, farmers are more
likely to accept a superior version of such a variety than an entirely new variety.
Finally, backcross method can be continued to use for transgene introgression
because in many crop species either land races or obsolete varieties have to be
utilized for genetic transformation in view of technical difficulties. In such cases,
backcross program must be second-handed to transfer the transgenes from the

Table 6.3 Examples of advantages of MAS over phenotypic selection

Trait/situation
Discouraging feature of phenotypic
selection Reference

Foreground selection

Soybean cyst nematode Time consuming, high cost Young (1999);
Bernardo (2008)

Cereal cyst nematode
(wheat)

Slow speed, very high cost Brennan and
Martin (2007)

Crown rot resistance (wheat) Slow speed, high to very high cost Brennan and
Martin (2007)

Small-scale quality tests
(wheat)

Slow to moderate speed, medium to very
high cost

Brennan and
Martin (2007)

Amylose content (rice) Reliable estimation is cumbersome Gopalakrishnan
et al. (2008)

“Quality protein” trait
governed by o2 mutant allele
(maize)

Expensive biochemical assay, recessive
inheritance

Babu et al.
(2005)

Provitamin A (maize) Time consuming, high cost Muthusamy
et al. (2014)

Background selection

Recovery of recurrent parent
genome

Slow progress (82% recovery in BC4F7) as
compared to MAS (97% recovery in BC2F2:

3)

Randhawa et al.
(2009)

Recombinant selection Very poor effectiveness Young and
Tanksley et al.
(1989)

Source: Singh and Singh (2015)
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agronomically inferior transgenic lines (used as donor parent) into the elite
varieties (serving as recurrent parent).

Objectives of backcross breeding are as follows:
(a) Transfer of the desired trait from a donor parent into a recurrent parent.
(b) Recurrent parent genome should be recovered.
(c) Complete exclusion of the donor genome, leaving only the target gene/QTL.

Molecular markers can be utilized to achieve all the three objectives.
• Target gene/QTL related markers enable indirect selection of the gene/QTL

(foreground selection).
• Co-dominant markers distributed across the genome allow plants with the

highest percentage of the recurrent parent genome to be selected (background
selection).

• Co-dominant markers on either side of the target gene may be used to select
unusual recombinants that do not have the genome of the donor outside these
markers (recombinant selection).

(A) Foreground Selection
The indirect selection for the target gene/QTL on the basis of the associated
marker genotype was suggested by Tanksley (1983) and was named Hospital
and Charcosset’s foreground selection (Hospital and Charcosset 1997). Fore-
ground selection will be highly preferable to phenotypic selection when pheno-
typic evaluation for the target trait is problematic for anyone or more of the
several reasons. In addition, it will greatly facilitate multiple QTL transfer and
multitrait introgression and would replace disease tests during selection. Finally,
the combination of oligogenic and polygenic resistance to plant diseases and
insect pest would make it indispensable. The efficacy of foreground selection
depends mainly on the genetic distance between the marker and the target gene/
QTL; the closer is the gene/QTL marker is, the higher the foreground selection
efficiency will be. The genetic distance between a marker and a gene/QTL
indicates the progeny frequency at which, due to recombination, the relationship
between the marker and the target gene/QTL allele is anticipated to alter.

(B) Background Selection
Tanksley et al. (1989) suggested the use of molecular markers to promote the
recovery of recurrent parent genome and called background selection by Hos-
pital and Charcosset (1997). It has been reported that different NILs developed
independently from the same cross by selection for the same marker/gene
usually contain different lengths of the donor genome flanking the marker/
gene. It has been shown that two to four backcrosses together with background
selection can recover the recurrent parent genotype to the same coverage as is
achieved with six backcrosses united with phenotypic selection for recurrent
parent phenotype. Background selection may also be used in a pedigree pro-
gram to ensure the recovery of a specified level of the genome from one of the
parents that may have more desirable features than the other parent.

(C) Recombinant Selection
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A specific form of background selection is defined in terms of recombinant
selection (Collard and Mackill 2008a, b) to remove the donor parent genome
flanking the target gene/QTL (Young and Tanksley 1989). To minimize linkage
drag recombinant selection guarantees the transfer of the target gene/QTL with a
minimum of the donor parent genome. The adverse effect of gene linked to the
target gene/QTL on the output of gene transfer lines is linkage drag. Often it is
very difficult to eliminate undesirable linked genes in backcross programs. A
surprisingly large amount of donor genome may remain in lines derived from
several backcrosses. For example, tomato cultivars developed by transfer of
Tm2 gene from Lycopersicon peruvianum contained donor parent genome
segment as 4 cM even after 20 backcrosses. It is remarkable that one cultivar
derived after 11 backcrosses had the complete chromosome arm having the Tm2
gene (>51 cM). The strategy of recombinant selection is based on markers
located at <5 cM, preferably ~1 cM, on any side of the markers employed for
foreground selection. These markers permit selection for such recombinants that
have the target gene/QTL but lack the genome of donor parent beyond the
markers used for foreground selection. Recombinant selection can save several
generations of backcrossing without imposing a high cost.

Among the methods of molecular breeding, MABC has been used most exten-
sively and successfully used in plant breeding. In several plants, it has been applied
to various type of traits, such as rice, wheat, maize, barley, pear millet, soybean,
tomato, etc. (Collard et al. 2005; Dwivedi et al. 2007; Xu 2010).

• In maize, the integration of the Bt transgene into various corn genetic
backgrounds has been achieved by using MABC.

• Aroma in rice is regulated by a recessive gene because of an eight base-pair
deletion and three single-nucleotide polymorphism in a gene which codes for
betaine aldehyde dehydrogenase 2 (Bradbury et al. 2005a). This finding helps the
aromatic and non-aromatic rice varieties to be classified and discriminates
between homozygous recessive and dominant as well as heterozygous individuals
in segregating population for the trait. MABC has been used for aroma selection
in rice (Bradbury et al. 2005b).

• opaque2 gene for high lysine has been incorporated in corn by means of MABC
(Babu et al. 2005).

• Sebolt et al. (2000) used MABC for two QTL for seed protein content in
soybeans.

• In tomato, Tanksley and Nelson (1996) proposed a MABC strategy, called
advanced backcross- QTL (AB-QTL), to transfer resistance genes from wild
relative/unadapted genotype into elite germplasm. The method has proven suc-
cessful for various agronomically significant tomato traits, including fruit quality
and resistance to black mould (Tanksley and Nelson 1996; Bernacchi et al. 1998;
Fulton et al. 2002).

• Furthermore, AB-QTL has been used in other crop species, such as rice, barley,
wheat, maize, cotton and soybean, demonstrating collectively that this method is
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successful in transferring favourable alleles from the unadapted /wild germplasm
to elite germplasm (Wang and Chee 2010; Concibido et al. 2003).

• Amarker linked (0.7 cM) to the Yd2 gene for barley yellow dwarf virus resistance
was successfully used in barley to select resistance in a backcrossing scheme
(Jefferies et al. 2003).

• Marker-facilitated backcrossing has also been successfully used in maize to
enhance complicated traits such as grain yield. Using MABC, by three
generations of backcrossing, accompanied by two generations of selfing, six
chromosomal segments each in two elite lines, Tx303 and Oh43, were transferred
into two commonly used inbred lines, B73 and Mo17. Based on initial test-cross
hybrid assessments, the improved lines with better performance were then picked.
Zhao et al. (2012) reported that an important quantitative trait locus (named
qHSR1) for maize head smut resistance was successfully incorporated into ten
high-yielding inbred lines.

2. Marker-Assisted Recurrent Selection(MARS)
This is the technique in which molecular markers are applied at each generation in
order to target all traits of interest; it was proposed in the1990s (Bernardo and
Charcosset 2006). In this technique, crossing is performed in selected individuals
at every crossing and selection cycle. MARS is especially involved with the
improvement of F2 population that is achieved through one cycle of MAS (having
phenotypic data with marker scores) followed by performing 2–3 cycles of
marker-based selections (having marker scores only). It is a simple technique
that can be easily implemented without requiring any prior knowledge of QTLs,
and the selection depends entirely on the associations formed during the MARS
programme between the marker and the trait (Eathington et al. 2007). MARS is a
recurrent selection scheme using molecular markers to classify and select multi-
ple genomic regions involved in the expression of complex traits to assemble the
best-performing genotype within a single population or across related
populations, as described by Ribaut et al. (2010).

(A) MARS in Cross-Pollinated Crops
Lande and Thompson (1990) proposal was soon adopted by maize breeders as
marker-assisted recurrent selection (MARS), particularly in private seed
companies. MARS has been mostly used for improving F2 populations from
suitable crosses before inbred isolation from them. Recurrent selection schemes
were originally proposed for accumulation of desirable alleles in maize
populations prior to inbred isolation from them. In these schemes, plants are
selected on the basis of either their phenotype or testcross performance. In all
possible combinations, the self-selected progeny of selected plants is
intermingled to produce the population for the next selection period. In this
way, the selection may be continued for as many cycles as desired. The testcross
parent, i.e., the tester, used in the scheme may have either narrow genetic base
(selection for specific combining ability) or broad genetic base (selection for
general combining ability) (Allard 1960).

(B) F2 Enrichment and MARS in Self-Pollinated Crops
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In self-pollinated crops, recurrent selection based on phenotypic evaluation has
been used to boost quantitative traits by accumulating favourable polygenic
alleles regulating the target characteristics (Singh 2012). MARS scheme can be
applied to segregating generations from suitable crosses of self-pollinated crops
and the selected plants may be mated in pairs to generate the population for the
next cycles of selection (Lande and Thompson 1990). The efficiency of MARS
for one or two generations in intercrosses between RILs or DH lines derived
from unique crosses was greatly impacted in computer simulations by the
accuracy of the QTL position.

In the F2 enrichment approach, MAS is used to eliminate from a F2 popula-
tion all plants that are homozygous for the unfavourable allele of one or more of
the target QTLs. Therefore, only certain F2 plants that are either homozygous or
heterozygous for the beneficial alleles of all target QTLs are retained. The
frequency of such plants would be(3/4)n in F2, where n is the number of target
QTLs. Thus, the F2 enrichment approach dramatically increases the frequency
of desired homozygous lines recovered from a F2 population. Generally, F2
enrichment is applied to the F2 generations, but it can be used in backcrosses,
three-way crosses, and double crosses as well.

3. Gene pyramiding
This is a technique in which several QTLs/genes are introgressed into a cultivar
for a single or multiple traits which is deficient for these traits. This technique is
primarily applied to increase the degree of tolerance to various diseases and
insects by simultaneously selecting two or more genes (Luo et al. 2012).

Nelson (1978) introduced the idea of gene pyramiding to grow crop varieties
with robust disease resistance by putting together few to many different
oligogenes for resistance to the given disease. In general terms, gene pyramiding
may be used to describe putting together of two or more genes in a single line/
variety regulating a single trait. Gene pyramiding is relatively straight-forward
when the same donor parent contributes all the genes. But when two or more
donor parents have to be used, relatively simple strategies can be used for gene
pyramiding. Often, genes governing two or more different traits are introgressed
into a single recurrent parent; this should be called multitrait introgression in the
place of gene pyramiding.

There are quite a lot of examples of successful pyramiding of genes, QTLs,
and both genes and QTLs related mainly to disease resistance, and QTLs for yield
and yield-related traits (Table 6.4). For commercial purposes, a BB-resistant
edition of Pusa Basmati 1 (PB1), known as ‘Improved Pusa Basmati 1’ (IPB1),
containing xa13 and Xa21 genes from the donor parent IRBB55 (Gopalakrishnan
et al. 2008), and a BB-resistant variant of Samba Mahsuri, known as ‘Improved
Samba Mahsuri’, containing xa5, xa13, and Xa21 genes from the donor parent
SS1113 (Sundaram et al. 2008), has been released.
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Strategy for Gene Pyramiding
1. Donor parent is crossed with the recurrent parent, and the F1 and the subsequent

progeny are repeatedly backcrossed with recurrent parent.
2. When the genes to be pyramided are present in different donor parents, they can

be introgressed into recurrent parent by two ways.

First Way
• Each donor parent is used in a separate backcross program with the recurrent

parent to recover the target gene from each donor parent in the genetic back-
ground of recurrent parent either in heterozygous or homozygous state.

Table 6.4 Examples of gene/QTL introgression in different crop plants

Crop Trait Gene/QTL Reference

Rice Amylose content Wx Gopalakrishnan et al.
(2008)

Root depth Four QTLs Shen et al. (2001)

Root depth QTL2, QTL7, QTL9,
QTL11

Steele et al. (2006)

Rice yellow mottle virus
resistance

QTL7, QTL12 Ahmadi et al. (2001)

Submergence tolerance QTL SUB-1 Neeraja et al. (2007)

Bacterial blight resistance xa13, Xa21 Joseph et al. (2004)

xa5, xa13, Xa21 Sanchez et al. (2000);
Sundaram et al. (2008)

Xa4, xa5, xa13, Xa21 Huang et al. (1997)

Bacterial blight, yellow
stem borer and sheath
blight

Xa21, bt, RC7 chitinase, Bt Datta et al. (2002)

Blast disease Pil, Piz-5, Pill, Pita Hittalmani et al. (2000)

Maize Protein quality o2 Babu et al. (2004,
2005)

Days to silking Three QTLs Bouchez et al. (2002)

Yield Two QTLs Bouchez et al. (2002)

Yield Yield QTLs Schmierer et al. (2004)

Heterosis 2–4 genomic regions Stuber et al. (1999)

Northern leaf blight and
head smut resistance

Oligogenes Ht1 and Ht2 Min et al. (2012)

Barley Barley stripe rust
resistance

Oligogene Recurrent
parentsx and QTL4, QTL5,
QTL7

Castro et al. (2003)

Barley yellow mosaic
virus

rym1 rym5 Okada et al. (2004)

Wheat Powdery mildew Pm2, Pm4a Liu et al. (2000)

Tomato Acyl sugar content 3–5 genomic regions Lawson et al. (1997)

Fruit quality Five genomic regions Lecomte et al. (2004)

Source: Singh and Singh (2015) and Collard and Mackill (2007)
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• These derived lines of recurrent parent are then crossed together to produce a
complex hybrid.

• The pyramided version of recurrent parent having all the target genes is recovered
from this hybrid by selfing coupled with selection.

Second Way
• All the donor parents are ordered into a single backcross program according to a

suitable mating scheme. The complex hybrid obtained from either scheme is used
in a backcross program with the recurrent parent to recover the pyramided version
of recurrent parent (Ishii and Yonezawa 2007).

The conventional breeding schemes were considered for selection based on
phenotype and are not well suited to fully exploit the marker technology. This
recognition has encouraged the development of innovative breeding schemes
(Table 6.5) designed to take advantage of the markers data.

6.5.2 Advantages of MAB Over Conventional Breeding

MAB advantages in comparison to conventional breeding methods:

(a) MAB allows selection of individuals at a seedling stage which proves very
useful especially in case of backcrossing and recurrent selection, where crossing
among selected individuals is required.

(b) MAB does not have any impact of varying environment and selection of good
lines can be done under greenhouse and off season nurseries.

(c) Co-dominant markers in MAB allow selection of recessive alleles even in
heterozygous condition and selfing or test crossing is not necessary.

(d) MAB allows the gene pyramiding efficiently and is more effective for the traits
controlled by multiple genes/QTL.

6.5.3 Drawbacks of MAB

(a) Due to lack of marker polymorphism or selectable marker-trait association, all
markers cannot be applied across populations.

(b) All markers are not very convenient to be used by the breeders due to the
dominant nature of some marker types and these are required to be converted
into breeder friendly markers like RAPD into SCAR (Sequence Characterized
Amplified Region), etc.

(c) Use of multiple markers is required to avoid any failure in selection due to
recombination between the markers and the gene/QTL.

(d) Inaccurate estimates of QTL locations and effects result in slower progress than
expected. There are many factors like algorithms, mapping methods, number of
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Table 6.5 A summary of various breeding methods, including innovative schemes, using MAS

S. no. Breeding scheme Objective Chief features

1 Marker-assisted
backcrossing
(MABC)

Introgression of genes/QTLs
from one or more donor parents
into an recurrent parent

F1 and subsequent generations
backcrossed to recurrent
parent; foreground,
background, and recombinant
selections, usually, based on
MAS

(a) Single gene/QTL
introgression

Removal of a specific defect of
recurrent parent

As above

(b) Gene pyramiding Accumulation into the
recurrent parent of different
genes/QTLs affecting a trait

Genes introgressed
individually into recurrent
parent by parallel MABC and
brought together in the end

(c) Multitrait
introgression

Accumulation into the
recurrent parent of genes/QTLs
affecting several different traits

As above

(d) Single backcross-
DH scheme

Introgression of genes/QTLs
from an elite donor parent into
an recurrent parent

MAS in BC1F1 for target traits;
haploids produced and
subjected to MAS; DH
produced and evaluated; no
background MAS

(e) Advanced
backcross QTL
mapping

Introgression of genes/QTLs
from unadapted germplasm

Selection against deleterious
traits in the backcross
generations; BC1S1/BC2S1 used
for QTL identification/used in
breeding programs

(f) Inbred
enhancement-
QTL mapping

Introgression of QTLs from
donor parent into an elite
recurrent parent deficient in the
trait

Introgression line library
constructed; lines evaluated for
QTL detection and mapping;
superior lines used in breeding/
as varieties

2 Breeding by
design

Development of a line with the
ideal genotype created,
initially, in silico for high
performance

The ideal genotype designed
using information on marker-
trait association; this genotype
is constructed by combining
the target genomic regions
from various donor parents

3 Pedigree MAS To ensure the presence of the
desired genomic regions in the
derived lines by fixing these
regions

Genomic regions of interest
identified from data generated
in breeding activities; MAS in
early segregating generations
to fix these regions

4 Single large-
scale MAS
(SLS-MAS)

As above Genomic regions of interest
identified from appropriate
crosses; MAS for fixing the
target regions in F2/F3;
subsequent generations as per
pedigree scheme

(continued)
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polymorphic markers, and population type and size which affect the efficiency
of QTL detection.

(e) Large number of breeding programs has not been equipped with adequate
facilities and conditions for a large-scale adoption of MAB in practice are not
applicable to large-scale breeding programmes due to unavailability of sufficient
infrastructure.

(f) MAB schemes cannot be designed for large-scale use in breeding programs
unless the plant breeders are trained with procedures and implementation of
these methods.

(g) Higher startup and labour costs.

6.6 Association Mapping

Association mapping (AM) also known as ‘linkage disequilibrium mapping’ takes
advantage of linkage disequilibrium to link phenotypes to genotypes of unrelated
individuals for mapping QTLs, hence discovering genetic associations. To conduct
the association mapping, one must have the mapping population consisting of a

Table 6.5 (continued)

S. no. Breeding scheme Objective Chief features

5 Marker-
evaluated
selection (MES)

Development of genotypes for
adaptation and performance in
specific ecosystems

Genomic regions of interest
identified by changes in marker
allele frequency in the target
ecosystems; MAS used for
these regions

6 Marker-assisted
recurrent
selection
(MARS)

Isolation of improved inbreds/
purelines by increasing the
frequency of desirable alleles in
the population

Markers showing considerable
association with the trait
(s) used for MAS; selected
plants intermated and their
progeny subjected to MAS;
may continue for several cycles

7 Genomic
selection (GS)/
genome-wide
selection (GWS)

Selection for all the QTLs
affecting the trait irrespective
of the significance of marker–
trait associations

Genome-wide markers used for
MAS based on genomic
estimated breeding values;
marker effects predicted from a
suitable training population.

8 Heterosis
breeding

Development of superior
hybrid varieties

Heterotic groups identified on
the basis of marker data;
complementing groups crossed
to produce hybrids
Genomic regions involved in
heterosis identified; target
regions introgressed into
appropriate inbreds to enhance
hybrid performance.

Source: Singh and Singh (2015)
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diverse set of individuals chosen from natural populations. Association mapping
reveals a significant association between molecular markers and a phenotypic trait.
AM, at statistical level, gives the covariance between the marker polymorphism and
trait of interest (Jannink and Walsh 2002; Zhang et al. 2016a). It saves time in
comparison to linkage mapping and ensures better mapping resolution with a higher
number of recombination events. Due to availability of more genetic variations with
larger background, AM facilitates to find out higher number of alleles (Zhang et al.
2016b; Kraakman et al. 2006).

Advantage of association mapping

• Populations for AM are from existing germplasm, this saves time efforts and cost
required.

• QTL associated marker identified through association mapping can be directly
used for MAS as they are identified from diverse germplasm.

• QTL would be present in multiple genetic backgrounds of breeding material.
Therefore, QTL discovered in such materials would be one that will be able to
articulate itself in a range of genetic backgrounds and would be useful in other
breeding programs.

Limitation of association mapping

• The effect of a rare and agronomically valuable allele on the target trait cannot be
detected.

6.6.1 Populations Used for Association Mapping

The success of association mapping majorly depends upon the type of the population
used. A natural/breeding population or a family-based population may be utilized.
AM also uses biparental and multiparent populations, but single biparental
populations are commonly not used for AM. Mapping populations like doubled
haploid, F3, etc., or families derived from several biparental crosses made by mating
a group of inbreds in diallel scheme or in a random manner are used for AM. Among
the multiparent populations, two populations, namely, multiparent advanced gener-
ation intercrosses (MAGIC) and nested association mapping (NAM) populations,
have become populations of choice since they allow both AM and linkage mapping
and can even be used for variety development.

1. NAM Population
The nested association mapping (NAM) population, proposed by Yu et al. (2008),
used for linkage mapping of QTLs as well as AM. The NAM scheme was initially
developed for maize. RILs developed from a diverse set of parents are used to
develop this population. It requires a fewer number of markers than GWAS in
population-based association panels, and the resolution obtained is higher than
QTL linkage mapping. The NAM strategy has higher power than AM because the
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controlled crosses made for generating NAM populations minimize population
structure and familial relatedness. Further, being a biparental population, the
frequencies of otherwise rare alleles get increased in the biparental families
generating the NAM population. It facilitates cost-effective genome-wide scans
and permits sharing of the NAM panel with other researchers. The NAM and
similar methods have main statistical challenge related to the estimation of
probability that alleles of various loci which are identical in state are also identical
by descent.

2. MAGIC Population
The multiparent advanced generation intercross (MAGIC) populations comprise
a set of RILs produced from a complex cross or a set of crosses involving multiple
parents. These populations can also be used for linkage and association mapping
of multiple traits for which the parents differ, and multiple alleles at the target loci
can also be detected. The development of these populations is accompanied with
several rounds of recombination, which increases the precision and resolution of
QTL mapping. MAGIC populations can be derived from breeding lines and
germplasm lines of interest to breeders. MAGIC populations were developed in
rice (using indica and japonica lines) and wheat and used in QTL mapping and
variety development in rice.

6.6.2 Types of Association Mapping

1. Genome-wide association study.
2. Candidate gene based AM.

1. Genome-wide association study
In genome-wide association studies (GWAS), the markers used for the genotyping
are distributed evenly and densely over the whole genome. In this approach, all
the loci controlling the traits, which show variation in the sample, can be
evaluated in one go. The markers number required for genotyping would be
much higher in cross-pollinated than in self-pollinated species because the LD
decays much faster in the former than in the later. It is essential that a genome-
wide linkage map of markers of the concerned species must be available to permit
the selection of an appropriate set of markers. Besides, substantial resources and
effort will be requisite for consistent phenotyping of the variable traits. Finally, it
would be required to make thousands of independent comparisons among marker
loci, when large number of markers is used. This would necessitate a large sample
size (one thousand or more individuals) to permit the detection of QTLs with
moderate effect size. The populations like RILs are highly suitable for genome-
wide scanning of QTLs as only a few hundred markers need to be evaluated and
they provide greater statistical power to evaluate the effect of a genomic region
than AM. This would necessitate a large sample size (one thousand or more
individuals) to permit the detection of QTLs with moderate effect size.

2. Candidate gene based AM
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The approach where the analysis is restricted to the genomic regions having the
candidate genes/QTLs for the desired trait of interest is well-known as candidate
gene approach. A candidate gene is a gene expected to be involved in the control
of the trait of interest. The information from different sources like comparative
genomics, genome sequence annotation, transcript profiling, QTL analysis, com-
monly used to discover the candidate genes. This greatly reduces the target
genomic region, which can be analysed with a high density of markers. Further,
the total number of markers used as well as the sample size will also be
considerably reduced. The candidate genes are generally discovered from loss
of function mutations in laboratory strains. Therefore, sometimes it is difficult to
determine as to how well these mutations relate to the variation present in the trait
in natural populations. Despite these difficulties, the candidate gene based AM
used to discover genes involved in the control of many morphological, phenolog-
ical, and stress resistance traits (Ingvarsson and Street 2011). This approach has
an advantage of ability to identify a QTL where genome-wide AM fails to detect a
significant marker-trait association after false discovery rate (FDR) correction is
applied. Additionally, the use of this approach with GWAS tends to increase the
strength and accuracy of QTL detection (Gupta et al. 2014).

Statistical software used for association mapping in plants are summarized in
Table 6.6.

6.7 Conclusion

From application point of view, although conventional selection based on pheno-
typic evaluation will likely remain the basis for most breeding programs, particularly
in the public domain, genomics-assisted selection, and its applications are being
increasingly adopted and have become prevalent as compared to conventional
practices. As the twenty-first century unfolds, a multitude of genomics and
post-genomics platforms are at hand to inflate our perceptive of the genetic basis
of crop performance and to improve the effectiveness of selection procedures for the
release of new, improved cultivars. Resequencing has revolutionized the way
breeders deal with their germplasm and provides unsurpassed opportunities for a
deeper mining of allelic diversity and harnessing its full potential. Nonetheless, our
perceptive of the functional basis of yield and additional quantitative traits is still
limited. The elusive nature of the QTLs that govern yield and yield stability across
different environmental conditions is a difficult obstacle toward a more effective
selection targeting specific loci and an improved understanding of quantitative traits.
Notably, GS is being applied irrespective of our degree of considerate of the genetic
architecture of quantitative traits. Importantly, MAS and GS should be considered as
complementary rather than alternative approaches, the utilization of which should be
determined on a case-by-case basis. Bioinformatics and user-friendly data bases will
play an essential role for handling and managing the deluge of data produced by the
molecular and phenotypic platforms. Along this line, it is significant to highlight that
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any molecular approach aiming to discover genes/QTLs and test their effects should
preferably be carried out in an experimental context whose results are as relevant as
possible and readily applicable to the conditions prevailing in farmers’ fields.
Ultimately, a more effective exploitation of genomics approaches to enhance crop
performance will depend on their integration with conventional breeding. Although
it is not possible to predict to what extent and how quickly conventional breeding
will eventually be replaced by genomics-assisted breeding, the future release of
improved cultivars will be expedited through a systematic genome-based manipula-
tion, particularly by means of genome-editing approaches, of the loci that adminis-
trate the crop performance and the desired features targeted by breeders.

Table 6.6 Statistical software packages used for association mapping in plants

S. No.
Software
package Brief description

Free packages
1 TASSEL LD statistic calculation and graphic visualization; sequence analysis

2 EMMAX Fast computation, for large AM studies, corrects for population
structure and kinship (http://genetics.cs.ucla.edu/emmax/)

3 GenAMap Implements structured association mapping, employs various
algorithms, good graphical presentation
(http://sailing.cs.cmu.edu/genamap/)

4 GenABEL GWAS for both quantitative and qualitative traits (http://www.
genabel.org/packages/GenABEL)

5 FaST-LMM AM based on large samples of up to 120,000 individuals (http://
fastlmm.codeplex.com/)

6 GAPIT Implements CMLM, R-based, fast computation (http://www.
maizegenetics.net/gapit)

7 STRUCTURE Population structure analysis; generates Q matrix; computation
intensive (http://pritch.bsd.uchicago.edu/structure.html)

8 SPAGeDI Kinship analysis; generates K matrix (http://www.ulb.ac.be/
sciences/ecoevol/spagedi.html)

9 EINGENSTRAT Association analysis; PCA to generate P matrix used in the place of
Q matrix (http://genepath.med/harvard.edu/~reich/software.html)

10 MTDFREML MLM analysis of animal breeding data; can be used for plants
(http://aipl.arsusda.gov/curtvt/mtdfreml.html

11 Q Generic package; convenient for simulation work; useful for
researchers with good statistics and computer programming
background (http://www.r-project.org/)

Commercial packages
1 ASREML MLM analysis for animal breeding data, can be used for plants

(http://www.vsni.co.uk/products/asreml)

2 GenStat Implements GLM and MLM, corrects for population structure
(http://www.vsni.co.uk/software/genstat)

3 JMP Genomics Computation of population structure and kinship coefficient
(marker-based) (http://www.jmp.com/software/genomics/)

4 SAS statistical package used for data analysis and methodology work
(http://www.sas.com)

Source: Gupta et al. (2014)
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6.8 Future Thrust

• Marker-assisted selection in combination with genetic engineering and in-vitro
mutagenesis can be used to incorporate and/or manipulate novel genes to increase
the genetic diversity.

• High-throughput genotyping can be utilized to improve genome-wide association
studies (GWAS) in crop species, which leads to the detection of SNPs linked with
economically important traits.

• Association mapping as it based upon non-random association of candidate genes
or markers on a high resolution map can be used to find out new marker-trait
associations or to validate associations that were found through conventional
genetic mapping. It facilitates the discovery of more useful markers for wide
range of genotypes.

• There is need to develop the optimum balance between conventional and molec-
ular breeding, and the “best” balance will be unique to each situation, crop,
selection scheme, environment and opportunities for different selection methods.
More emphasis should be given to combined selection systems, instead of
viewing MAS as a substitute for phenotypic or field selection.

• There is an absolute need to expand the infrastructure for the management,
conservation, and annotation of the respective crop genomic sequences that will
be produced in the near future.

• In particular, “speed breeding” that does not allow an appropriate phenotypic
assessment required by conventional selection will be ideal to further enhance the
benefits of genome-assisted selection.
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Abstract

Breeding has played a significant role in the evolution of human civilizations
began with the domestication of plant and animal species estimated to date back
10,000–15,000 years ago. It provides sustainability to more than 6 billion world
populations. Over the past 100 years, there is a drastic variation in the landscape
for plant breeding due to uncontrolled population growth, demolition of agricul-
tural land areas, and changing environmental conditions. Thus, it imposes a
tremendous challenge on the researchers to improve the production and produc-
tivity of crops. The advent of novel genomics methods including NGS (Next-
Generation Sequencing) and breeding tools has massively changed traditional
breeding into next-generation breeding. Genome editing is a promising technique
to alter specific genes to improve trait expression. Integrating computational tools
with next-generation breeding technologies can speed up the breeding process
and increase the genetic gains under different production systems. This chapter
emphasizes the significance of next-generation sequencing-derived information
(big data) and their analysis by omics tools to revolutionize crop improvement.
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7.1 Introduction

The twenty-first century is an era of globalization. Great saying by Helen Fisher
“Globalization requires taking a broad contextual and long-term view.” The idea is
to develop a global network of science and technologies without any limitations and
boundaries. Traditional plant breeding techniques included testing of different
breeding strategies like hybridization and selection of best elite lines or varieties
with the best combination of desired characteristics, viz., yield-attributing traits,
quality traits, and insect and pest resistance. The late nineteenth century and early
twenty-first century witnessed the transition period from a “Mendelian era” to the
“Genomics era” and the introduction of the dry lab along with a wet lab. With the
innovation of the whole-genome sequencing technique, an unlimited number of
markers, CNV (copy number variation), SNP (Single Nucleotide Polymorphism),
and diverse germplasm based on allele mining can be identified. Bioinformatics is
playing an important role in breeding by managing the big data generated from large-
scale genomics information, high-throughput sequencing, and breeding
experiments. It is useful for plant breeders in performing next-generation breeding
techniques like phenotypic selection, genomic selection (GS), and speed breeding,
simulates genotype-by-environment interactions using multiple trait approaches, and
developing crop models. In the present chapter, different tools and techniques are
discussed to exploit genomic data in breeding programs for the selection of best-fit
breeding strategies.

7.1.1 Traditional Breeding to Next-Generation Breeding

The traditional farming practice is nowadays a challenge owing to the high
expectations of regulators, consumers, food processors, and retailers. It is due to
global population blasts, changing climatic conditions, and environmental pressure.
It is estimated that the global population will approach 10 billion by 2050 which
needed an increase in agricultural production by 60%. It is estimated that with every
rise in 1 �C temperature there is a fall in agricultural productivity by 5%. The
agricultural revolution has gradually transformed the traditional agricultural system
to hasten the production and productivity rate, novel crops breeding and insect,
drought or heat tolerance crop with less pesticide usage. Agriculture has changed
course many times, and always in pursuit of higher and better production and
productivity (Heywood 1992) (Table 7.1).

The different techniques have been used since ancient times to improve the value
of food crops with the introduction of superior cultivars, enhancing their yield and
the nutritional quality of their products, for the healthy living of humans (Hallauer
2011). The term “plant breeding” is often used synonymously with “crop improve-
ment” in modern society and is aided by genetic engineering and genomics
approaches. Modern plant breeding programs are a combination of diverse skill
sets which include genetics, statistics, agronomy, biochemistry, physiology,
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bioinformatics, molecular biology, economics, and information technology making
it highly interdisciplinary (Hickey et al. 2017).

7.1.2 IT (Information Technology) in Plant Breeding

At the beginning of the twenty-first century, the Human Genome Project (HGP) acts
as a catalyst for the rapid and crucial growth and advancements in bioinformatics
(Zwart 2015). Later other projects were launched to unravel the mysteries of genome
blueprint, including the ENCyclopedia of DNA Elements (ENCODE), 1000
Genomes project, International HapMap project, Roadmap Epigenomics Project,
Microbial Genome Project, and data was stored in databases like NCBI (http://www.
ncbi.nlm.nih.gov/genomes/leuks.cgi), ENSEMBL (http://plants.ensembl.org/index.
html), PROTOZOME (http://phytozome.jgi.doe.gov/pz/portal.html), SNP (http://
snpdb.appliedbioinformatics. com.au). Bioinformatics is an interdisciplinary field of
life science that hybrids biological data with information technology to collect, store,
retrieve, manipulate, model, and analysis of scientific research. It mainly includes
omics, big data analysis, synthetic biology, system biology, biomedicine, and whole-
cell modeling, etc. The emergence of “Big Data” represents a new paradigm that
transforms the studies into large-scale research. Such a huge data set when coupled
with algorithms and bioinformatics tools has a profound implication on the predic-
tive efficiency and reproducibility of results (Назипова and Nazipova 2017). The
introduction of computer simulation in plant breeding has reduced its complexity.
Computer simulation is useful in gene mapping, gene network analysis, and in
developing different crop models to simulate crop growth. Deep Learning or Artifi-
cial Intelligence is a mathematical model that relies on an artificial neural network
(ANN), based on the working of the human brain, that allows a program to learn and

Table 7.1 Agricultural revolution timeline

Agricultural
revolution Period Transformation

First ~8000–
10,000 BC

Domestication of plants and animals (also known as the
Neolithic revolution)

Second ~1800 AD
onwards

Mechanization of agricultural production, selective breeding,
crop rotation, use of fertilizer, and land reclamation

Third 1930s–
1970s

Biotechnologies/genetic engineering and genetic modification
of agricultural products increase in the application of the
science of chemistry and the breeding of dwarf varieties of
grains, launched agribusinesses to new multinational heights.
(green revolution)

Fourth Present Next-generation breeding (second green revolution), OMICS
techniques, SMART farm management that tracks production
in real-time. Artificial intelligence that calculates optimal
harvest times and informs intermediaries of yield. (the digital
revolution) computer simulation in plant breeding, genome
editing techniques, speed breeding
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recognize an object or a specific pattern within a set of data and provides a bridge
between the genes and the morphological characteristics of the plant. It will be
helpful in next-generation breeding techniques like counting the number of flowers
for millions of plants, flowering time, or fruits ripening in a shorter time. Machine
learning (ML) algorithms based on “learning by finding” are used to capture the
characteristics of target patterns in plant genotypes and phenotypes and are capable
of processing big data using digital image processing and remote sensing. Machine
learning (ML) based algorithms is used in different areas of molecular biology and
genomics, including detection of transcription start site (TSS), splice site junction,
promoters, positioned nucleosomes, genome assembly, genome editing, functional
annotation of genes, and detecting SNPs in polyploidy plants. Ma et al. (2014)
reviewed the significance of machine learning approaches in determining genotypes
of gene homologs, repeat regions, and genome assembly in crop plants like
Hordeum vulgar and Triticum aestivum using the RHadoop tool. Crop simulation
models exploit various quantitative data to predict the effect of change in environ-
mental conditions and various factors on plant growth and development (Hodson
and White 2010). APSIM (The Agricultural Production Systems sIMulator) is a crop
simulation tool that predicts the effect of climate and management conditions on
various qualitative and quantitative traits in the plants (e.g., grain size, biomass, or
sugar yield) (Keating et al. 2003). The ADAM-plant software package uses a
stochastic simulation technique to detect the genetic changes in the population
under various breeding circumstances by simulating plant populations (Liu et al.
2019). It allows the breeder to simulate speed breeding, selection of parental lines,
overlapping breeding cycles for cross-pollinated and self-pollinated plant crops. The
next-generation plant breeder’s toolbox encompasses a wide spectrum of statistical
and computational methods to bring together breeding, evolution, and diversity in
the plant, genetics, statistics, computer programming, and Next-Generation
Sequencing, genomics, and data science.

7.2 Genomics in Plant Breeding

New advancement in NGS sequencing technologies has revolutionized traditional
crop breeding and research, into the “genomics era” of crop improvement.
According to the report of “Plant Genomics - Global Market Outlook
(2018–2027)” the approximate global market for plant genomics is around $6.18
billion in 2018 and is predictable to reach $14.49 billion by 2027 growing at a
Compound Annual Growth Rate (CAGR) of 9.9%. With the accessibility of whole-
genome reference sequences and cost-efficient genotyping platforms, breeders can
detect and transfer specific alleles or characters or genomic information in the
superior and desirable varieties in very little time (Lee et al. 2015). The advancement
in omics technology leads to the spectacular transformation in plant breeding. The
biggest challenge faced by plant researchers is the need for big data storage capacity
and highly efficient and proficient analysis software (Ong et al. 2016). Michael and
VanBuren (2020) reviewed recent advancements in sequencing technology like
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long-read sequencing and re-sequencing to speed up the sequencing process. In the
last 20 years, more than 400 plant species have been sequenced, published and were
submitted in the databases which includes both flowering and non-flowering plants
(https://www.Plabipd.de/portal/web/guest/sequenced-plant-genomes). Light Speed
Genomics is an optical imaging technology that uses electron microscopy in the
detection of series of light patterns in the form of signals and generates high-quality
reads or data (Pushpendra 2008; Xu et al. 2009). Besides genomics, plant proteomics
assists breeders or crop cultivars in understanding the process and mechanism of cell
division and differentiation, different stages of seed germination, flower and fruit
development (Tomas et al. 2011). Further, phenomics is useful in the identification
of QTLs and physiochemical responses of plants due to change in environmental
conditions or genetic pressures (Robert and Mark 2011) (Fig. 7.1).

Genome research mainly includes structural genomics, functional genomics,
comparative genomics, sequencing, molecular characterization, annotation, and
omics data analysis which comprised of the study of molecular compositions,
structures, organizations, functions, interactions/networks, and system biology of
an entire plant genome. Sequencing technology in plant breeding has gained a new
momentum that allows whole-genome sequencing, re-sequencing, transcriptome

Germplasm, Cultivar, Landraces

Data
generation

Map traut &
validation

Genomics DNA isolation & Lirary prepration, NGS

Preprocessing, Genome assembly, Phenotyping

GWAS, QTL analysis, SNP calling, genomic selection

Breeder’s tool box and data analysis using genomics database and softwares

• Integrate

• correlate

Data mining and genome modification

Fig. 7.1 Steps for plant genome data analysis
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sequencing, and exome sequencing in very less time and affordable prices so that
almost every species-specific genome can be sequenced at a reasonable price.
Further, it offers great opportunities for targeted crop breeding, biodiversity conser-
vation (Bevan et al. 2017) (Table 7.2).

7.3 Next-Generation Breeding

Following the green revolution and transgenic crop development, another revolu-
tionary progress in plant breeding is the Next-Generation Breeding also known as
the second green revolution. The next-generation sequencing techniques along with
third-generation genotyping tools in trait discovery, genomic selection, and gene
editing have revolutionize molecular breeding to next-generation plant breeding
(Ray and Satya 2014). It is useful in developing low-cost, high-throughput
genotyping methods for screening large populations within a small period, rapid
selection of loci, and detection of flexible and polymorphic markers and creating
novel combinations of alleles in a particular line. Thus “Next generations breeding
techniques” are useful in reducing the breeding cycles and developing the genetic
gain in terms of production and productivity. The approaches are Next-Generation

Table 7.2 URLs of some important resources related to plant genome analysis for breeders

Resource URL Reference

Genbank http://www.ncbi.nlm.nih.gov/
genbank/

Clark et al. (2016)

NCBI reference sequence https://www.ncbi.nlm.nih.gov/refseq O'Leary et al. (2016)

NCBI viral genomes
resource

https://www.ncbi.nlm.nih.gov/
genome/viruses

Brister et al. (2015)

NCBI prokaryotic genome
annotation pipeline (Prokka)

https://kbase.us/applist/apps/
ProkkaAnnotation/annotate_contigs/
release

Tatusova et al. (2016)

NCBI assembly http://www.ncbi.nlm.nih.gov/
assembly/

Kitts et al. (2016)

UniProt www.uniprot.org The UniProt
Consortium and
UniProt (2019)

Ensembl plants http://plants.ensembl.org/ (Bolser et al. 2016)

Gramene http://www.gramene.org/ Tello-Ruiz et al. (2018)

Gold https://gold.jgi.doe.gov/ Liolios et al. (2009)

SGN https://solgenomics.net/ Fernandez-Pozo et al.
(2015)

MaizeGDB https://www.maizegdb.org/ Portwood et al. (2019)

PlantGDB http://www.plantgdb.org/ Dong et al. (2004)

Phytozome https://phytozome.jgi.doe.gov/pz/ Goodstein et al. (2012)

PGDBj http://pgdbj.jp/ Asamizu et al. (2014)

Phytozome https://phytozome.jgi.doe.gov/pz/
portal.html

Goodstein et al. (2012)
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Sequencing (NGS), gene editing to allow the targeted modification of specific genes,
genome-wide association studies (GWAS) for quantitative trait loci (QTLs) mapping
in plants, TILLING and EcoTILLING, re-sequencing for SNPs discovery,
improvement of traits by introgression QTLs into the target genotypes through
marker-assisted breeding, analysis of genetic diversity, new line-breeding, genomic
selection (GS), and speed breeding.

7.3.1 Next-Generation Sequencing

A flood in the biological data is being generated by high-throughput data-generating
experiments like NGS (Next-Generation Sequencing), which has raised new
challenges for data mining and management. The recent innovative development
in sequencing technology within the market-place has reduced costs, error, and time
per sequencing sample, which give rise to an exponential growth of biological data
(Zhao and Grant 2011). Next-generation sequencing or second-generation sequenc-
ing is a high-throughput set of technologies based on massively parallel sequencing.
It is classified into three categories: sequencing by synthesis, sequencing by sequen-
tial ligation, and single-molecule sequencing. The sequencing platforms include
(1) Illuminas (Solexa) HiSeq, and MiSeq sequencing; for whole-genome sequencing
based on sequencing-by-synthesis (SBS), and reversible dye-terminators,
(2) Supported Oligonucleotide Ligation and Detection (SOLiD); based on sequenc-
ing by sequential ligation of oligonucleotide probes, (3) Roches 454;
pyrosequencing method based on sequencing by synthesis, and( 4) Helicose;
based on single-molecule sequencing. All the above sequencing equipment uses
the principles of the Sanger method. The basic steps in NGS involved library
preparation, clonal amplification, clustering, sequencing, and data analysis. The
cost of whole-genome sequencing has reduced by many folds with the advent of
NGS technologies and powerful computational pipelines and thus allowing discov-
ery, sequencing, genotyping, annotation, and detection of diversity, mutation, and
polymorphic markers in a single step (Stapley et al. 2010). With the increasing usage
and demand of sequencing techniques, new modification in next-generation
sequencing, i.e., the third-generation sequencing or “next-next” generation sequenc-
ing (NNGS) is coming out with new insight in the sequencing. Xiao and Zhou
(2020) reviewed the third-generation sequencing method including Oxford
Nanopore Minion technology and Pacific Biosciences (PacBio) Single-molecule
real-time (SMRT) technology. These are single sample molecule and real-time
sequencing technologies. Oxford Nanopore operated on an electronics-based plat-
form called the GridION™ system. It reads the variation in electrical signals as
DNA/RNA passes through a protein nanopore. Further, these signals are decoded to
specific DNA or RNA sequences. The SMRT technology allows direct RNA
sequencing (Eid et al. 2009). SMRT is based on sequencing by synthesis and is a
real-time technique. It has an SMRT Cell, which contains small wells called zero-
mode waveguides (ZMWs). Each well immobilized with single molecules of DNA,
and emits light as the polymerase incorporates nucleotide which is detected as a
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fluorescent signal. Unlike next-generation sequencing these methods do not include
an amplification step during sequencing and library preparation, therefore enabling
single-molecule sequencing. Besides this, the expected read lengths are much higher
than those of second-generation techniques, with average read lengths exceeding
250 bp–50 kbp and maximal read lengths exceeding >1 Mb (Bleidorn 2015). The
two main characteristics of third-generation sequencing are PCR that does not
require before sequencing, which reduces sample preparation time for sequencing,
and the signals (fluorescent or electric current) are detected in real-time mode, during
complementary strand synthesis. The advantage of the technique is that it generates
long reads in less time and easy to perform. It is useful for genome assemblies, and
also for metabarcoding and metagenomic studies. It is also suitable for the genera-
tion of high-quality assemblies of highly repetitive plant genomes (Dumschott et al.
2020). Few examples of plant species sequenced using the nanopore platform are
Juglans sigillata (iron walnut) (Ning et al. 2020), Eucalyptus pauciflora (snow gum)
(Wang et al. 2020), Oryza sativa (rice) Carolina Gold Select (Read et al. 2020),
Dioscorea dumetorum (yam) (Siadjeu et al. 2020), and Anthoceros agrestis (field
hornwort) (Li et al. 2020). In agricultural sciences, the NGS technique can be
applicable in whole-genome sequencing (WGS), whole-genome re-sequencing
(WGRS), Whole Exome Sequencing (WES), transcriptomics, Single cell sequenc-
ing, Methylation Sequencing, metagenomics, and reduced representation sequenc-
ing for high-throughput SNP genotyping. Such techniques are useful to improve
breeding activities in crops of economic importance (Barba et al. 2014). Reference
genome sequences combined with next-generation sequencing (NGS) led to a
multitude of new approaches to detect, analyze, and visualization of genetic varia-
tion (Fig. 7.2).

Fig. 7.2 Graphical representation of advancement in sequencing technology. (Image credit:
Genome Research Limited)
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7.3.1.1 RNA Sequencing
It is a genome-wide profiling of transcripts and their qualitative and quantitative
measurements to expand and accelerate gene expression studies and validate gene
annotation. Typically, polyadenylated RNAs enriched for subsequent cDNA syn-
thesis and high-throughput sequencing bestow insights into the complex nature of
regulatory networks. The gene expression data analysis provided a rich source of
information to the breeders to understand the molecular basis of complex/diseased
plant processes, and thus useful in detection of new targets for manipulating the plant
process (Han et al. 2015). Schmid et al. (2005) reviewed the importance of
transcriptome map in plant. The transcriptome map is a complete estimation of
gene expression in all possible cells, tissues, organs, or parts of an organism during
the life cycle of the organism from different developmental stages and/or environ-
mental conditions. The first detailed transcriptome map was constructed for
A. thaliana in 2005. Nobuta et al. (2007) constructed map from 18 samples of rice
using massively parallel signature sequencing (MPSS). Beside it, researchers used
different methods for gene expression analysis like Northern blot method, QRT PCR
(Real-Time Quantitative Reverse Transcription PCR) (VanGuilder et al. 2008),
cDNA-AFLPs (cDNA amplified fragment length polymorphisms) (Bachem et al.
1996). However, these methods are not quantitative and captured low-abundance
transcripts. The Serial Analysis of Gene Expression (SAGE) (Anisimov 2008),
Massively Parallel Signature Sequencing (MPSS) (Reinartz et al. 2002), and
hybridization-based platforms or microarrays (Schena et al. 1995) have several
advantages when compared with other methods. They can analyze thousands of
different transcripts simultaneously in the same reaction and are semi-quantitative
and sensitive to low-abundance transcripts. The software packages specialized for
microarrays analysis are Bioconductor (http://www.bioconductor.org/help/
workflows/oligo-arrays/) or MeV (http://www.tm4.org/mev/) (Saeed et al. 2003).

RNA-seq is an emerging technique to quantify gene expression alternative to
microarray studies (Stiglic and BajgotM 2010). RNA deep-sequencing technologies
like digital gene expression and Illumina RNA Seq (Shi et al. 2011) are both
qualitative and quantitative in nature and allowed the detection of rare transcripts
and splice variants. RNA sequencing involved in the conversion of RNA into cDNA,
then sequencing is performed by using any NGS technology. The drawback in the
method may be due to (i) the inefficient nature of reverse transcriptases (RTs),
(ii) DNA-dependent DNA polymerase activity of reverse transcriptase enzyme
which may cause false second strand DNA formation, and (iii) artifactual cDNA
formation due to template switching.

To overcome the limitations of current RNA-Seq strategies and to reduce the
costs and complications of the genome-wide transcriptome surveys, Direct RNA
sequencing (DRS) technique developed by Helicos Biosciences Corporation
(Ozsolak and Milos 2011). It involves sequencing of natural RNA molecules and
eliminates the prior conversion to cDNA and ligation/amplification leading to
improved accuracy. In plant breeding and crop improvement, RNA seq technique
can be used for differential gene expression analysis, detection of novel and rare
transcripts (fusion transcripts and non-coding transcripts), splicing variants, and
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alternative splicing. Further it is useful in annotation of gene or genome, meta-
transcriptomics, and the identification of genes involved in metabolic pathways,
disease response, and various developmental process (Shi et al. 2011). RNA-seq
shows potential utility for next-generation breeding.

7.3.1.2 Chromatin Immunoprecipitation Sequencing (ChIP-Seq)
It is a specialized sequencing method for studying protein–DNA interactions,
DNA-binding proteins, histone modifications, or nucleosomes including transcrip-
tion factors, epigenetic, chromatin modifiers, and control gene expressions in plants
(Xifeng et al. 2018). Barski et al. (2007) published the first large-scale profiling of
histone methylations in human genome using ChIP-seq technique. The sequencing
was performed on the platform of Solexa 1G genome analyzer. Robertson et al.
(2007) used the ChIP-seq technique to study in vivo transcription factors in mam-
malian DNA sequences. The procedure for chromatin immunoprecipitation sequenc-
ing is as follows: (1) Immunoprecipitation of DNA-bound protein with a specific
antibody. (2) The bound DNA is then coprecipitated and purified. (3) Library
construction and sequencing are performed using techniques like Illumina and
ABI SOLiD. (4) Finally computational analysis of ChIP-Seq data is done. The
computational analysis involved the following steps: Mapping of all raw reads to
the reference genome, the uniquely mapped reads are retained. A peak call is
generated (list of enriched regions (peaks)) from mapped reads and a control profile.
Peak call is analyzed to identify the binding sequence motifs which represent
transcription factor binding sites (TFBSs), annotation, and functional enrichment
analysis (Fig. 7.3).

ChIP-sequencing (ChIP-Seq) is used to map the transcription factors binding sites
and DNA-histones binding sites (Ji 2010). R and Bioconductor packages can be used
for ChIP-Seq data analysis. Four packages are used for different types of analysis.
The “dada2” package is used for the trimming of high-throughput sequencing files.
The alignment and quality check are done by the “QuasR” package. The most
important step in ChIP-Seq is the peak calling step performed by “mosaic,”
“ChIPseeker,” package for annotation, visualization, motif detection, and functional
enrichment analysis. ChIP technique can apply to many molecular biology
techniques such as cloning, microarray, real-time PCR, PCR with single-stranded
conformational polymorphism, western blot analysis, and southern blot analysis. It
increases the versatility of the technique (Wells 2002; Jackson and Chalkley 1981).
ChIP-chip or ChIP coupled with microarrays is also a standard technique for the
identification of the genome-wide DNA–proteins binding interactions (Buck and
Lieb 2004). The ChIP technique is a highly efficient technique to study the chroma-
tin structure and nuclear events during transcription. It is also used to identify target
genes related to DNA-binding proteins and their regulatory enzymes. The drawback
with the technique is that it is qualitative rather than quantitative and not successful
with the identification of simultaneous binding of multiple proteins to one target site
(Johnson and Bresnick 2002).
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7.3.2 Genome Editing

For centuries, scientists and farmers are using many techniques in crop improvement
to develop new or modified varieties by changing their genetic composition. The
goal of crop improvement is to develop better and improved varieties with
characteristics like resistance to insects, nematodes, and disease, tolerance to salt,
metal, and better yield, nutrition, and taste. The classical genetics approach relies on
the methods like natural selection, hybridization, wide crossing, or induced mutation
to recombine or transfer the genetic material between different germplasm within or
between closely related genera or species. Thus, progress for screening phenotypes
and genotypes to the development of commercial varieties is a time-consuming and
labor-intensive process. Further, with the application of transgenic or genetic engi-
neering techniques in 1980, desired genes or traits can be introduced at a random
place even in the genome of the different plant species and avoided the problem of
mixing the genome of two species. The successful examples of genetic engineering
are bt corn, cotton, herbicide-tolerant canola, alfalfa, soybean and corn, FLAVR
SAVR tomato, and virus-resistant squash and papaya. However, genetically modifi-
cation in crops faced many health, environmental, and ethical concerns. The recent
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technology is gene or genome editing which uses site-specific nucleases for precise
and successful genome engineering. It has revolutionized applied research in crop
improvement and provided alternative ways to avoid the path of strict regulations of
“genetically modified organisms or GMOs.” (Andersen et al. 2015; Carroll 2011). It
involves the use of engineered nucleases enzyme for the insertion, deletion, or
replacement of a DNA fragment at desired locations in the genome by creating
specific double-strand breaks (DSBs) and stimulates cellular DNA repair
mechanisms. With the aid of gene or genome editing technique, breeders enable
desirable modification in plant genome by knocking out undesirable genes such as
disease vulnerability, breakdown the linkages between desirable and non-desirable
traits, developing varieties with the preferred characteristics and used in target
specific gene editing. It is RNA programmable method that enables the best genes
to be placed in the right positions and improving beneficial traits within the organism
such as drought tolerance, insect resistance, or improved nutrition.

The CRISPR–Cas (CRISPR-associated proteins) system is an adaptive or herita-
ble anti-virus immune system in prokaryotes that memories the previous infection
and uses the cas 9 enzymes to degrade the genome of the foreign molecule. The
immune system captured a short DNA fragment (~ 40 bp long) from the genome of
the previous attack and inserted it into the repetitive locus of the host genome via
recombination called CRISPR (clustered regularly interspaced short palindromic
repeat) array. These are short repetitive elements (repeats) followed by unique
sequences (spacers) also known as clusters of regularly interspaced repeats. CRISPR
array is flanked by a set of cas genes encoding the Cas proteins and preceded by an
AT-rich leader sequence. When a similar foreign molecule is invaded in the host, it
causes transcription and processing of the CRISPR array into long precursor
CRISPR RNA (pre-cr-DNA). The transcript is recognized by a ribonuclease enzyme
and digests at CRISPR spacer elements into small RNA fragments. The individual
RNA fragment is known as crRNAs (for CRISPR–RNAs or guide RNAs). CrRNA
binds with tracr RNA or trans-activating crRNA by base pairing. Tracr RNA is a
component of the host immune system and has a binding site or motif for Cas
protein. The CrRNA-tracr RNA complex binds to CRISPR-associated proteins (Cas
proteins). This complex scans and binds to the foreign DNA at the site containing
protospacer adjacent motif (PAM). Cas9 only digests the region which contains the
PAM site. The gene-editing technology comprises different classes of artificially
engineered site-directed nucleases (SDNs) to create site-specific double-strand
breaks(DSB), such as zinc-finger nucleases (ZFNs), transcription activator-like
effector nucleases (TALENs), and clustered regularly interspaced short palindromic
repeats (CRISPR)-associated (Cas) nucleases RNA-guided nucleases (RGNs) and
engineered meganuclease, also known as homing endonucleases (Osakabe and
Osakabe 2015). The engineered CRISPR/Cas system consists of a plasmid with
gene expressing cas9, gene transcribing guide RNA, and cloning site for introduc-
tion of the target specific RNA. The steps are as follows: (1) identify the target gene
with adjacent PAM region, (2) amplify the target gene and ligate onto CRISPR/Cas
plasmid vector, (3) transform the vector into cell lines, (4) validate the edited gene
using PCR.
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The most popular tool for gene editing in CRISPR/Cas system is the CRISPR-
Cas9 and CRISPR-Cas 12a that is expected to bring a revolution in the research
world by opening the new era of precision plant breeding to attain desirable traits
(Zhang et al. 2019). Different bioinformatics tools are used to identify the target
sequences of the crRNAs, prediction of CRISPR leader sequences, characterization
of PAMmotifs, and CRISPR-Cas9 guide design. The protein homology search tools
like Pfam/ HMMer3 can be used to predict the cas genes based on the conserved
region present in them while CRISPR arrays are used for less conserved region.
CRISPR Detect refines the repeat/spacer boundaries and annotates different types of
sequence variations (like insertion/deletion) in near-identical repeats. PILER-CR is a
useful tool for the rapid identification and classification of CRISPR repeats based on
the homology search method. CRISPRdb (Grissa et al. 2007) was the first public
database that contained information about CRISPR arrays from archaeal and bacte-
rial genomes. The information in database CRISPRdb which is a part of CRISPRs
web server holds about (i) Strain taxonomy browser; (ii) The CRISPRs properties
page, which store information about the CRISPR’s id along with its position on the
genome, the number of spacers, and the consensus DR sequence. The database
CRISPRCasdb combines information about CRISPR arrays and Cas annotations for
more than 240 archaeal and 9242 bacterial genomes. The websites for CRISPRdb
are http://crispr.i2bc.paris-saclay.fr/ CRISPR/ and CRISPRCasdb is https://
crisprcas.i2bc.paris-saclay.fr/MainDb/Index (Table 7.3).

Table 7.3 URLs of some important resources related to detection and analysis of CRISPR systems

Resources URL References

CRISPRone https://omics.informatics.indiana.
edu/CRISPRone/

Zhang and
Ye (2017)

CRISPRmap http://rna.informatik.uni-freiburg.
de/CRISPRmap/Input.jsp

Lange et al.
(2013)

CRISPOR (guide RNA design) http://crispor.tefor.net/ Haeussler
et al. (2016)

CRISPRleader (annotates CRISPR leader
boundaries)

http://www.bioinf.uni-freiburg.
de/Software/CRISPRleader/

Alkhnbashi
et al. (2016)

CRISPRdisco(to identify new casgenes) https://github.com/CRISPRlab/
CRISPRdisco

Crawley
et al. (2018)

CRISPRstrand(to determine the orientation
of CRISPR arrays)

https://www.fairshake.cloud/
digital_object/2763/

Alkhnbashi
et al. (2014)

CRISPRDetect (detection of CRISPR
arrays)

http://crispr.otago.ac.nz/
CRISPRDetect/predict_crispr_arr
ay.html

Biswas
et al. (2016)

CRASS (CRISPR assembler- detecting
CRISPR-Cas systems in metagenomic
data)

https://ctskennerton.github.io/
crass/

Skennerton
et al. (2013)
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7.3.3 Restriction-Site Associated DNA Sequencing (RAD-Seq)
and Genotyping-by-Sequencing (GBS)

Traditional genetic linkage mapping was based on limited markers and was costly
and laborious to identify. In the age of NGS, thousands of markers can be easily
added to the map even with the availability of small genomic information. High-
throughput marker discovery methods using NGS technologies are restriction-site
associated DNA sequencing (RAD-seq), genotyping-by-sequencing (GBS), reduced
representation libraries (RRLs)/CRoPS, and multiplexed shotgun sequencing
(Glaubitz et al. 2014a, b; Davey et al. 2011).

RAD-seq involved two important steps: (1) DNA fragmentation using restriction
enzymes and (2) use of molecular identifiers (MID) to associate sequence reads to
particular region. RAD-seq technique does not need a priori genome sequence
information. In this method SNP based bulked segregation is performed in which
genomic DNA is fragmented with a specific restriction enzyme followed by ligation
of the barcoded adapter with molecular identifier code (Pfender et al. 2011). The
processed DNA sample taken from multiple individuals (around 20) is pooled and
randomly sheared (using the sonication method) so that only a subset of generated
fragments contain a barcoded adapter. Further another divergent adapter is ligated.
The technique uses divergent adapters which increases the chances of amplification
of only those fragments containing both adapters and thus increases the accuracy of
the result. The resultant amplicons are sequenced using an NGS platform. Finally,
pooled samples with different identifiers are separated and SNPs are called using
standard bioinformatics pipeline. If a reference sequence is available, then sequence
can be processed for SNPs and insertion or deletion mutation using tools like
Bowtie, Samtool, BWA, and RAD tags is used for de novo sequence. This technique
is successfully used by Barchi et al. (2012) to construct a linkage map in eggplant
and detection of quantitative trait loci for anthocyanin pigment of the eggplant. Yang
et al. identified a resistant gene against anthracnose disease in Lupin.

Genotyping-by-sequencing (GBS) detects single nucleotide variation at the
genome level, simultaneously in many individuals. GBS is a low-cost approach
that uses sequence-based polymorphisms linked to the traits of interest and performs
genome-wide association studies (GWAS). It has been widely applied in plant
genetics and breeding. GBS uses molecular markers, such as single nucleotide
polymorphism (SNP) to identify small variations in genetic sequence within
populations, to reduce genome complexity, and in genotyping multiple DNA
samples simultaneously. It uses a multiplex SNP genotyping platform or with
high-throughput array-based technologies (e.g. Illumina Bead ArrayTM, Affymetrix
GeneChipTM technology) (He et al. 2014). Initially, GBS data was generated from
the restriction site-associated DNA sequencing (RAD-seq) technique (Baird et al.
2008) which uses a single restriction enzyme and sheared DNA to capture a suitable
portion of the genome. In the GBS approach, genomic DNA samples are digested
with restriction enzyme/enzymes and ligated to barcoded adapters in single wells,
pooled, enriched by PCR, and sequencing of the amplified DNA pool. The GBS
datasets are analyzed by using various bioinformatics pipelines. The coupling of
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high-density SNP arrays with powerful computational pipelines has allowed the fast
and easy scoring of a large set of markers and has successfully applied on many crop
species, e.g., rice, grapevine, peach, soybean, barley, maize, wheat, and apple (Barba
et al. 2014). The basic workflow for GBS data analysis approaches has three
sequential steps: (1) processing of raw data, (2) de novo assembly of the sequence
tags or read alignment to a reference genome, or (3) genetic variant detection and
annotation. Processing of raw data is the first key step in the processing of raw data
generated from the sequencing technique. It includes demultiplexing, which
involves the separation of reads into their corresponding samples based on barcode
matching. Demultiplexing of Illumina reads is done using IlluminaMiSeq reporter
software and CASAVA. The raw sequencing data may contain various errors or
artifacts, such as poor quality bases, base-calling errors, contamination of adaptors,
and duplicate reads. Correction and quality assessment is done using numerous
publicly available software such as Trimmomatic, FastqMcf, FASTX-Toolkit,
PRINSEQ, and cutadapt. Then De novo assembly of the sequence tags or read
alignment to a reference genome is done. If a reference genome is not available for
specific data, the de novo assembly method is used and the software packages are
STACKS (Catchen et al. 2011); UNEAK (Lu et al. 2013); RApiD (Willing et al.
2011). It is used to produce mini-contigs which can be used as a reference for read
mapping and genotyping. For short-read mapping, the reference genome is available,
tools are MAQ (Li et al. 2008), STAMPY (Lunter and Goodson 2011a, b), Bowtie2
(Langmead et al. 2009), BWA (Li et al. 2009a, b, c, d, e), and SOAP2 (Li et al.
2009a, b, c, d, e). In polyploid plant species, the multi-mapped reads (align to
multiple locations in the reference genome) range from 20 to 60%. Finally, the
genetic variant and annotation is detected. After the completion of mapping, the next
step is to identify the sequence variants (SNPs and InDels) from the processed BAM
file which is the output of mapping. The tools for variant calling are SAMtools,
mpileup/BCFtools (Li et al. 2009a, b, c, d, e), GATK (Van der Auwera et al. 2013),
SOAP (Li et al. 2020), and GNUMAP (Clement et al. 2010). Filtering raw SNP
candidates is an important step in genotyping and reducing false-positive results
made from biases in the sequencing data and thus generating the data for SNP and
genotype properties that fulfill specific threshold values. SAM tools are used for
filtering, SNP calling, and estimation of allele frequency by applying the genotype
likelihood information. The output is generated in the VCF (variant call format)
format, which is a standard format for storing variant data. GBS is widely used in
wheat and barley in the development of a high density-map of 20,000 and 34,000
SNPs, respectively (Poland et al. 2012) and to map QTLs for reduced plant height
and spike architecture in barley (Lu et al. 2013).

The list of publicly available software and tools for GBS to identify genetic
variants such as SNPs and insertions/ deletions (InDels) from NGS data generated by
most major RADand GBS approaches is given in Table 7.4.

The use of NGS technologies shifted array-based genotyping assays and
pre-defined SNP panels to the direct sequencing of the populations of interest,
producing a genome-wide and unbiased set of markers. The restriction-site
associated DNA sequencing (RAD), genotyping by sequencing (GBS), low
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coverage genome sequencing of all genotypes for a segregating population
(POPSEQ) have recently employed for the development of high-density genetic
maps in the large, complex, and highly repetitive barley genome and hexaploid
wheat genome (Chapman et al. 2015). Golden Gate has been the most widely used
platform and is 100-fold faster than gel-based methods for increasing 2–3 times
maize map density.

7.3.4 TILLING and EcoTILLING

Targeting Induced Local Lesions in Genomes (TILLING) is a reverse genetic
approach to facilitate mutation detection. It can detect all allelic variants of a
genomics region in an artificial mutant collection (detects mutations in mutagenized
populations) while Ecotype TILLING (EcoTILLING) uses natural collections to
detect allelic variants for targeting genes (identifies single nucleotide polymorphisms
(SNPs) within a natural population). The major steps for the TILLING are as
follows: (1) mutagenize the target population, (2) DNA preparation and pooling of

Table 7.4 Publicly Available Software and Tools for Genotyping-by-sequencing (GBS)

Tools Utility URL References

Trimmomatic Trimming adapter sequences and
low quality regions from Illumina
sequencing reads

http://www.
usadellab.org/
cms/?
page¼trimmomatic

Bolger et al.
(2014)

Bowtie2 Aligning sequencing reads against
a reference genome

http://bowtie-bio.
sourceforge.net/
bowtie2/index.
shtml

Langmead et al.
(2009)

SAM tools
(sequence
alignment/
map)

Designed for manipulating
alignments in the SAM
Or BAM, including sorting,
merging, indexing

http://samtools.
sourceforge.net/

Li et al.
(2009a, b, c, d, e)

BCFtools Manipulate variant calls in the
variant call format (VCF) and its
binary counterpart (BCF)

http://samtools.
github.io/bcftools/

Danecek et al.
(2011)

GATK
(genome
analysis
toolkit)
genotyper

Provides a wide variety of tools
for variant discovery and
genotyping

http://www.
broadinstitute.org/
gatk/

Van der Auwera
et al. (2013)

STACKS Allows denovo assembly of short
read GBS data and the
identification of genetic variation
in the absence of a reference
genome

http://creskolab.
uoregon.edu/
stacks/

Catchen et al.
(2011)

TASSEL-
GBS

Implementation of a GBS analysis
pipeline in the TASSEL software
package

http://www.
maizegenetics.net/

Glaubitz et al.
(2014a, b)
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individuals, (3) PCR amplification and detection of heteroduplex, (4) detection of
mutants, (5) sequencing the target gene segment to confirm the mutation, (6) deter-
mine the type of nucleotide change, and (7) analysis of the mutant phenotype. These
methods use restriction endonucleases enzymes like CEL I or Endo I, which
recognize and digest the mismatches in the double helix of DNA. This technique
is important for plant breeding and crop improvement programs for the selection of
the right target genes and their mutant phenotypes. The involvement of NGS
technique and computation data analysis provided by gene expression studies is
significantly increasing the number and quality of candidates for TILLING and
EcoTILLING studies. Thus, the involvement of NGS has simplified the process of
linking mutations to relevant phenotypes.

TILLING and EcoTILLING have shown successful results in many crops like
rice, wheat, Arabidopsis, lotus, barley, maize, pea, and melon. The CODDLe
program (Codons Optimized to Deliver Deleterious Lesions, http:// www. Proweb.
org/ coddle/) facilitates gene modeling and primer designing and evaluates the
probable effect of induced or natural polymorphisms on gene function (Gilchrist
and Haughn 2005). CODDLe uses raw genomic and protein-coding data from public
databases or the user, constructs gene models, and determines the region that has the
highest density of predicted deleterious nucleotide changes. PARSESNP (Project
Aligned Related Sequences and Evaluate SNPs) is a bioinformatic tool designed for
displaying and analyzing nucleotide polymorphisms (http://www.proweb.org/
parsesnp/parsesnp_help.html; Taylor and Greene 2003). TbyS tool is developed by
the Comai lab for both TILLING and EcoTILLING data analysis (Acevedo-Garcia
et al. 2017).

There are many useful and unexplored genes and alleles available in wild species,
mutagenized populations, germplasm collections, cultivars, and landraces. One of
the biggest challenges in agricultural genetics is to access and identify these genes
and genetic variation from genomic information to phenotypic capacities. The
genetic diversity within the species cannot be represented by using a single reference
genome. The re-sequencing of different cultivars, landraces, and wild accessions
assumes an important role to reveal domestication events, identify the gene diversity
and variations, and elucidates heterosis mechanisms (Schnable and Springer 2013).
Kim and Tai (2014) reported re-sequencing in Targeting Induced Local Lesions in
Genomes (TILLING) populations also known as TILLING-by-Sequencing can be
used for detection of induced mutations in pools of individuals and functional
characterization of genes (Kurowska et al. 2011) (Table 7.5).

Innovations in the high-throughput phenotyping platforms employing new fields
like remote sensing and imaging techniques (based on visible/near-infrared and
far-infrared radiation, reflected and emitted by the plants, respectively) and high-
performance data recording and computing evaluate plant performance in the field or
controlled environments. Automated greenhouse systems (LemnaTec system, http://
www.lemnatec.com/) coupled with innovative image acquisition techniques and
software (Phenoscope, RootReader3D, HTPheno, RootNav, Integrated Analysis
Platform) allow the continuous recording of divergent phenotypic traits over time
(e.g., in barley and tomato).

7 Bioinformatics in Plant Genomics for Next-Generation Plant Breeding 181

http://www.proweb.org/parsesnp/parsesnp_help.html;
http://www.proweb.org/parsesnp/parsesnp_help.html;
http://www.lemnatec.com/
http://www.lemnatec.com/


7.3.5 SNP Discovery

Single Nucleotide Polymorphisms or Simple Nucleotide Polymorphisms (SNPs) are
third-generation molecular markers and are widely used in plant genetic research and
breeding (Ganal et al. 2009). NGS in SNP discovery is useful in linkage map
construction, genetic diversity analyses, association mapping, identification of
cloned genes, and marker-assisted selection in several species (Cortés et al. 2011;
Sim et al. 2012). The different classes of SNPs are: Regulatory SNPs which are
found in regulatory region of gene; Intronic SNPs present within introns;
Non-synonymous SNPs or substitutions are the mutations that can alter the amino
acid sequence of a protein; and synonymous SNPs present in exons that do not alter
the amino acid sequence. Non-synonymous substitutions have a higher probability
to bring biological change to any individual. Thus, more emphasis is given to
non-synonymous SNPs as mutation at sequence level leads to structural and func-
tional impact in terms of protein stability, which hampers the interaction with other
proteins (Yates and Sternberg 2013).

In silico SNP discovery relies on the identification of variation in nucleotide
position of accession read which differs from the reference genome sequence. If a
reference genome is not available for a species, this is achieved by comparing reads
from different genotypes using de novo assembly strategies. Novoalign (http://www.
novocraft.com/main/index.php) and STAMPY (Lunter and Goodson 2011a, b) are
assembly tools for mapping short reads (Nielsen et al. 2011). The mapping tool
generates read assembly files and then SNP calling is performed. SNP calling
software is Samtools (Li et al. 2009a, b, c, d, e), SNVer (Wei et al. 2011), GATK
(Genome Analysis Toolkit) (Zhu et al. 2014), and SOAPsnp (Li et al.
2009a, b, c, d, e). Samtools and SOAPsnp tools are widely used for file conversion
(SAM to BAM and vice versa), mapping statistics, variant calling, and assembly

Table 7.5 Steps and resources which facilitate TILLING process

Steps Resources

(1) Literature mining and the selection of
target gene

PubMed central and GOPubMed (ontology
annotation)
NCBI GenBank (nucleotide databases)
Triticum turgidum ViroBLAST (ViroBLAST
search tools)
NCBI dbEST (EST databases)

(2) Meta-analysis of gene expression data
and gene ontology (GO) annotation

ArrayExpress, ArrayTrack, gene expression
omnibus (GEO), Genevestigator, AgriGO,
Gramene (a resource for comparative grass
genomics), Genevestigator (microarray database
and analysis toolbox), plant expression database
(PLEXdb), Solanaceae genomics network (SGN)

(3) Selection of gene fragments for the
mutational analysis

CODDLE, SIFT (sorting intolerant from
tolerant), I-Mutant3.0, PROVEAN

(4) PCR primer Design for Mutation
Screening

Primer3, PrimerQuest, primer-BLAST,
OligoAnalyzer
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visualization. The thresholds values are adjusted based on the read length and the
genome coverage achieved by the NGS data. After SNP filtering step, a list of SNP
and indel coordinates is generated and graphical user interface programs (GUI) are
used to visualize the result using tool Tablet (Milne et al. 2009), SNP-VISTA (Shah
et al. 2005), or Savant (Fiume et al. 2010). Tablet has a user-friendly interface and it
supports many file formats such as SAM, BAM, SOAP, ACE, FASTQ, and FASTA
generated by different read assemblers such as Bowtie, BWA, SOAP, MAQ, and
SeqManNGen. It displays contig overview, coverage information, read names, and
coordinates information on scaffolds.

SNP discovery is useful for phylogenic analysis, marker-assisted selection,
genetic mapping of quantitative trait loci (QTL), bulked segregant analysis, genome
selection, and genome-wide association studies (GWAS). due to advantages in high
throughput, high accuracy, and low-cost SNP discovery, it is a widely used method
for genetic diversity analysis, breeding, and genome-wide association studies
(Fig. 7.4).

DNA Isola�on

Diges�on & Barcode strategy

Sequencing (NGS)

Quality control & read filtera�on

Data mapping with reference 
genome/Ab ini�o mapping

SNP discovery and Filtra�ons of      
Non Synonymous SNP

Go for various data analysis like 
KEGG pathway, Differen�al binding 
analysis, and protein ligand analysis

Fig. 7.4 A simplified
workflow of SNP discovery
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7.3.6 Speed Breeding

A powerful and promising technology that allows rapid generation and advancement
by shortening generation time is called “Speed breeding,” (Alahmad et al. 2018;
Watson et al. 2018). It developed new crop varieties faster and offering hope for food
security in the world. In normal glasshouse conditions, a maximum of 2–3
generations can be achieved per year while speed breeding can speed up 4–6
generations per year. Speed breeding involved an extended photoperiod of light
and controlled growth conditions such as temperature, growth media, and spacing. It
accelerates the growth rate of a plant, shortens generation time, and showed genetic
improvement. Speed breeding has shown a positive effect on many crops like wheat
(Triticum aestivum), durum wheat (T. durum), barley (Hordeum vulgare), chickpea
(Cicer arietinum), and pea (Pisum sativum). They have achieved up to 6 generations
per year and 4 generations for canola (Brassica napus) successfully till yet (Watson
et al. 2018). ADAM-plant tools help in the simulation of speed breeding by
specifying the number of time steps or years each generation takes. Thus, for each
cycle, 4–6 generations can be assumed which can be achieved within a year instead
of 4 years.

7.4 Conclusion

The exploitation of big data and NGS techniques in the applied breeding methods
such as MAS, MARS, and GS has accelerated effectively and efficiently the practice
of next-generation breeding. Diverse shareware software and open-source platforms
are available to combine genomics, data management, and breeding activities.
Various tools are available on the Integrated Breeding Platform (www.
integratedbreeding.net) to analyze and manage genomics and breeding data. Various
complex traits such as drought tolerance, salt or metal resistance, etc. will be
benefitted when genomics, novel breeding, and informatics tools are combined
effectively. Thus, the amalgamation of NGS technologies, bioinformatics, and
ANN based phenotyping tools in the plant sciences revolutionize precision breeding
strategies to achieve genetic improvement of crops and will help breeders to obtain
new cultivars with improved characteristics.
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Abstract

Advances in analytical chemistry, as well as the constant introduction of novel
analytical chemistry approaches, are altering genomics at a higher level. The cost
of sequencing has dropped from US$100 million for the first plant genome
Arabidopsis thaliana to just US$1000 as a result of this rapid progress in the
genomics era. Without a doubt, this will speed up and lower the cost of future
sequencing technologies. This chapter highlights the major advances in agricul-
ture. To add, this also understands past, present, and future of in era of plant
genomics. This chapter highlights the genome databases, tools that are mostly
used over the globe. We proposed as a futuristic approach that an altogether
comprehensive genome database is to be created to host all the plant genomes to
speed up the plant genomic research.
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8.1 Introduction

The science of plant genomics encompasses the various aspects and types of
sequencing, characterization, and identification of genetic composition, construc-
tion, organization, functions, and genetic interactions or biological networks of a
complete plant genome. However, to draw greater insights into complete plant
biology multi-omics approaches are widely employed. The science of genomics is
exploited to increase the crop yield in both biotic and abiotic stress conditions, pest
management, tackle food insecurity faced by the world population. It is also used to
address other needs like feed, fibre, and fuel. Avalanche of scientific publications
have emphasized the role of plant genomics in identifying, characterizing and
enhancing the medicinal properties of plants (Gantait et al. 2014) and engineering
plant species to reduce air, water and sound pollution caused by various human
endeavours inclusive of industrial, farm and agriculture waste.

Foremost challenge in current scenario, genomics studies devices to engineer new
plant varieties for the sustainable development of crude substances for the regular
need like F (food, fuel, feed, fibre) and medicines. An ultimate green resolution to
the exponentially swelling demands for these 4F and medicines using plants as a
foundation is highly appreciable. Similarly, it is likely vital to diminish pollution
arising from rigorous agriculture-related activities. The increasing demand for staple
food and high inflation rates made human to think out of the box to meet end-users
demands on time to fulfill food, nutritional and other needs. Hence, the research
priorities in agriculture or plant biology require more inventions and interventions to
develop next-generation agricultural products for a sustainable prospect. Hence, the
regular development in next-generation sequencing (NGS) approaches in genomics
technologies shows massive capacity for genetic enhancement of plants to meet
twenty-first century requirements.

The major hurdle a researcher comes across while doing plant genomics includes
(i) Creating a physical and genetic map for all economically useful plants or
agronomic traits using NGS approach, (ii) Assigning function to a gene by func-
tional genomics investigations under specific environmental circumstances. (iii)
Creating smart and efficient computational approaches for high-throughput
genotyping-phenotyping integration under specific environmental conditions for
the major target traits.
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8.2 Plant Genome Research

8.2.1 The History and Research During Pre-genomic Era

The proper plant genomic research began with the Mendel’s work in 1866 and his
contributions towards the field are well known. With the revelation of DNA structure
by “Watson and Crick” in 1953, genomic research started taking its new dimension
(Pray 2008). In spite of the structural elucidation, details of the DNA molecule
stayed elusive for more than two decades until the nucleotide sequences of DNA
came into picture. Maxam and Gilbert method was the most popular tool in 70s
for the determination of the nucleotide sequences. However, because of the utiliza-
tion of hazardous radioactive chemicals, it was over took by Sanger’s dideoxy
chain termination method. Detailed methods are explained further below in the
Sect. 8.2.2.2. In 1987, Barbara McClintock explained the unexpected ability of the
certain genotypes of maize which were able to give rise to both forward and reverse
mutations with numerous characterized genes at extremely high speed. The
transposable genes/ transposition are considered to be the exceptional phenomenon
in modern biology (Muñoz-López and García-Pérez 2010). Many technologies,
ranging from quantitative "Fuelgen stain analysis" to DNA renaturation studies,
revealed that the bulk of crop genomes were big and full of repeating sequences.
Botstein et al. (1980) proposed that DNA sequence polymorphism analysis may
offer enough genetic markers for humans to allow the building of a genome-wide
linkage map. Endogenous heritable markers known as “restriction fragment length
polymorphisms” (RFLPs) are used to create genome-wide linkage maps. In the
1990s, it became customary to characterize quantitative trait loci or genes that
influence phenotypes in a quantitative rather than qualitative Mendelian form.

Genomic sequencing became an achievable target when DNA sequencing started
becoming less expensive and more efficient. Even though the cost of sequencing
started declining “assembling the relatively small DNA sequences” in their appro-
priate order has remained a difficult undertaking (Usha et al. 2021). Arabidopsis
thaliana was first plant to be sequenced (Feldmann and Goff 2014). Initially, it was
believed that a single duplication was responsible for around 60% of the genome but
further analysis on the Arabidopsis lineage revealed that it had undergone at least
two duplications (Bevan and Walsh 2005). Previously, 25,000 genes in Arabidopsis
and 100,000 genes in tobacco which are expressed during their lifetime were
sequenced. Several attempts have been made to estimate the number of genes
expressed during the plant’s life time.

Later, work on plant transcriptome began. With the help of expressed sequence
tag (EST) cDNA sequencing projects, databases of sequences have been developed,
containing the sequences obtained from isolated mRNA from many crops, with
many plants providing many sequence files that have been condensed into contigs of
related sequences. For example, Hordeum vulgare EST library have over 440,000
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EST sequences having 28,000 contigs (http://harvest.ucr.edu/), symbolizing closely
related family of genes or a gene.

As a result of technological advancements, genomic research has seen the
progress over the years. To name a few, “northern blot provided the semi-
quantitative analysis of gene expression, quantitative RT-PCR, microarrays, Serial
Analysis of Gene Expression (SAGE), Illumina and Affymetrix technologies simul-
taneously allows analysis of most or all of the genes expressed in a tissue.”

8.2.2 Current Research in Field of Plant Genomic Studies

8.2.2.1 Introduction to Current Research
Over three decades, the brisk technological development noted in the area of
genomics and proteomics is majorly in the field of consumer electronics and
computation which is exemplified by the increase in Genbank size and numerous
publications indexed byMedline. Deposited bases doubles every one and a half year,
a concept in line with Moore’s law which refers to doubling of processing power of
computers every couple of years. Humongous sequencing data are lodged in private
databases, Genbank data being just a tip of the iceberg. As reported in Nature journal
in 2012, “10,000 human genomes” have been sequenced, which corresponds to 3 �
1013 bases sequenced. Over 1015 bases of genomic sequence have been generated in
the past 12 months.

8.2.2.2 Sequencing, Assembly/Reassembly, Annotation

8.2.2.2.1 Sanger’s Chain Termination Method
This method employs DNA primer, single stranded DNA sequence of interest as
template, DNA polymerase, deoxynucleotide triphosphates (dNTPs) and a
radiolabelled dideoxynucleotide (ddNTPs). The DNA polymerase affixes dNTPs
to the primer using DNA sequence as a template, synthesizing complementary strand
of DNA. Intermittently, when DNA polymerase incorporates ddNTPs, chain exten-
sion ceases. The oligonucleotides obtained are separated based on size by running
the mixture through gel electrophoresis. The fragments separated are detected using
autoradiography (Sanger et al. 1977). The Sanger’s method is still considered a
“Gold Standard.” Though the use of autoradiography-based sequencing makes this
process a tedious one.

A decade later, Leroy Hood’s at CalTech and James Prober’s at DuPont
introduced fluorescent tags instead of radioactive labels to detect the final product.
Laser-induced fluorescence detection was employed for detection (Roberts 1987).
Their technology opened a new arena to various break through and paved way to the
future technologies. Four fluorescent tags were labelled in Hood’s technology, i.e.,
each of the four dideoxynucleotides were labelled with a different fluorescent dye,
such as dideoxyadenosine chain terminator with red dye, dideoxycytidine chain
terminator with green dye, dideoxyguanosine chain terminator with yellow dye,
and dideoxythymidine chain terminator with blue dye. The advantage of this dye
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termination method is that DNA can be sequenced in a single reaction due to colour
coding where each dye fluorescence at different wavelength. Final products are
pooled and run in a single lane of polyacrylamide gel. The intensity of fluorescence
was recorded using a fixed detector.

Prober created a more advanced version of Hood's method that simplified the
entire reaction by performing the chain terminating reaction simultaneously with the
four labelled dideoxynucleotides.

Visual interpretation of an autoradiogram produced from a sequencing gel was
replaced by the established technologies, which was time-consuming and error-
prone. In 1986, a bunch of visionary biochemists recognized that this new automated
DNA technology could be used to solve an ambitious puzzled project called the
human genome project, which was funded by the Department of Energy and other
agencies such as the National Institutes of Health in the USA, as well as scientific
and financial contributions from other countries.

Fluorescence-based sequencing methods have a number of drawbacks, including
the fact that they are not entirely automated and require time to prepare sequencing
gels, prompting scientists to seek out novel analytical methodologies. “Mass spec-
trometry, scanning probe microscopy and microfabricated technologies” were
among the analytical technologies considered. Unfortunately, these methods lacked
adequate sensitivity, resolution and speed.

Finally, ABS funded a new flexible and resilient method based on capillary
electrophoresis, which was created by a small group of academic researchers and
included sequence reading using laser-induced fluorescence. ABS's 3700 DNA
sequencer model (1998) quickly became most popular in the sequencing business.
For the first human genomes, the approach was frequently utilized to obtain maxi-
mum sequence data. Hitachi, Japan and the University of Alberta, Canada, devel-
oped the technology used in the 3700 DNA sequencer model. (Chen et al. 1991;
Kambara and Takahashi 1993)

.
Celera genomics used the whole-genome shotgun sequencing fueled the human

genome project. Over three billion dollars was funded to sequence the three billion
bases of the human genome. The shortgun approach results in a new technique
known as next-generation DNA sequencing. For tiny fragment sequencing and
capillary electrophoresis remains the most popular and effective method. As a result,
a slew of new, improved technologies have emerged to deliver significant
advancements in sequencing performance. Das et al. 2021 tabulated the comparison
of NGS techniques and table 8.1 lists a few of these technologies.

8.2.2.2.2 Pyrosequencing
The target fragment, coupled with a primer, is immobilized on a hard surface (solid),
along with DNA polymerase and a single dNTP. A diphosphate group (pyrophos-
phate) is liberated if the dNTP connects to the strand. The sulphurylase transforms
ATP into luciferase, which uses it as a substrate. This luciferase generates light while
incorporating nucleotide. If no nucleotide is incorporated, then no luminescence
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happens in the process. After that, the DNA sequence is determined by treating the
sample with several nucleotide triphosphates in order and recording which nucleo-
tide produces light. Therefore, in a single run the sequence of several hundred
nucleotides can be resolved (Ronaghi et al. 1998).

Wheeler and his team founded 454 Life Sciences, a Roche subsidiary, in 2008.
“Fragmented genomic DNA is jumped (attached) to beads under such circumstances
to ensure that not more than one fragment is connected to a bead”. In this massively
parallel approach of pyrosequencing, Oil emulsion is used for compartmentalization,
followed by PCR reaction to amplify the fragments. This creates 107 copies of the
original fragment on the bead. These beads are enriched and confined into wells on a
slide. After the addition of appropriate enzymes along with all four dNTPs, finally
luminescence is captured. Although every step is comparatively slow, the sequenc-
ing data is generated from “tens of millions of samples in parallel producing a
gigabase of sequence per run, which is six orders of magnitude higher throughput
than that produced by capillary electrophoresis instruments.”

8.2.2.2.3 Reversible Terminator Sequencing
For Illumina, Mardis created yet another next-generation sequencing technology. To
create a "grass of sequencing primers," sequencing templates are immobilized on a
surface. To generate clonal clusters, a sophisticated surface-based variant of PCR is
utilized to amplify each of the sequencing fragments and immobilize those
fragments in a millimetre region on the surface. Sequencing is done by using
DNA polymerase and a modified deoxynucleotide triphosphate to hybridize a primer
to the immobilized fragments.

The fluorescent tag on this modified nucleotide allows it to be detected once it has
been incorporated onto the expanding complementary strand. It also has a blocking
group that prohibits another nucleotide from being added. Excess tagged nucleotides
are rinsed out of the solution and the surface is imaged using a laser-based fluores-
cence detector.

The fluorescence of the templates that included the changed nucleotide is used to
identify them. The label and the blocking group are then chemically removed and the
process is repeated with another nucleotide to complete the sequence of each
immobilized template.

This technology generates massive amounts of data (5 � 1010 bases per run), but
each template only generates 100 bases of sequence, making it difficult to put the
individual sequences together into a complete genomic sequence. The instrument is
best used for resequencing known genomes rather than de novo sequencing of novel
organisms. Illumina presently owns roughly two-thirds of the sequencing business
due to its vast data output.

8.2.2.2.4 Ligation-Based Approaches
From a vast number of templates, SOLiD (Sequencing by Oligonucleotide Ligation
and Detection) builds short sequences. Templates are amplified and immobilized to a
solid particle using emulsion PCR, similar to the 454 method. The sequence is read
by adding a fluorescently tagged oligonucleotide to tens to hundreds of millions of
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beads on a glass slide. The oligonucleotide and primer are covalently attached using
a ligase. Only those oligonucleotides are connected to the template whose sequence
matches the corresponding region. Laser-induced fluorescence is utilized to image
the slide, then the fluorescence dye is removed via smart chemistry. The process is
repeated, with the complimentary strand gradually extended. The 4th and 5th
nucleotides in the template are evaluated in this method, which examines two
nucleotide locations at a time. The synthesized strand is eliminated when the
procedure is completed and a new primer with an additional base is inserted,
permitting the determination of bases that were missed in the initial pass. The
sequence of 25–50 nucleotides is determined using a set of five primers. The device
can generate approximately 2� 1010 bases of sequence each day and can sequence a
genome in a few of days.

8.2.2.2.5 Proton Detection
Ion Torrent uses chemistry comparable to pyrosequencing and depends on the
semiconductor industry's scalable manufacturing process. Ion Torrent, unlike the
other detection systems, uses non-photonic detection. When a deoxynucleotide
triphosphate is added to a developing oligonucleotide, a proton is formed in addition
to the pyrophosphate group. The presence of this proton results in a decrease in the
pH of the solution, which can be detected using a pH metre of high sensitivity. On a
microfabricated device, Ion Torrent places pH sensors at the bottom of thousands of
wells. The device was sequenced by amplifying a large number of DNA fragments,
placing them in the wells, and then running DNA polymerase and a deoxy triphos-
phate through it. The pH decreases in those wells that contain a fragment that has
integrated with the nucleotide, which is detected by the electronics. Despite the fact
that only 20–40% of the wells in an Ion Torrent device are utilized, the massively
parallel nature of the design results in significant data production. In a 2-h operation,
the company believes to generate over 4 � 1011 bases of sequence with a 99.5%
accuracy.

8.2.2.2.6 Sequencers Based on Single-Molecule Detection
Whole-genome sequencing for the general population as a guide to personalized
medicine has sparked a lot of interest. The National Human Genome Research
Institute (NHGRI) has put a lot of effort towards turning genetic sequences into
therapeutic recommendations for patients at their bedside. Individual genome
sequencing, on the other hand, requires a cost reduction of one to two orders of
magnitude. To that purpose, the National Human Genome Research Institute is
holding financial solicitations with the goal of obtaining entire genome sequences
for $1000.

Harris and colleague (2008) at Helicos introduced “True Single Molecule
Sequencing” with its “HeliScope technology” for sequencing a viral genome. “A
short DNA strand (25 bp) is prepared and a PolyA primer added to the 30 end. Upto a
billion DNA strands are hybridized to a DNA flow cell with Oligo dT capture sites.
Sequencing reactions are detected from individual molecules with the addition of
fluorescent-labeled nucleotides. In its marketing, Helicos placed great emphasis on
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freedom from amplification, citing errors in the PCR process as a major flaw with
other sequencing approaches. Unfortunately, Helicos was unable to generate suffi-
cient cash flow to move further with this technology.”

Another technology was developed by “Pacific Biosciences single molecule
detection approach,” termed SMRT for “Single Molecule Real Time sequencing,
SMRT and PacBio.”

Eid et al. (2009) used “multiple DNA polymerases and immobilized in Zero
Mode Waveguides and then monitored via fluorescence for the addition of labeled
nucleotides.” The major let down for this approach was expensive instrumentation
through using a very promising methodology. Other disadvantage was the high error
rate as compared to other sequencing techniques.

8.2.2.2.7 Nanopore
Another company, Oxford Nanopore developed “their sequencing platform, based
on passing single DNA strands through protein nanopores embedded in a polymer
membrane (Diederichs et al. 2019). As the nucleotides pass through the protein
channel, a detectable change in the membrane current occurs. Each of the four
nucleotides produces a distinct signal, allowing discrimination and ultimately, a
DNA sequence. If a hairpin structure is present, both the sense and antisense strands
can be read for each DNA molecule. The approach can also be performed in an
‘exonuclease-sequencing’ fashion, where an exonuclease is positioned over the
nanopore and the individual nucleotides are cleaved and translocated through the
pore one at a time.”

The nanopore technology works on long-read generation. Oxford Nanopore had
sequenced a 48 kb virus genome in a single pass. The advantage of this technology is
low cost disposable sequencing instrumentation and no space requirement for the
instrument having a size equal to a portable mobile device.

8.3 Advances in Plant Genomics

8.3.1 Plant Genome Assembly from 3rd Generation Genomic
Technologies

About two decades ago the genome of Arabidopsis thaliana was sequenced as the
first plant genome using first-generation capillary sequencing. Since then, techno-
logical improvements have driven the increase in sequenced plant genomes. The
automated DNA sequencing instruments of the first-generation had the potential to
sequence only thousands of base pairs in a day, whereas today with latest
technologies we can sequence billions of bases at much cheaper costs. Thereafter,
genome sequence has been the backbone for enabling annotation of gene networks
(Park et al. 2012), reveal developmental forces of evolution through comparative
genomics approaches, optimization of plant breeding by cataloging genomic
markers (Moose and Mumm 2008). Besides incredible advances in throughput,
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sequence assembly remains a major challenge, consuming more effort than just the
sequence.

The introduction of second-generation sequencing technology, also known as
short-read Next-Generation Sequencing (NGS) techniques, resulted in an instant
increase in the quantity of plant genome sequences available, lowering sequencing
costs but also lowering quality. The reads were either generated on Illumina platform
alone or combined with Roche 454 second-generation sequencing platforms
(Michael and VanBuren 2015). However, the assemblies were highly fragmented
with a high number of contigs. This was mostly due to the short-read length,
complexity and vast genome, and the occurrence of large lengths of conserved
regions/repetitiveness due to transposable elements which could not be extended
in the de novo assembly process (Alkan et al. 2011). Unlike vertebrate genome
assemblies (Gnerre et al. 2011), large contigs and scaffolds of sequencing reads from
plants are assembled into isolated gene islands among the background of high copy
repeats. The large size and complexity of plant genomes along with other biological,
biomolecular, and computational reasons make them particularly challenging for de
novo assembly. Furthermore, gene sequences and assembly from nearly identical or
same gene families are challenging and may not always be correct.

Third-generation sequencing (TGS) technologies provided a new perspective on
sequencing as well as excellent accuracy in de novo assembly (Pareek et al. 2011).
Pacific Biosciences (PacBio), Illumina Tru-seq Synthetic Long-Read technology,
single-molecule real-time (SMRT) sequencing, BioNano Genomics (BioNano)
sequencing, and Oxford Nanopore Technologies (ONT) sequencing are the key
platforms commercializing TGS technology (Staňková et al. 2016). These platforms
hold significant advantages when compared to the 1st and 2nd generation platforms.
TGS has the potential to generate long-read lengths having higher percentage of
consensus accuracy and low bias of G+C content. In addition, it also provides
simultaneous epigenetic classification (Nakano et al. 2017). Likewise, in comparison
to the NGS platforms, TGS platforms hold three important improvements. Firstly,
increase in average read lengths up to 10,000 bp per read or more, secondly drastic
decline in the sequencing time from days to hours (or to minutes for real-time
applications), and thirdly decrease or removal of sequencing bias introduced by
polymerase chain reaction amplification (Lu et al. 2016).

The main impediment to a high-quality genome assembly is repetitive regions.
Short second-generation sequencing reads are essentially incapable of building
repetitive sequences that are longer than the available read (or span) length (Berlin
et al. 2015). Third-generation long sequencing reads, on the other hand, cover a
greater proportion of the repetitions in a genome, making them important for
generating high-quality assemblies.

Raw read mapping, read error correction, assembly of corrected reads, and
assembly polishing are all steps in the de novo long-read genome assembly process.
It creates lengthy read alignments first, then assembles them using overlap-based
techniques such overlap–layout–consensus (OLC) algorithms. After assembly it
computes the best overlap graph or string graph and finally generates the consensus
sequence of the contigs from the graph. There are two ways to rectify the long-reads
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error. The first way encompasses self-correction, i.e., aligning the long reads against
themselves to form an error corrected consensus sequence (Berlin et al. 2015) while
the second approach involves hybrid error correction, i.e., the use of alignment of
high-quality short reads to correct long reads (Koren et al. 2012). Hybrid correction
approach is more useful when a limited amount of long-read (<30�) coverage is
available, on the other hand, self-correction approach is applicable to higher
sequencing coverage since more consistent alignments can be made between the
long reads. Nevertheless, the error correction stage forms an integral part of the
assembly process, but it is practically impossible to obtain an error free assembly,
specifically in long-read assemblies. However, polishing with short or long reads can
help us to improve the assemblies (Sohn and Nam 2018).

At present there are a number of tools developed through TGS platforms for
assembling long-read sequences. FALCON, MinHash Alignment Process (MHAP),
PBJelly, HINGE, and Hierarchical Genome Assembly Process (HGAP), and
HINGE are genome assemblers that utilize long reads from SMRT platforms. The
genome assembler, RefAligner involves a dynamic programming algorithm to
identify the best matching region in the sequence genome by aligning each molecule
map to the reference maps utilizing the BioNano platform. PoreSeq and Nanocorr
utilize long reads form the ONT platform for de novo sequencing analysis. Minimap/
miniasm and Circlator are available for de novo assembly and circularization
genome assembly analysis in both SMRT and ONT platforms.

Arabidopsis thaliana (Berlin et al. 2015) and Oropetium thomaeum (Vanburen
et al., 2015) were the first plant genomes assembled from PacBio data alone. Being
smaller in size, the genome of A. thaliana was assembled at chromosome-arm level,
whereas the genome assembly of the O. thomaeum genome displayed a contig N50
of 2.4 Mb. Short-read assemblies could never achieve such contiguities, however,
scaffolding (i.e., ordering and orienting of contigs) through long-range read pairs is
capable of generating similar contiguities (Hoshino et al. 2016).

8.3.2 Machine Learning Aided Crop Plant Genomics

The scientific and technical achievements over the last few decades have been
revolutionary. The availability of plant genotypes and phenotypes at a low cost
resulted in the creation of enormous, complicated datasets. However, most of the
attempts to derive conclusions from these metrics and combine disparate datasets
have failed. In the meantime, rapid evolution machine learning has found wide-
spread use in science and related sectors, such as plant science and breeding.

Machine learning (ML) is a branch of Artificial Intelligence (AI), develops
algorithms for predictive modelling/performing tasks from multidimensional
datasets (Camacho et al. 2018). ML empowers us to analyse results from large-
sized datasets, integrate complex data for meaningful interpretations without the
need of mechanistic understanding. ML was used to predict possible genome
crossover locations, i.e., regions of exchange of paternal and maternal genetic
material in various plants (Demirci et al. 2018). It is also being used in population
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genetics of plants to identify advantageous mutations imposed through natural
selections (Bourgeois et al. 2018; Schrider and Kern 2018). Other examples of
applications of machine learning include predicting macronutrient deficiencies in
tomato (Tran et al. 2019), plant stress phenotyping (Ghosal et al. 2018), sequence
tagging in rice (Do et al., 2018), predicting regulatory and non-regulatory regions in
the Zea mays genome (Mejía-Guerra and Buckler 2019), predicting mRNA expres-
sion levels (Washburn et al. 2019), polyadenylation site prediction in Arabidopsis
thaliana (Gao et al. 2018a).

8.3.3 Accelerate the Development of New Crops via Speed
Breeding

Breeding crop plants and advanced cultivars take a long time. Breeding a stable new
variety typically requires 4–6 generations of inbreeding post-crossing of selected
parent lines. The plant generation time, from germination of seed to the harvesting is
one of the limiting factors in the process (Watson et al. 2018). For crops that are
limited to 1–2 generations per year, this is time-consuming. Therefore, in order to
fasten the cultivation process and ensure food availability throughout the year, it is
important to minimize the generation time and accelerate the breeding programme.
This can be achieved by the speed breeding procedure, by altering growth
conditions, such as prolonged photoperiods and temperature (Sysoeva et al. 2010).
This method can also be used to construct mapping populations, phenotype adult
plant attributes, speed up backcrossing and trait pyramiding, and perform mutant
studies and transformations (Watson et al. 2018).

Speed breeding has raised efficient wheat and barley production of up to six
generations in a year, compared to the usual two generations per year through
conventional methods. In addition, speed breeding procedures have also been
successfully applied to for the production of a number of crops. In order to accelerate
the rate of crop improvement, speed breeding can be integrated with several other
technologies such as high-throughput phenotyping and genotyping, single seed
descent (SSD), marker-assisted selection (MAS), single plant selection (SPS), geno-
mic selection, CRISPR gene editing, etc. (Hickey et al. 2017).

8.3.4 High-Throughput Phenotyping

Plant phenotyping is a multidisciplinary research that employs a variety of
techniques and methodologies to precisely assess the growth, architecture, and
composition of plants at various scales (Fiorani and Schurr 2013). Individual
genes, gene-by-gene interactions, and gene-by-environment interactions all influ-
ence the phenotype.

Multiple genes and their interactions with the environment govern several
agronomically significant features (Mickelbart et al. 2015). However, obtaining
phenotypic data remains a bottleneck, which limits crop breeding and functional
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genomics research (Deery et al. 2016). Plant phenomics, in general, lags consider-
ably behind the rapidly evolving genomics technologies. Nonetheless, several high-
throughput phenotyping tools for small and large plants have been developed in
recent decades.

8.4 Role of Genomic Studies in Plant Research

8.4.1 Using Genomics to Improve Crop Plant Diversity
and Resilience

The rapid increase in human population leads to an increase in urbanization, which
threatens global food security, narrowing our access to appropriate land for agricul-
ture (Satterthwaite et al. 2010). Concurrently, the erratic change in climatic
conditions, which includes elevated temperature, changing precipitation, and
upregulated levels of CO2 and ozone, further limits our access to agricultural land
and water use via untimed drought, floods, salinity, and frosting (Godfray et al.
2010). In addition, the rapidly rising economic growth is significantly accelerating a
dietary transition, increasing consumption of meat, dairy products, and eggs, thereby
demanding increased production of crops to feed more livestocks and poultry
(Tilman and Clark 2014). Advancement in research and technologies, in the last
century, enabled dramatic increase in food production by combining conventional
crop breeding techniques and advanced agronomic practices, leading to the green
revolution. However, with current trends of annual increase in yield for major crops
lying merely between 0.9 and 1.6%, we are starting to saturate the benefits of green
revolution (Ray et al. 2013). Furthermore, monoculture in agriculture has led to
agricultural food dependence on a few major plant species, significantly reducing the
genetic diversity (Khoury et al. 2014). However, irrespective of the above-
mentioned challenges, the challenges of feeding the human population have to be
met. Fortunately, revolution in science, conceptual, and technological innovations,
and the rise of genomics are keeping our hopes alive in overcoming the challenges.
Genomics enables the identification of new/additional source of genetic variation,
understand principal alterations in phenotypes, identification of unique traits, and
characterization of molecular pathways involved in stress tolerance (abiotic and
biotic); thereby forming the core of crop improvement (Pourkheirandish et al. 2020).

8.4.2 Tracing Our Steps Back to CWRs for Genetic Diversity

Wild plants have been continuously subjected to biotic and abiotic factors of stress
via nature for over a million years; natural selection has allowed plants to accumulate
genes to combat stress from varied environmental sources. Genomics compared to
earlier molecular technologies allow improved characterization of genetic variation
available in CWR. Genomic analysis is a tool for effective utilization of existing
plant biodiversity, discovery of beneficial genes in CWR and support agriculture
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through the transfer of these genes into crop species, aiding food security, and
discovering novel genetic resources (Brozynska et al. 2014). Furthermore, genomic
analysis of CWR can be translated into phenotypic analysis, increasing the exploita-
tion of CWR in plant breeding. However, genomic/genotypic analysis must be
automated to facilitate screening of larger populations and time efficiency. Nonethe-
less, studies have screened for drought tolerance quantitative trait loci (QTL) in wild
barley introgression lines (ILs) (Honsdorf et al. 2014) and evaluate phenotypic
response of Brachypodium distachyon (purple false brome) to nutrient deficiency
(availability of nitrogen and phosphorus) using integrative digital imaging (Poiré
et al. 2014).

Sequencing of wild relatives of Arabidopsis thaliana is essential to study the
evolution and adaptation in plants. Rice (Oryza sativa) is utilized for cereal grasses,
as a model system, to understand the biology, domestication, and improvement.

Many valuable crop plants such as wheat, peanut, sugarcane, oat, cotton, coffee,
etc. have polyploid genomes. Sequencing CWRs of these complex crop plant
genomes can build reliable and accurate reference genome sources for other poly-
ploid plants. Sequences of diploid progenitors of hexaploid wheat (Aegilops tauschii
and Triticum urartu), progenitors of Saccharum officinarum (x ¼ 10) and
Saccharum spontaneum (x ¼ 8) (commonly used CWRs in sugarcane cultivars)
(Berkman et al. 2014; Souza et al. 2011; Zhang et al. 2018), and diploid robusta
coffee (Coffea canephora) (Denoeud et al. 2014) are contributing as reference
genome and model plant system to understand today’s commercialized species.

CWRs of barley or sourced from Hordeum spontaneum show resistance against
various microbial plant diseases, which include Fusarium (crown rot) resistance
(Chen et al. 2013), leaf rust and powdery mildew resistance (Schmalenbach et al.
2008), and leaf stripe resistance gene (Biselli et al. 2010). Also, they were found to
possess resistant genes against harsh environmental factors like agronomic traits
under post-anthesis drought (Kalladan et al. 2013), salt tolerance (Pakniyat and
Namayandeh 2007), stress environments (Lakew et al. 2011). Similarly, for other
chemical and grain quality factors like selenium concentration (Yan et al. 2011),
sodium accumulation (Shavrukov et al. 2010), and grain hardness (Li et al. 2010).

8.4.3 De novo Crop Domestication

Incorporating wild plant resources into De novo domestication of novel crops might
help us solve problems of genetic and species diversification of agricultural systems.
The introduction of domestication genes into non-domesticated plants is known as
De novo domestication while domestication syndrome is the attributes that are
produced as a result of de novo domestication of diverse species (Cornille et al.
2014). In cereals, domestication is linked to grain dispersal in wheat, barley, and
rice; apical dominance in maize; grain quality in wheat; seed dormancy in rice; grain
filling in maize (Uauy et al. 2006; Dubcovsky and Dvorak 2007; Pourkheirandish
et al. 2015, 2018). In fruits and vegetables, domestication genes include fruit size
and seed dormancy in tomato; flowering in sunflower, etc. (Frary et al. 2000; Chen
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et al. 2007; Wang et al. 2018b). Interestingly, the above foreplay results from very
few genes and the vegetable crops are less well characterized compared to the cereals
for domestication syndrome. It is also suggested that most of it is due to loss-of-
function mutations (Ramsey and Schemske 1998; Komatsuda et al. 2007;
Pourkheirandish et al. 2015).

Again, genomics here has facilitated gene discovery and identification. Whole-
genome sequencing enabled us to detect genes associated with non-brittle rachis in
pasta wheat and seed filling in maize (Sosso et al. 2015; Avni et al. 2017);
genotyping by sequencing gave us smooth awn in barley using (Milner et al.
2019); RNA sequencing revealed seed quality in soybean; and cutin responsible
for water retention in barley (Li et al. 2013; Gao et al. 2018b). Genome-wide
association study (GWAS) identified gene controlling seed dormancy in soybean
and comparative genomics confirmed its presence in other transgenic plants (Wang
et al. 2018b).

Interestingly, research and breeding on Miscanthus, close relatives of sorghum
and sugarcane, tree tobacco, and Jatropha curcas (Montes and Melchinger 2016;
Usade et al. 2018), etc. are booming due to their potential of being candidates for the
increasing demand for biofuels.

Evidence suggests many ways to domesticate a plant. However, very little has
been published on domestication experiments that are not so promising. The results
advocate that artificial selection requires over 20 generations to change the
phenotypes of wild or crop wild hybrids. Additionally, studies indicate that com-
plexity in genetic control influences the time period of achievement of desired
phenotype. Importantly, de novo domestication can potentially lead to higher fre-
quency of accumulation of deleterious mutants. The phenomenon of de novo
domestication must be carefully considered while planning future agricultural
policies.

8.4.4 Engineering Polyploid Plants

Polyploid plants possess more than two sets of homologous chromosomes. This can
be achieved either by allopolyploidy or autopolyploidy. There are many agricultur-
ally important plants that are polyploids, such as strawberry (allo-octaploid;
8� ¼ 56), potato (auto-tetraploid; 4� ¼ 48), and banana (auto-triploid; 3� ¼ 33)
(Pourkheirandish et al. 2020). Polyploidy induction has been successful in providing
plants (including crop, ornamental, and medicinal, etc.) with greater agronomic
characteristics including larger seedless fruits and flowers, improved hybrid vigour,
and improved pest resistance and physical stress tolerance (An et al. 2014; Tu et al.
2014). Depending on the ploidy level, different manifestations of the trait are
observed (Corneillie et al. 2019).

Engineering polyploid plants could be an approach to cultivate new crop species
and also reduce economic losses from existing crops (Tamayo-Ordóñez et al. 2016).
Polyploid plants can be formed by two major paths, namely unreduced gametes and
somatic doubling. Somatic doubling is the most common method. It occurs due to
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the disruption/failure of cell cycle signalling control between the second growth
(G2) and the mitosis (M) phases, and thus leading to repeated DNA synthesis
(Ramsey and Schemske 1998), whereas pre-meiotic genome doubling and post-
meiotic genome duplication lead to the production of unreduced gametes (De Storme
and Geelen 2013). Polyploidy can also be introduced via use of dinitroaniline anti-
microtubule drugs such as colchicine, oryzalin, and trifluralin.

Generation of polyploid plants is mainly dependent on cell cycle phases which in
turn influences their viability and vigour (Comai 2005). Specific cell cycle and
meiosis genes, e.g., cyclin-dependent kinases (CDKs), cyclins (CYCs), tardy asyn-
chronous meiosis (TAM), and omission of second division 1 (OSD1) play major role
in obtaining polyploid conditions (Menges et al. 2005; Tank and Thaker 2011).
However, they are known to be influenced and regulated by external factors includ-
ing growth regulators, low temperature, and darkness. Thus, it is essential to
recognize the molecular mechanisms and influence of internal and external factors
behind cell cycle control, homologous chromosome pairing, and meiotic crossover
formation. While the above task can be tedious given the vast number of crop
species, discovery and characterization of orthologs of above-mentioned cell cycle
genes in other species can be performed using comparative genomics approaches
(Gaebelein et al. 2019).

Importantly, post-hybridization (polyploidization) in the early generations, exten-
sive structural rearrangements of merged genomes and methylation changes are
known to occur within the plant genomes (Szadkowski et al. 2010). They are
known to result/influence sub-genome biases in gene content and expression via
genome dominance (Bird et al. 2018). Genomic approaches can be implemented to
trace post-hybridization structural rearrangements and machine learning/artificial
intelligence can be used to predict the best suited grouping of diverse wild species
to construct new synthetic crops which can diversify agriculture and protect food
security in current changing environmental conditions (Edger et al. 2017). One of the
best examples, bread wheat (Triticum aestivum), a major crop is an allohexaploid
plant originated through multiple hybridizations. T. aestivum has been able to
acclimatize to altered climatic zones and grow robustly due to the genes of three
different genomes that it possesses.

8.4.5 Boosting Agriculture Through Better Understanding
of Plant–Microbe Interactions

With the exponentially growing world population and change in earth’s climatic
conditions, we need to aim for alternative yet sustainable agricultural reforms in
order to continue feeding the growing population. Therefore, molecular study of
plant–microbe interactions becomes an equally important factor just as others. It is
also projected as an alternative for sustainable agriculture (Johansson et al. 2004).
Microorganisms live together with plants below the ground (rhizosphere), above
ground surface (phyllosphere), within the plants as endophytes, attached to plant
surface as epiphytes, and around the roots in the surrounding soil (Bennett and
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Lynch 1981; Lindow and Brandl 2003). They may have significant positive, neutral,
or adverse effects on the health and development of host plants (Smith and Goodman
1999). Notably, association of microbes with plants influences higher yield potential
(Bhattacharyya et al. 2016). Therefore, it is becoming a priority factor/component in
achieving eco-friendly and sustainable agricultural practices in this era of
agrochemicals and drastic global climate change.

Plants association with microbes may be symbiotic or pathogenic. While there are
some pathogenic microbes that adversely affect plant health ( Pusztahelyi et al. 2015;
Chagas et al. 2018), there are also bacterial communities that have been reported
with potential to manipulate the plant to utilize soil resources, support efficient
nutrient uptake and growth, and promote plant biotic and abiotic stress tolerance
(Mendes et al. 2011; Fitzpatrick et al. 2018).

One of the strategies to curb the use of chemical pesticides is the use of Plant
Growth-Promoting Rhizobacteria (PGPR) in agriculture. Extensive application of
PGPR as inoculants to crops has escalated crop yield, and simultaneously there is
significant reduction in the use of chemical fertilizers and pesticides, which pollute
the environment and contaminate food (Adesemoye and Kloepper 2009). Crop
plants expressing PGPR genes are also known to be resistant against various biotic
and abiotic factors (Haggag and Habbasha 2015). Genomic platforms and tools are
promising tools for better understanding and selection of beneficial strains with
various improved traits for crops. Comparative genomic studies and proteome
analysis have led to identification of various effector genes for traits such as nutrient
uptake, imparting abiotic and biotic stress tolerance during their interaction with
plants (Tshikhudo et al. 2019). For example, whole-genome sequence of Bacillus
aryabhattai AB211 isolated from Camellia sinensis rhizosphere revealed signature
genes for plant growth promotion, such as chemotaxis, siderophore production,
phosphate solubilization, metal ion uptake, etc., making B. aryabhattai AB211 a
probable candidate to be used as PGPR (Bhattacharyya et al., 2017). Similarly, other
species with potential for PGPR include Serratia marcescens UENF-22GI (Matteoli
et al. 2018), Pantoea agglomerans strain P5 (Shariati et al. 2017), Bacillus cereus
AR156, Bacillus subtilis SM21, and Serratia sp. XY21 (Zhang et al. 2019). The
advances in genomic technologies have also contributed to our understanding of the
soil microbial communities through sequencing of numerous soil microorganisms
(Jansson and Hofmockel 2018; das et al., 2021; Prasannakumar et al., 2021). For
example, the significant increase in genomic sequences for nitrogen-fixing and
phosphate-solubilizing bacteria (Ormeño-Orrillo et al. 2018).

8.4.6 Genome Editing for Nutritionally Enhanced Crop Production

One of the long-standing goals of agricultural research is to breed crops with
enhanced nutritional content. Notably, widely consumed crops like wheat, maize,
and rice are poor sources of many essential micro- and macro-nutrients. This by itself
explains the need for the production of crops with high nutrition content. Among all,
genome editing tools are successful in providing higher accuracy and efficiency in
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genetic modification than conventional breeding in a shorter time period. Genome
editing uses sequence-specific nucleases (SSNs) to introduce targeted mutations in
crops with increased proficiency and accuracy (Georges and Ray 2017). Zinc finger
nucleases (ZFNs), transcriptional activator-like effector nucleases (TALENs), and
clustered regularly interspaced short palindromic repeats (CRISPR)-associated
endonuclease Cas9 (CRISPR/Cas9) are among the artificially engineered SSNs
being widely used today (Miglani 2017; Schiml and Puchta 2016). However, no
commercialization of crops from genome editing has been achieved until today.
Nonetheless, research in the field carries on. Liang and coworkers (2014) reported
the incidence of anti-nutritional compound phytic acid, inositol 1,2,3,4,5,6-
hexakisphosphate in Zea mays, of which phytic acid is poorly digested in humans
and is hazardous to the environment. Therefore, using genome editing tools, two
gRNAs targeting the ZmIPK (Inositol Phosphate Kinase) gene that catalyses a vital
step in phytic acid biosynthetic pathway were designed in order to reduce phytic acid
content of maize seeds. Similarly, soybeans with increased oleic acid and reduced
linoleic acid content have also been produced (Demorest et al. 2016). Let us hope the
field makes greater progress in the future.

8.5 Completeness of Functional Annotation for Better
Candidate Gene Identification

The completion of the human genome project enabled sequencing facilities to aim
for more ambitious projects, increasing the sequencing data exponentially. However,
annotation of information from these data has been lagging ever since, depriving us
of a comprehensive catalog of gene models for a given species. The eukaryotic gene
structure prediction is more complex and alternative splicing; a process which
facilitates the synthesis of more than one protein from a single gene sequence adds
on much more complexity (Schellenberg et al. 2008). A combination of ab initio
gene prediction and homology-based methods is often used to build gene models
(Campbell et al. 2014; Klasberg et al. 2016). Today, long reads sequencing
technologies can generate full-length transcripts, providing new insights into the
extent of alternative splicing and transcriptome diversity (Cook et al. 2019).

Genome annotations enable us to study gene functions, biochemical and regu-
latory pathways, or quantitative trait loci in plants. However, annotation of genes
faces many hurdles and obstruction. Gene functional annotations for most of the
crop plants are achieved by transmission of annotation from most similar genes in
model plants like Arabidopsis and Oryza sativa, i.e., homology-based inference,
without much direct experimental support. Evolutionary plant history, gene redun-
dancy due to successive rounds of polyploidy and subsequent diploidization, and
differential loss further contribute to the (Jiao and Paterson 2014; Salman-Minkov
et al. 2016) complexity of annotation transfer. Notably a single reference sequence of
an organism hides the true complexity of gene space variation, which leads to
missing gene models. For example, a presence–absence variation profiling by
Zhao and team (2018) resulted in documentation of 10,872 genes in 67 rice
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accessions under study that were partially absent in the Oryza sativa Nipponbare
reference annotation. This strongly suggests the need for pan-genomics expansion.

Specialized databases through integrative genomic approaches have been devel-
oped such as SNP-Seek (rice), SoyBase (soybean), MIPSPlantsDB (Arabidopsis,
Medicago, Lotus, rice, maize and tomato), and WheatGenome (wheat) (Spannagl
et al. 2007a, b; Grant et al. 2009; Lai et al. 2012; Blake et al. 2016; Mansueto et al.
2017). Similarly, to classify candidate genes involved in biological processes, tools
like KnetMiner and MCRiceRepGP were developed that use multicriteria decision
analysis for sorting the genes (Golicz et al., 2018; Hassani-Pak and Rawlings 2017).
CEGMA (Core Eukaryotic Genes Mapping Approach) relied on the evolutionary
conservation of orthologous genes within in order to assess the completeness of a
genome annotation (Parra et al. 2007). BUSCO (Benchmarking Universal Single-
Copy Orthologs), most successful successor of CEGMA, predominantly selects
single-copy genes for the formation of orthologous datasets from eukaryotic clades.
However, it is not preferred for flowering plant species that are allopolyploids (Van
de Peer et al. 2009). Regardless of the availability of genome annotations, functional
characterization of annotated genes remains a vital challenge in molecular breeding
pipelines (Scheben and Edwards 2018).

8.5.1 New Breeding Targets from Non-coding Part of Genome

The genome of most large crops encodes abundantly for non-coding genes compared
to protein-coding genes (Long et al. 2017). Among all the RNAs, long non-coding
RNAs (lncRNAs) are abundantly found in plants and are key regulators of the
transcriptional process. lncRNAs also assist in plant development, adaptation to
environmental change, and are vital molecular drivers of lineage-specific morpho-
logical evolution (Wang et al. 2018c). Interestingly, lncRNAs are suggested to be
involved in plant sexual reproduction due to strong bias toward transcription in
reproductive tissues (Zhang et al. 2014; Golicz et al. 2018), thereby influencing the
formation of flowers, fruits, and grains. Evidence also shows that some of the
lncRNAs could be functional (Huang et al. 2018).

In Arabidopsis, vernalization-mediated epigenetic silencing of the FLOWERING
LOCUS C (FLC) promotes flowering in spring (Heo and Sung 2011). Similarly, rice
lncRNA LDMAR was reported to regulate DNA methylation of photoperiod-
sensitive male sterility (PSMS), a vital attribute responsible for the development of
hybrid rice (Ding et al. 2012). Another example is that of highly conserved lncRNA
EARLY NODULIN 40 (ENOD40) in legumes (Gultyaev and Roussis 2007), rice
(Kouchi et al. 1999), and maize (Compaan et al. 2003); involved in the regulation of
symbiosis between the legumes and microbes (bacteria or fungi) for organogenesis
in root nodules (Gultyaev and Roussis 2007), along with mycorrhizal association in
alfalfa (Van Rhijn et al. 1997). Recently, transcriptomics was to characterize the role
of circRNAs in establishing resistance against Pectobacterium carotovorum in
potato plant (Zhou et al. 2018). Several other studies focused on circRNAs response
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to biotic stress are being carried out in kiwifruit and tomato (Wang et al. 2017,
2018a).

The published literature makes it evident that lncRNAs play a significant role in
the regulation of genetic pathways towards development of plants. They use many of
the cellular machinery components to perform their diverse roles and represent as
promising molecular targets for manipulation in disease responsive pathways. The
studies are in nascent stages and much effort needs to be made to better understand
the non-coding areas of the genome.

8.5.2 The Pan-Genome Approach

The advancing genomic technologies and our increasing knowledge on genomic
variation have made us realize that single-genome reference is not sufficient as a
reference to represent the intraspecific diversity (Golicz et al. 2020). The
pan-genome notion was born as a result of this. The universe of genomic sequences
contained in a bacterial species is referred to as the pan-genome. In 2005, many
isolates of Streptococcus agalactiae were sequenced, representing 80% of
S. agalactiae genes as core genomes. (Tettelin et al. 2005). This is very much
relevant to plant species as well, exhibiting extensive phenotypic variation in
agronomic characters, such as yield, metabolite biosynthesis, and response to biotic
and abiotic stresses, etc.

Pan-genomes have been constructed for various model plants and key crop
species, such as Arabidopsis thaliana (Van de Weyer et al. 2019) , Brachypodium
distachyon (Gordon et al. 2017), Brassica oleracea (Golicz et al. 2016), Oryza
sativa (Sun et al. 2017; Zhao et al. 2018), Glycine max (Li et al. 2014), Triticum
aestivum (Walkowiak et al. 2020), Brassica napus (Song et al. 2020), Hordeum
vulgare (Jayakodi et al. 2020), and Solanum esculentum (Gao et al. 2019).

Pan-genomes as references will increase the horizon of genomic analysis. For
example, it improves short-read mapping accuracy in contrast to using a single
reference, resulting in higher quality variant calls and more precise gene expression
quantification (Eggertsson et al. 2017; Bayer et al. 2020). Increasing use of
pan-genomes also accelerates the scope of incorporating transposable elements
(TEs) into crop genomics, which have been neglected until recently. TEs can modify
the structure and amount of gene product that is transcribed (Jiang et al. 2004).

Pan-genome investigations are aided by the increasing availability of genome
sequence data, which is a result of rapid technological advancements and is also cost
effective. Specifically, storing and visualizing pan-genome data are still a hurdle.
There is a need to create methods and establish standards for precise and reliable
functional annotation of genes and genomes. Integrative genomics approaches can
be used to link various features of genes to their function in order to have a better
knowledge of their possible function. While most pan-genome research has
concentrated on the genic area of the genome so far, there is significant genomic
and phenotypic variation outside of those regions that needs to be investigated.
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While the computational power rises, someday wide pan-genomes might answer the
bigger question: what genes make a plant?

8.6 The Sequenced Angiosperm Genomes

As of March 27th, 2021, the NCBI-genome browser listed completed genome of
765 angiosperm species and could be found at https://www.ncbi.nlm.nih.gov/
genome/browse/#!/overview/. Table 8.2 indicates the list of all available sequenced
angiosperm genomes. Most of these plants have great economic significance (Chen
et al. 2018).

8.7 Databases for Plant Genomics/Popular Genome Databases

8.7.1 The National Center for Biotechnology Information-Genome
Browser

The NCBI-Genome browser (https://www.ncbi.nlm.nih.gov/genome/) endow with
genomic information (Fig. 8.1). The genome database currently comprised of 60,159
species including Eukaryotes (15,998), Prokaryotes (321,872), Viruses (42,533),
Plasmids (28,557), Organelles (18,354), as accessed on 26th June, 2021. It also
provide interlinking to another genome recourses like GOLD—Genomes Online
Database (https://gold.jgi.doe.gov/), Bacteria Genomes at Sanger (https://www.
sanger.ac.uk/resources/ downloads/bacteria/), Ensembl (http://asia.ensembl.org/
index.html)

8.7.2 Plant Genome DataBase Japan (PGDBj)

TAIR10 and RAP-DB, SABRE DB, and DNA Marker DB databases are all
integrated into the PGDBj database (Fig. 8.2). This database also contains informa-
tion gathered from the literature, such as chromosome number and genome size,
quantitative trait loci and related linkage mapping markers, and genome-specific
databases (Asamizu et al. 2014).

8.7.3 EnsemblPlants

Ensemblplants database (https://plants.ensembl.org/index.html) is a genome portal
for 49 plants (e.g., 49-plants.ensembl.org) (Fig. 8.3). It provides statistics of genome
size and data on assembly, regulation, variation, and sequences of these plants. This
database collaborated Gramene (http://www.gramene.org/) for its curated, open-
source, integrated data source.
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8.7.4 Genome Size in Asteraceae Database (GSAD):

The GSAD database Release 3.0 (https://www.asteraceaegenomesize.com/) is a
specific and indigenous genome size data for family Asteraceae (Fig. 8.4). The
Genome sizes are currently available for 1219 species consisting 337 species
(21.67%) and 46 genera (19.83%) based on 2768 records from 198 publications as
per 26th June 2021 (Vitales et al. 2019).

Fig. 8.1 A screenshot of NCBI-Genome database

Fig. 8.2 A screenshot of plant genome database Japan
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Fig. 8.3 A screenshot of EnsemblPlants database

Fig. 8.4 A screenshot of GSAD database
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8.7.5 Phytozome

Phytozome v12.1.6 is a plant comparative genomics portal having 93 assembled and
interpreted genomes using JGI Plant Science program resources (Fig. 8.5). Related
information can be found using https://phytozome.jgi.doe.gov/pz/portal.html. The
genome portal is maintained by Department of Energy's Joint Genome Institute.

8.7.6 Plant DNA C-Values Database

The Plant DNA C-values database (release 7.1) contains C-values for 12,273 species
including angiosperm (10,770), gymnosperm (421), 303 pteridophyte 246 ferns
(monilophytes), 334 bryophyte (209 mosses, 102 liverworts, and 23 hornworts),
and 445 algal species (Fig. 8.6) (Pellicer and Leitch 2019).

8.7.7 Plant rDNA Database

The Plant rDNA Database include the data from over 785 publications and approxi-
mately 2148 plant species (3783 entries) as of June 26th, 2021 (Fig. 8.7). It contains
information on “chromosome number, genome size, ploidy level, telomere type and
genome sequenced.”

8.7.8 PlantGDB Genome Browser:

“The Plant GDB Genome Browser (specifically for Viridiplantae) provides high-
quality genome browser which provides high quality spliced alignments of available

Fig. 8.5 A Screenshot of Phytozome database
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transcripts of more than 100 plants as well as predicted proteins from related model
species” (Fig. 8.8). It also provides graphical interferences for more than
14 completed genome species (Duvick et al. 2008).

8.8 Further Remarks

Flowering plant genome data is rapidly expanding in the NCBI genome. The new
generation, along with big-data theories, is gaining in popularity as a means of
addressing larger issues. There is currently a considerable requirement for all linked
data to be integrated and maintained. More bioinformatics tools, as well as

Fig. 8.6 A Screenshot of plant DNA C-values database

Fig. 8.7 A Screenshot of Plant rDNA database
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comprehensive or huge databases, are required to attract more scientific minds to this
understanding.

Remarkably, few efforts have been made to sequence the genomes of plant
species connected to the evolutionary history of angiosperms such as magnoliids.
There is trepidation about sharing genomic data with the scientific community as
soon as the genome is made public. This increases redundancy and makes valuable
collaborative cooperation between two and more groups more difficult. Even differ-
ent genome databases require the integration of diverse forms of genetic data as well
as the potential integration of genome analysis tools.

8.9 Closing Note?

Nearly four decades of technology advances, the genomic investigations are
expected to attain maturity within a decade's time because of its drastically drop in
prices. We focused on plant genomes in this chapter, but not on epigenomics.
Epigenomics is the study of how individual nucleotides in the genome are modified
after replication. There are a few notable examples, such as the inclusion of a methyl
group in cytosine residues. This majorly implicate in gene expression. Technologies
to analyse epi-genome data are desperately needed to better understand

Fig. 8.8 A Screenshot of PlantGDB database
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developmental biology and disease progression. This chapter's missing link also
involves transcription analysis. In the discipline of transcriptomics, technologies
including as reverse transcription, hybridization arrays, and whole-genome sequenc-
ing are already commonplace. Several other topics, including as metagenomics,
metabolomics, and pathways associated with them, are not covered in this chapter.
In the current era of genomics research, major difficulties include developing novel
variety for food, nutrition, feed, fibre, pharmaceuticals, and fuel. The use of plants as
a source of environmentally, commercially, and socially sustainable raw materials is
the ultimate green resolution.
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Abstract

Basic principles of biology are generally developed, tested, and established for
the first time in organisms that are easy to study, convenient to handle and have
enough biological merit to generalize the derived inferences. Some of these
organisms are given the status of ‘model organism’ provided they fulfill some
basic (intrinsic, derived, and community) criteria. The fundamentals of genetics
were established through Mendel’s legendary work on garden pea (Pisum
sativum) but at the early days of plant genetics maize (Zea mays) was the
model system that got popularity. As plant science entered the genomics era
and robust genetic manipulation techniques were established in some plant
systems, a paradigm shift took place in the selection criteria of plants that can
be promoted as ‘model system’. The emergence of Arabidopsis thaliana and rice
(Oryza sativa) as ‘model plants’ being the most prominent examples in this
regard. During the past 40 years, Arabidopsis has overtaken all others and got
established as the most preferred and frequently used model system in plant
biology. Rice, on the other hand, has come up a long way to establish itself as
a model monocot and it assumes paramount importance especially in the field of
agriculture. However, it is also necessary to understand that a handful of model
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plants cannot answer every biological question. Hence, there exists the potential
of expanding the horizon of ‘model plants’ by introducing new entries to keep
pace with the ever-expanding knowledge and technology. In fact, with the recent
introduction of rapid and low-cost whole-genome sequencing methodologies and
precise genome editing technologies, the idea of ‘model organism’ is undergoing
a rapid change. Under these circumstances, it seems likely that model plants in the
future will be chosen based on their biological relevance rather than the opera-
tional ease and historical pedigree.

Keywords

Classical model plants · Neo-classical model plants · Maize · Arabidopsis · Rice ·
Evolution and phylogenetics · Genomics and genome sequencing

9.1 Introduction

About 4 billion years ago life arose on the earth (Nelson et al. 2008). Biology is the
scientific study of living organisms that encompasses myriads of species extant,
extinct, and yet undiscovered. Even though living organisms display enormous
variation in their form, size, shape, ecological niche, locomotion, behaviour, mode
of nutrition acquisition, reproduction, and all possible aspects of life; but life itself is
governed by some simple set of rules which establish the foundation of biology
(Nelson et al. 2008). In biological science, model systems has served a very crucial
role to understand, establish and conceptualize the basic principles governing life.
Biological organisms which are easy to study and convenient to handle are used for
the experimental purposes to test and establish basic biological principles. While
selecting an experimental organism it is also taken care that the organism should
have enough biological merit to generalize the derived inferences. In other words,
the selected organism should possess enough biological similarity to a broad group
of organisms so that it may serve as a true representative of that group (Flavell 2009).
Some of these organisms are given the status of ‘model organism’ provided they
fulfill some basic criteria (Chang et al. 1988). Initially, the species are selected based
on some desirable intrinsic criteria (primary criteria) such as small size suited for
laboratory use, short lifecycle, high fecundity, ease of maintenance and culture (both
in situ and ex situ), ease of genetic manipulation by crossing and mutagenesis, small
genome size, etc. Next comes some derived criteria (secondary criteria) such as ease
of isolating DNA, RNA, and protein to study basic molecular biology, ease of
genetic transformation, regeneration and other standard laboratory operations, etc.
Finally, at the later stage of adoption, when a community of user for that particular
organism develops, along with it develops the community criteria (tertiary criteria)
such as availability of well annotated genome and different databases, availability of
reporter genes constructs optimized for the species, availability of genetic stock
repositories and mutant strains, etc. In brief it can be said that study of model
organism allows rapid accumulation of biologically relevant knowledge base about
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a broad group of species cheaply by assembling information generated by several
scientists working on it over a considerably long period.

Probably the greatest contribution of plant science to modern biology is the
establishment of the basic principles of genetics by Gregor Johan Mendel in 1866
through his famous experiments on pea plants (Pisum sativum) published as
‘Versucheüber Pflanzen-Hybriden (Experiments in Plant Hybridization)’ (Mendel
1996). The logic behind using pea plants in his study was the discrete phenotypic
variations displayed by the species. In fact, he enumerated seven different traits
which displayed contrasting characters in selected parental lines visible by the naked
eye (Principles of genetics). But as a model system pea plants did not gain much
popularity as Mendel’s work was so ahead of his time that it was not recognized by
the scientific community immediately and hence community of users did not
develop for that particular plant system too. Plants like tomato (Solanum
lycopersicum), petunia (Petunia hybrida), Snapdragon (Antirrhinum majus), barley
(Hordeum vulgare), etc. have also been used as model plants but with limited
community success. Maize (Zea mays), however, served as a model plant for at
least a century and led to several important discoveries including the famous
discovery of transposable genetic elements and also on epigenetics (Nannas and
Dawe 2015). Maize as a model system gained popularity because of high phenotypic
variability, easy artificial crossing, seeds of bold and non-shattering type (every seed
is an individual crossover product), annual lifecycle, etc. But with the advent of
Sanger’s sequencing chemistry-based whole-genome sequencing technology which
initiated the era of genomics, maize—as a model plant—gradually lost its numero
uno status primarily because of its comparatively large and complex genome. From
this time onwards, the selection of model plants was largely biased towards posses-
sion of small and simple genome. Loss of maize was, however, the gain for
Arabidopsis thaliana— a miniature cruciferous weed with a rapid life cycle and
small genome which gradually gained the status of the premier organism for plant
science research. Although, based on its favourable intrinsic properties, Laibach
proposed using Arabidopsis as model organism as early as in the 1940s (Laibach
1943); but the real shift of importance towards Arabidopsis gradually gained
momentum between 1980 and 2000 during which a dedicated community of user
grew up, a detailed genetic map was constructed, genetic stock centres were
established and the whole-genome sequence was deciphered (Provart et al. 2016).
Emergence of an enormous multinational community devoted to Arabidopsis
research within a mere 25–30 years period reflected its worth as a model for plant
biology, as well as, its suitability for addressing fundamental questions in biology
common to all eukaryotes. Apart from Arabidopsis, rice (Oryza sativa) also rose to
prominence as a plant model in the post-genomic era. The strengths of rice in this
regard were, unlike Arabidopsis, it was a crop of prime importance (hence, a
community of researchers was already existing), it could serve as a monocot
model (Arabidopsis is a dicot), it possesses a relatively small diploid genome
(which was completely sequenced during 2005) and it fulfilled most of the primary
(intrinsic) and secondary (derived) criteria which are desirable for selection of a
model plant. Another interesting difference between the two was, Arabidopsis was a
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temperate plant while rice predominantly belonged to the tropics. Hence, while the
Arabidopsis model became more popular in Europe and the USA, the rice model
gained prominence in Asia and the USA. Besides, it is also noteworthy that even
though experiments in rice are relatively lengthier and costlier, as compared to that in
Arabidopsis, owing to the lengthier life cycle and relative complex genome, but the
generation and accumulation of genomic information and genetic stocks were fast-
tracked because of a vast community of researchers were already actively working in
rice since long back throughout the world. In effect, Arabidopsis and rice
complimented each other perfectly representing the two lineages of angiosperm
(flowering plants) –composed of ~3,50,000 reported species, which encompass
virtually all the economically important crop species (Dong et al. 2009).

The plant kingdom consists of more than 4,00,000 known species which displays
enormous diversity in every aspect of life (Chang et al. 1988). The use of model
plants provides an amicable solution for the practical problem of handling a less
convenient system in research by replacing it with more a convenient alternative.
Model species can provide insight into evolutionarily conserved processes but the
suitability of the model itself greatly depends upon the evolutionary relatedness
between the target species and the model selected for the study. For example,
Arabidopsis, the most well-studied model plant so far, is an annual dicotyledonous
herb of the Brassicaceae family, adapted to temperate climate, having C3 photosyn-
thesis and very limited symbiotic ability to soil microbes (Chang et al. 1988). Hence,
its suitability as a model for research in cereals (which are monocot and several of
them have C4 Photosynthesis) or pulses (which undergoes symbiosis with nitrogen
fixers) or fruits (most of which are obtained from perennial trees) might be question-
able. As biology entered the molecular era, biological research has greatly been
driven by genomics. But, until recently, whole-genome sequencing was a very costly
and time-consuming affair. Hence, molecular biology research on non-model plants
was mostly chaperoned by the knowledge derived from the studies on model
organisms with an additional step of validation to adopt the result into target species.
In the past one decade, however, significant additions and improvements in sequenc-
ing chemistries and technologies, computational assembly and annotation
techniques and development of precise genome editing tool have reduced the cost
and time of molecular genetic studies in non-model plants by many folds. This has
suddenly unfolded an avenue for expanding the horizon of ‘model plants’ by
introducing new entries which will be evolutionarily more suited to represent a
particular group of plants. In fact, the idea of ‘model organism’ itself is undergoing a
rapid evolution keeping pace with recent developments in the field of biological
science as a whole. This chapter intends to sketch a pen-picture of this gradual
evolution which seems to culminate in blurring the boundaries between model- and
non-model species.
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9.2 Classical Model Plants in Biology

The story of ‘Model Plants’ in biology largely revolves around the ‘big three’—
Maize, Arabidopsis, and Rice. The fact can be realized quite easily by carrying out a
simple analysis in PubMed (https://pubmed.ncbi.nlm.nih.gov/). Searching the data-
base by putting the botanical names of the classical model plants as search-queries
yielded at least >twofold more publications pertaining to the above-mentioned ‘big
three’ compared to any other plants (Fig. 9.1). Hence, we would be discussing here
on these three model plants.

9.2.1 Maize (Zea mays)

Maize (Fig. 9.2a) is a member of the grass family (Poaceae) and one of the widely
cultivated cereal crops all over the world. It is suggested that around 9000-year B.P
maize was originated from its ancestor teosinte (Zea mays ssp. parviglumis) in
southwest Mexico. Every biology student since from school age are well familiar
with Mendel’s experiments with pea plant but hardly very few are aware of the fact
that Mendel used maize as one of his model plants to reproduce the hybridization
result that he found from pea. Till then maize has been used as a prime plant model
and blessed with the attention of several legends of classical genetics and plant
breeding. Maize has several advantages apart from being an economically important
crop. Physically separated male and female flower (ease of controlled crossing), a
large number of seeds obtained from single pollinated ear attached tightly in a cob
(useful for calculating segregation ratio), larger chromosome size, and synchronized
meiosis (useful for cytological analysis), high genotypic and phenotypic diversity
(useful for identifying trait responsible genes), an abundance of duplication events in

Fig. 9.1 Relative contributions of different classical model plants to PubMed in terms of literature
pertaining to the respective species as on 20th October, 2020
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genome (useful for studying molecular evolution), ease of growing in vitro and in
situ, availability of genetic tool and resources, etc. are only a few of them (Strable
and Scanlon 2009). During the early days, genetics studies on maize were related to
map-location, mutant screening, etc. and centre of all such work was either Cornell
University (Emerson School) or Harvard University (East School). People like
C. Correns, R.A. Emerson, E.M. East were the founder of this research-area who
influenced many notable geneticists including G. Beadle, M. Rhoades,
B. McClintock whose works are regarded as each milestone of biology. Progress
of plant genetics was almost synonymous with the success achieved in maize in
those days. Drosophila and maize were two classical models for animal- and plant-
biology research, respectively, in those days; and in plant science, maize research
overshadowed everything else at that time (Rhoades 1984). Several important
understandings of modern-day genetics are derived from research in maize. Here
we will mention a few of such important contributions in brief.

After the rediscovery of Mendel’s work, De Vries and Correns were focusing on
xenia paradox, i.e., colour and morphological characteristics of pollen are expressed
in endosperm instead of character of the female parent. Maize was the model
organism used in this study. During the golden era of cytology, due to its large
chromosome size and shape, maize was an attractive choice as a model. These first-
generation maize geneticists developed meiotic mutant, chromosomal number vari-
ant, and translocation lines. Most of the mutational studies were related to kernel
colour even Barbara McClintock used it to describe the breakage-fusion-bridge cycle

Fig. 9.2 The ‘Big Three’ of plant model systems. (a) View of a maize field and Maize cobs (shown
in inset at bottom-right corner). (b) Mouse-ear cress plant and its flower (shown in inset at bottom-
right corner). (c) Rice plant grown in pot, rice flower (shown in inset at top-left corner) and rice
seeds (shown in inset at bottom-right corner)
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and further reporting of transposable elements (McClintock 1941). Kernel pigmen-
tation was very helpful for demonstrating transposons jumping in and out of a
segment and TE has been a useful tool for mutant-based gene cloning. Two
important classes of transposons—Ac/Ds and Robertson’s Mutator have transposon
insertion database for reverse genetics analysis (Settles et al. 2007). Maize genome
size is comparatively higher (~2.3 Gb) than other plant models, viz. Arabidopsis
(70 Mb) and Rice (0.4 Gb) but lower than few more economically important grass
family members, viz. barley (~6 Gb) and wheat (~17 Gb) (Strable and Scanlon
2009). Hundreds of families of transposable elements constitute large sections of the
maize genome which are dispersed non-uniformly. As of September, 2020
MaizeGDB (www.maizegdb.org) hosts a total of 45 maize genome sequences.
B73 line was sequenced using the minimum tiling path of BAC and fosmid clones
in 2009 and the current updated version is Zm-B73-REFERENCE-NAM-5.0.
MaizeGDB is a comprehensive platform for researchers which provides genome
sequence data and other analytical tools like BLAST, qTeller (RNA-Seq data to
compare expression), CornCyc (metabolic pathway network), pedigree viewer,
GenomeQC (for genome assemblies and gene structure annotations), PAST (for
correlating GWAS result and metabolic pathway), SNPVersity (SNP visualization
tool). With the advent of high-throughput sequencing techniques, there have been
reports of extensive study on SNP variant, expressional data and gene annotation—
NCBI, MaizeGDB portals are actively storing such data and making them available
for public use. Taking the advantage of natural genetic diversity of maize
McMullen’s group developed a nested association mapping (NAM) panel. They
crossed 25 inbreed lines to B73 line and captured diverse recombination events.
Since then NAM population has been useful to decipher QTLs associated with
complex traits like plant height, disease resistance, flowering time, etc.; not only in
maize but also in other important crops including rice, wheat, sorghum (Gage et al.
2020). Another powerful technique that is mostly tested in maize is Genome-Wide
Association Study (GWAS) which correlates individual marker-variations with trait-
variations. There are numerous approaches in maize to use GWAS study to link
specific trait including smut resistance, drought tolerance, oil biosynthesis, etc.
(Wang D’hont et al. 2012; Li et al. 2013; Wang et al. 2016). Current sophisticated
cytological techniques like Fluorescence In Situ Hybridization (FISH) also used
maize as model platform for validation and revolutionized the field of cytogenetics
(Jiang 2019). Genotype by sequencing (GBS), another high-throughput approach for
precise genotyping using SNP marker, is also well-established in maize (Crossa et al.
2013). Considerable success in RNA interference (RNAi)-based gene knockout has
been achieved in maize for controlling dwarf mosaic virus (Zhang et al. 2010),
Sugarcane Mosaic Virus (Gan et al. 2010), developing aflatoxin-free lines (Thakare
et al. 2017), increasing nutritional content (Wu and Messing 2012), etc. Targeted
genome editing using the CRISPR-cas9 system has also been demonstrated success-
fully in maize for improvement of traits like drought tolerance (Shi et al. 2017),
generating male sterile line (Chen et al. 2018a, b), imparting semi-dwarf architecture
(Zhang et al. 2020). Hence, we see in the pre-genomic era, maize was the most
prominent model plant available to the geneticists and in the post-genomic era, and it
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still continues to be one of the most important one where sophisticated tools,
techniques, and databases have been established making it amenable to undertake
high-end molecular biology research.

9.2.2 Mouse-Ear Cress (Arabidopsis thaliana)

As briefly discussed earlier, Arabidopsis thaliana (Fig 9.2b)—a miniature weed of
the crucifer family—is currently the most preferred model plant due to its attributes
like miniature size (25–35 cm in height), very short life cycle (8–12 weeks), simple
laboratory growth requirements, self-fertilizing diploid plants capable of producing
thousand offspring, the small genome size (120 Mb) and the ease of genetic
manipulation. But things were not as rosy initially as it looks now for Arabidopsis
researchers. Friedrich Laibach, who described the correct chromosome numbers of
the plant as a Ph.D. student from Strasburger’s laboratory in Bonn back in 1907, was
one of the pioneer researchers lauding Arabidopsis as a promising plant model in
1943 (Meyerowitz 2001a, b). X-ray induced mutational studies by Laibach’s student
Erna Reinholz published during 1947 attracted several other groups to adopt
Arabidopsis as an experimental model (Somerville and Koornneef 2002; Langridge
1955; Rédei 1962), etc. All these groups working on Arabidopsis gradually devel-
oped a community and met during XIth Genetics Congress in The Hague in 1963. As
a consequence of this meeting, Arabidopsis Information Service (AIS) was
established which later evolved to The Arabidopsis Information Resource (TAIR)
database (Huala et al. 2001). Röbbelen in collaboration with other groups took the
initiative to organize First International Arabidopsis Symposium in 1965 in
Göttingen, Germany, and also established AIS seed-stock collection (which included
Laibach ecotypes and several induced mutants). However, despite getting such
initial success, research on Arabidopsis was viewed with scepticism initially, and
hence to managing funds for Arabidopsis-research was getting difficult. To give a
piece of small evidence in support of this, it would be enough to mention that a grant
proposal of Re0dei, a leading Arabidopsis-researcher of his time, was rejected by
National Science Foundation (NSF) in 1969 as the panel scrutinizing the proposal
believed prokaryotes were more suited than Arabidopsis for genetic studies (Rédei
1992). Another counterargument for using the Arabidopsis model was—it is a weed
with no agricultural importance. Hence, several leading groups conducting research
on plant science preferred to continue with other models having direct economic
importance, viz. maize, tomato, barley, tobacco, pea, petunia, and snapdragon. As a
result of fund constraints and lack of enthusiasm Arabidopsis lagged far behind as a
model plant than the established crops during the pre-genomic era. During the
mid-1970s Arabidopsis research became limited to only a few laboratories, among
which groups led by of Jaap van der Veen (studying chimerism in mutants) and Ian
Sussex (studying embryo lethal mutants) were noteworthy (Bernier 2013).

From the late-1970s to the 1980s with the progress of classical and molecular
genetics plant biologists realized the need for a single model for more collaborative
work and hence search for suitable model was reinitiated. Koornneef and Meinke, in
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their review, entitled mentioned this period (1976–1989) as the ‘period of renais-
sance’ for Arabidopsis plant biology research (Koornneef and Meinke 2010).
Although there was a competition between petunia, tomato, and Arabidopsis several
influential articles were finally successful to attract promising geneticists, and
eventually Arabidopsis research gained momentum. One of such influential papers
was by György Rédei reviewing success stories of Arabidopsis in cytological,
mutational auxotroph development and physiological studies (Rédei 1975). The
next influential paper was published by Meyerowitz group reporting Arabidopsis
haploid genome size of only ~70 MB supporting the previous claim by Bernett and
Smith, i.e. Arabidopsis contains the smallest nuclear DNA among all known higher
plants (Bennett and Smith 1976; Leutwiler et al. 1984). At the very beginning of the
molecular biology era, researchers were facing difficulties to work with plants
having larger genome sizes because it was tedious to clone and maintain millions
of clones to cover the whole genome, whereas only a few thousand of λ-phage clones
were enough to cover 99% Arabidopsis genome (Pruitt and Meyerowitz 1986).
These exciting reports also attracted several molecular biologists from Drosophila
and yeast biology including Howard Goodman, Ron Davis, and Gerry Fink. With a
growing community and a more collaborative atmosphere, RFLP maps, YAC
libraries, and other genetic resources were established soon. These things actually
accelerated the acceptance of Arabidopsis as a model plant in several branches of
plant biology (Chang et al. 1988; Hauge et al. 1993; Albertsen et al. 1990). Another
breakthrough discovery that provided tremendous impetus to Arabidopsis for being
appreciated as a model plant was the development of an easy and highly reproduc-
ible Agrobacterium-mediated transformation protocol without the use of tissue
culture techniques (known as floral dip transformation) (Feldmann and Marks
1987; Zhang et al. 2006). And finally, with the release of genome sequence in the
December, 2001 by Arabidopsis Genome Initiative (AGI)—a multi-institutional
collaborative project—not only firmly established Arabidopsis as a model plant
but made it a forerunner in plant biology research (Koornneef and Meinke 2010).

Arabidopsis on its way to becoming a model plant system also facilitated many
outstanding discoveries and been used to understand fundamental processes in cell
biology, developmental biology, hormonal regulation, stress biology, gene and
protein networks analysis, metabolic engineering, and many more aspects. It has
been used to study cellulose biosynthesis which is one of the key processes in plant
morphogenesis (Arioli et al. 1998), characterization of endoglucanase in higher
plants [29], identification of SPIRAL2-microtubule-associated protein (Shoji et al.
2004), plant-specific cell-cycle regulator (Churchman et al. 2006; Blilou et al. 2002;
Dewitte et al. 2003), asymmetric cell division (Hemerly et al. 1993; Dong et al.
2009), vacuolar trafficking network (Sohn et al. 2003). A few classical works on
understanding the developmental biology of higher plants are based on Arabidopsis
research, viz. understanding the biology of flower development and its key molecular
regulators (Yanofsky et al. 1990), circadian clock (Suárez-López et al. 2001; Alabadı  
et al. 2001), etc. Synthesis, degradation, mode of action, and genetic network of
almost all the important phytohormones have been elucidated during the last cen-
tury, and not surprisingly in most cases Arabidopsis was the model plant (Gazzarrini
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and McCourt 2003; Potuschak et al. 2003; Dharmasiri et al. 2005). Previously, there
was a notion that Arabidopsis might not be suitable for studying plant–pathogen
interaction because of its weedy nature imparting it high natural resistance. But later
in the late 1980s, race-specific susceptibility was found in different Arabidopsis
ecotypes against several agriculturally important pathogens like Xanthomonas,
Pseudomonas, Magnaporthe, etc. Finally, after completing the genome sequence
of Col-0 accession, Arabidopsis was also used as a model to study plant immune
system (Nishimura and Dangl 2010). In a nutshell, the advancement of plant
molecular biology almost walked hand-in-hand with the success story of
Arabidopsis as a model plant for quite a significant time.

9.2.3 Rice (Oryza sativa)

Rice (Fig. 9.2c) is the most important staple food for around 4 billion people
worldwide (according to IRRI 2019 annual report) and 90% of the global rice
cultivation is in Asia. In the pre-genomic era, rice research was solely focused on
to enhancement of its agronomic traits by classical breeding approaches, while
examples of considering rice as a model system to answer the questions pertaining
to basic plant biology were scanty. Even though Arabidopsis was a grand success as
a model plant in the early days of the post-genomic era, researchers felt the need for
some monocot model to answer specific questions related to that particular lineage or
adopt some of the finding derived from Arabidopsis research to monocot lineage.
And nothing was better than a member of the grass family (Poaceae). Why? The
answer is simple—just three of their family members, rice, wheat, and maize,
contribute to approximately 89% of the total global food production and hence are
crucial for global food security (Saldivar 2016). Besides, because of its early
domestication and pan-continent distribution, rice has accumulated enormous
genetic diversity. In order to appreciate the fact, let us have a quick glance through
the number of collections available in different genetic repositories. International
Rice Genebank at International Rice Research Institute, Manila, Philippines archives
more than 1,32,000 accession of rice which include cultivated, wild, and close
taxonomic relatives of rice. AfricaRice is a pan-African centre for rice research
and currently, 28 African nations contribute to this project. The genetic resource unit
of this research station, AfricaRice Genebank Information System, also maintains
dataset of ~19,000 accessions. Dale Bumpers National Rice Research Center which
is part of USDA also maintains a large number of rice accessions. In our country,
National Bureau of Plant Genetic Resources, New Delhi and National Gene Bank of
ICAR-National Rice Research Institute possess more than 1,00,000 rice accessions
each which include cultivated species as well as wild relatives.

During the fag end of last century, Izawa and Shimamoto in their publication at
PNAS, first proposed rice as an ideal monocot model for molecular biology research
based on four specific aspects—(i) availability of efficient transformation protocol,
(ii) availability of large-scale expressed sequence tags (ESTs), (iii) highly saturate
molecular map, and (iv) availability of diverse genetic stocks and resource (Izawa
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and Shimamoto 1996). Although maize was already available as an established
monocot model, but its large genome size and relative less-responsiveness to
transformation (during that time) hindered its use in upcoming molecular biology
research. Here, rice fitted perfectly owing to its small genome size (compared to
other grass family members) and ease of genetic transform, and it provided the
required impetus for undertaking the rice genome sequencing project (Jackson
2016). The International Rice Genome Sequence Project (IRGSP) was in a true
sense a multinational effort involving 11 nations initiated in 1997. Several private
ventures also came forward with the independent efforts to sequence the rice genome
and a private company, Monsanto, first released the draft genome using clone-by-
clone shotgun approach. Other two private ventures, Syngenta ( japonica cultivar
Nipponbare) and Beijing Genomics Institute (indica cultivar 93-11), also took an
important role in genome sequencing and their sequencing results were later
incorporated in IRGSP (Vij et al. 2006).

As expected after the release of the draft sequence in 2005, research on several
aspects, viz. uncovering the genes controlling yield contributing factors, disease
resistance, domestication traits, etc. multiplied by several times. As a consequence,
several databases have been developed and are now available which are dedicated
towards archiving and disseminating genomic information on rice. Apart from high-
throughput sequencing-based genomics and transcriptomics, proteomics and
metabolomics techniques have also been standardized for rice, which has facilitated
gaining a comprehensive understanding of the system as a whole. To give a brief
account on a few important databases, the first one would be The Rice Annotation
Project Database (RAP-db) which was conceptualized by the International Rice
Genome Sequencing Project back in 2004 with a goal of providing accurate annota-
tion of the rice genome to facilitate a comprehensive analysis of the genome
structure and function (Sakai et al. 2013). With a similar objective, Michigan State
University provides Rice Genome Annotation Project database (Kawahara et al.
2013). OryzaBase (Kurata and Yamazaki 2006) and RGKbase (Wang et al.
2012a, b) are two databases that provide genetic and genomic information on rice
and its wild relatives. RicyerDB (Jiang et al. 2018) is an important biological
database that collect information regarding yield-related traits. Rice TOGO Browser
(Nagamura et al. 2011) provides an interactive platform for retrieving functional
information of the rice genome. Another comprehensive database named Gramene
(Ware et al. 2002), meant for genomics of grasses, has a large collection of genomic
information on rice.

Let us briefly revisit some important biological aspects which required a model
other than Arabidopsis and rice complemented perfectly to fulfill the needs. Rice
contributed a lot in understanding the plant–microbe interactions. Due to the limited
interaction of Arabidopsis with agriculturally important pathogens, rice became a
potential model to understand complex plant–pathogen interaction. Cereals, as well
as, other monocots possess a completely different root architecture (compared to the
taproot system of eudicots like Arabidopsis). The dense fibrous root architecture of
cereals has been in research focus because of their high efficiency in nutrient and
water acquisition from the upper soil layer and their ability to bind the surface-soil
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together. Identification of several genes (like ARL1/CRL1), hormonal cross-talks,
and QTLs regulating the differentiation and development of roots have been
elucidated based on the rice model (Coudert et al. 2010). Cereal endosperm is a
sophisticated storage system where photosynthetic products are converted in a stable
form and stored. Understanding this process has also been an attractive research area
over time because modulation of this process can reflect in grain quality. In the
post-genomic era, rice has almost been an exclusive model to study endosperm
development and starch biosynthesis (Nakamura 2018). Most of our understandings
regarding phytohormones and microRNAs (miRNAs), which govern the overall
biology of the plant, are based on the model plant Arabidopsis. But their validation
in other crop species, especially in phylogenetically distant monocot systems,
required a convenient model for study. Empowered by well-standardized molecular
biology tools rice, in this case, provided an ideal platform to address those needs.
Several studies in rice demonstrated and revalidated conserved networks of
phytohormones and miRNAs between rice and Arabidopsis suggesting evolutionary
conservation in basic biological aspects across plant kingdom (Narsai et al. 2010;
Wang et al. 2017). Among the recent developments, CRISPR/cas9 mediated genome
editing has been by far the most standardized and is being extensively used in rice
among crop plants. Since the first report of editing the phytoene desaturase gene
(OsPDS), this technique has been used in rice for editing several attributes like
disease resistance (Os8N3 editing for bacterial leaf blight tolerance by Kim et al.
(2019)), drought tolerance (OsSAPK2 editing by Lou et al. 2017), salinity tolerance
(editing promoter of OsRAV2 by Duan et al. (2016)), herbicide tolerance (EPSPS
gene editing by Yu et al. 2015), etc. Interested readers can see Romero and Gatica-
Arias, 2019 to get an update on recent developments regarding genome editing and
its applications in rice breeding. The availability of high-quality genetic- and
physical- maps has made rice an excellent model for studying chromosome biology
and genome evolution (Yan and Jiang 2007). In fact, rice along with its large number
wild relatives, make the genus Oryza an ideal system to study genome evolution.
National Science Foundation (NSF), United States funded ‘The International Oryza
Map Alignment Project (I-OMAP)’ is being involved in sequencing genomes of all
the species belonging to the Oryza genus (Jacquemin et al. 2013) to unlock new
evolutionary secrets of the genus which will also probably identify the genetic
bottlenecks imposed during domestication. Keeping in mind that Arabidopsis
being a wild species cannot be used as a model to explain molecular genetics of
domestication and issues related to it, rice probably stands as the most potent model
to facilitate such studies. And now with the availability of precise genome editing
techniques, some new opportunities might unfold to fix some of the inherent errors
of domestication (domestication bottlenecks), not only in rice but in all the crop
species in general. Hence, in terms of selecting models for higher plants rice, being a
monocot, complemented well with eudicot Arabidopsis to cover the angiosperm clad
which harbours most of the economically important plant species.
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9.3 Redefining ‘Model System’ Concept

‘Nothing makes sense except in the light of evolution’ (Dobzhansky 2013). The
quest of deciphering unifying principles that establish the basic foundation of life is
also guided and benefited by understanding evolutionary history ached in the diverse
gene pool constituting the biosphere. The traditional model plants (or any other
eukaryotic model organism per se), however, mostly belong to recently diverged
groups often referred to as ‘crown eukaryotes’, provide a glimpse of only the tip of
the evolutionary iceberg (Goldstein and King 2016). Let us consider a situation
where a gene in target species ‘X’ and its homolog in the model organism ‘Y’ govern
the same function. What is the probability that the same mutation (knockout/
overexpression/ ectopic expression) in that gene and in its homolog will create
similar phenotypic anomalies in the target species and in the selected model? This
is a question of paramount importance for selecting a proper model organism, as
the higher the probability better the model can explain gene–trait associations in the
target species. Reasonable conservation between the pathways (downstream to the
mutated gene in this case) responsible for trait expression, between ‘X’ and ‘Y’, is a
necessary prerequisite for this to happen. So, ‘Y’ can serve as a befitting model
organism for ‘X’ only if ‘X’ and ‘Y’ share significant homology (an evolutionary
statement meaning ‘related by descent’) between them. Ambiguities might arise at
any point in time regarding selection of a proper model species as evolutionary
divergence limits the relevance of substituting one species with other. But by far the
best way to select a suitable model is to take a cue from the phylogenetic tree (Flavell
2009; Chang et al. 1988). Phylogenetically more closely related species are likely to
serve as better models for each other and hence there should ideally be one model
species identified for each key node of plant phylogeny. This understanding is not
new but earlier the scientific community had technological limitations to make it
happen. Fortunately, however, recent additions of high-throughput and low-cost
DNA sequencing technologies, high-throughput proteome and metabolome charac-
terization and cataloging technologies, high-end computing, and CRISPR-based
precise genome editing and visualization technologies to the genomic toolkit have
rationalized this dream. On the one hand, the high-throughput technologies coupled
with high-end computing have made ‘omics’ easier, faster, and cheaper than ever
before, while, on the other hand, the advent of CRISPR-based precise genome
editing and visualization technologies have completely revolutionized the field of
reverse genetics making gene-to-trait association easier than ever. Together these
have the potential to quickly develop a near-comprehensive biological sequence
database and considerably large mutant collection in a short time thus setting up the
foundation for transforming any biological organism in an attractive experimental
system to address a biological question (Rine 2013; Goldstein and King 2016;
Borrill 2019).

9 Model Plants in Genomics 253



9.3.1 Phylogenetics, Comparative Genomics, and Model Plant
Selection

Analysing equivalent traits in several species belonging to multiple phylogenetic
groups indicates what are the features (or genetic networks and pathways in terms of
genomics) that are conserved, i.e., which arose before the divergence of two groups
under question and what are of relatively recent origin which potentially would have
guided their divergence from the last common ancestor. Such studies encompassing
model plants representing every important phylogenetic group of the plant kingdom
will thus be able to answer some key questions regarding plant evolution as a whole
and will also potentially guide crop improvement which is the pinnacle of agricul-
ture. The plant kingdom is constituted by reported species of �4000 chlorophytes,
~865 charophytes, ~25,100 bryophytes, ~1340 lycophytes, ~12,400 pteridophytes,
~766 gymnosperms, and �350,000 angiosperms (Dong et al. 2009). Among these,
angiosperms—the flowering plants—are of the most recent origin constituting the
evolutionary history of about 167–199 million years and are most diverse containing
almost all the economically important plant species (Dong et al. 2009). Angiosperms
are further classified into eight extant clades, namely amborellales (represented by a
single species), nymphaeales (~82 species), austrobaileyales (~100 species),
monocots (~70,000), magnoliids (~9000), ceratophyllales (~6 species),
chloranthales (~75 species), and eudicots (~2,62,000 species) with several
sub-clades in monocots and eudicots (Zheng et al. 2014) (Fig. 9.3). More than a
decade ago, Hubble (2005) in his editorial entitled “So much more to know”
published in Science Journal raised some critical questions related to plant biology
encompassing the aspects of plant development, floral evolution, genome size
diversity, the relevance of ‘junk’ DNA, etc.; most of which are still unanswered. A
few other longstanding questions in plant biology are regarding the evolution of
differential -photosynthetic mechanism, �ecological adaptation, �mode of nutrient

Fig. 9.3 Contribution of different groups (in terms of percentage) in constitution of the plant
kingdom
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acquisition, which are gradually gaining more importance under global climate
change scenario. Plant phylogenetics-guided comparative genomics is expected to
deliver some key answers to some of these outstanding questions. To this end
inclusion of a model plant as a representative of every important taxonomic group
will render relevant information not only about that particular group but regarding
evolution in the plant kingdom as a whole. Efforts in this direction have already been
initiated regarding which we will briefly discuss in the subsequent sections.

9.3.2 Model Species for Lower Plants

In order to study the very base of the plant kingdom, algal genome sequencing was
undertaken; initially with the established models for unicellular chlorophytic algae
Chlamydomonas reinhardtii (Merchant et al. 2007) and multicellular chlorophytic
algae Volvox carteri (Prochnik et al. 2010) for gaining insight regarding the transi-
tion from unicellular to multicellular life. But latter another chlorophytic marine
algae, Ostreococcus tauri having a single uninucleate cell of a mere 0.8 μm diameter
containing a single mitochondrion, a single chloroplast, a single Golgi body and only
1250 ribosome (smallest free-living eukaryote) has ignited the interest of the scien-
tific community as a ‘minimalist model’ for eukaryote life (Krumholz et al. 2012).
Although monophyletic chlorophytes have traditionally been the more studied group
in algal lineage, the other broad group represented by polyphyletic charophytes are
evolutionary much closer to land plants and thus can potentially enable deeper
understanding regarding terrestrial adaptation. Filamentous alga Klebsormidium
flaccidum, belonging to one of the basal lineages of charophytes, has been proposed
as a model to study this group. The reference genome sequence of K. flaccidum
(104 Mb) has already been published (Hori et al. 2014), while efforts for sequencing
genomes representing other charophyte lineages are already underway (Chang et al.
1988). Together these can provide significant insight regarding the evolution of very
basic pathways common to all terrestrial plants like phytohormone regulation
(Holzinger et al. 2015; Ju et al. 2015), biochemistry and physiology of plant cell
wall (Domozych 2014), perception and regulation of stress responses (Holzinger
et al. 2015), etc. Typical features of land plants, cumulatively classified as
embryophytes, include three-dimensional body growth, complex multicellular
body, and alternation of generation. Among the seven extant lineages of
embryophytes, the lower three (liverwort, mosses, and hornwort) exhibit
haplobiontic life cycle with the absence of vascular system and are classified
together as bryophytes; while the higher four lineages (lycophytes, ferns,
gymnosperms, and angiosperms) majorly exhibit diplobiontic life cycle (except
some of the lycophytes and ferns) with well-developed vasculature and are grouped
together as pteridophytes. Physcomitrella patens (moss) has been the most
established model among bryophytes historically, but Marchantia polymorpha
(liverwort) (Bowman 2016) and Anthoceros agrestis (hornwort) (Szövényi et al.
2015) are also coming up quickly as models to supplement useful information
regarding this group which might not be accessible otherwise only by using
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P. patens model. Bryophytes, as a whole, can provide some interesting evolutionary
cues regarding alternation of generation, shift from two-dimensional to three-
dimensional body growth, formation of reproductive organs in plants, etc. Among
the vascular plants (pteridophytes), lycophytes and ferns constitute the basal lineage.
They share some interesting similarities like both are non-seed forming and both of
the clades contain free-living haplobiontic, as well as, diplobiontic members. But the
biggest difference between the two is that, while lycophytes contain relatively small
genomes, ferns are known to contain some of the largest genomes in the whole plant
kingdom. Selaginella moellendorffii (~106 Mb genome) (Banks et al. 2011) and
Ceratopteris richardii (~11.26 Gb genome) (Atallah and Banks 2015) are in the
process to be adopted as models for lycophytes and ferns, respectively. While the
former might provide insight regarding the evolution of the vascular system, the
latter is supposed to shed light on the logic and mechanism of genome size
explosion, in the plant kingdom.

9.3.3 Model Species for Higher Plants

The rest of the two clades in the plant kingdom, the higher (seed forming)
pteridophytes—gymnosperms and angiosperm—demands exclusive attention; not
only because these two contain almost all the economically important plant species,
but also because these two cumulatively constitute lion-share of the diversity in the
plant kingdom. Between these two, gymnosperm research traditionally lagged far
behind, grossly because of their gigantic stature, unusually long lifecycle, and
enormous genomes. Nevertheless, three of the coniferous species, namely, Norway
spruce (Picea abies), white spruce (Picea glauca), and loblolly pine (Pinus taeda)—
all having genome size ~20 GB, have recently been sequenced (Nystedt et al. 2013;
Birol et al. 2013; Zimin et al. 2014) and are being used as a model to study wood
(softwood) development, thus are valuable for timer research. Coming to the
angiosperms, the classical models (Arabidopsis, rice, and maize) have already
been discussed in detail in the previous section. Here, to put things in perspective,
we will briefly mention the neo-classical models which are quickly coming up with
recent technological advancements. In angiosperm lineage, the first major attempt, to
establish a model which can link monocots and dicots in evolutionary terms, was
probably undertaken by The Joint Genome Institute of US Department of Energy by
the end of last decade when they decided to sequence Aquilegia formosa, belonging
to the basal-most eudicot clade ranunculales, evolutionarily almost equidistant from
the by far most established model plants Arabidopsis and rice (Flavell 2009). From
the same perspective, the basal-most angiosperm, Amborella trichopoda, which also
happens to be the lone reported extant species belonging to the amborellales, was
also sequenced (Amborella Genome Project 2013). Within monocots, we already
know that the grasses (Poales) are of utmost importance from human use perspective
as it contains the major three—rice, wheat, and maize—constituting the bulk of the
staple human diet globally. Among these, maize and rice were already well-
established model plants, while wheat (Triticum aestivum) is also catching up
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quickly in recent times (Borrill 2019). Additional non-crop grasses like
Brachypodium distachyon (~272 Mb genome; model for C3 photosynthesis, plant–
pathogen interaction, etc.) (Brutnell et al. 2010; Parker et al. 2008), Setaria viridis
(~395 Mb genome; model for C4 photosynthesis) (Brutnell et al. 2010), Oropetium
thomaeum (~245 Mb; model for drought tolerance) (Van Buren et al. 2015), Oryza
coarctata (~680 Mb genome; model for salinity tolerance) (Mondal et al. 2018), etc.
are recently coming up as prospective model systems. Apart from grasses genomes
of oil palms (Elaeis guineensis and E. oleifera, ~1.8 Gb) (Singh et al. 2013), date
palm (Phoenix dactylifera, ~658 Mb), banana (Musa acuminata; ~523 Mb) (D’hont
et al. 2012), and pineapple (Ananas comosus; ~526 Mb) (Ming et al. 2015) are now
being sequenced within monocot lineage because of their economic importance and
can serve as models for the respective groups/species. Other plants worth mention-
ing among the monocots are Sorghum bicolor, Miscanthus sinensis, Panicum
virgatum (as terrestrial biofuel plant), and duckweeds, viz. Lemna minor and
Spirodela polyrhiza (as aquatic biofuel plant) as upcoming models for research in
the field of green energy (Chang et al. 1988). In dicots again, there are several new
models which are coming up rapidly. Among these, apart from the already
established traditional models like Arabidopsis, Petunia, snapdragon, tomato, etc.,
Populus trichocarpa (model for hardwood tree), Lactuca sativa (model for flower
development), Prunus persica and Fragaria vesca (model for fruit development),
Medicago truncatula and Lotus japonicus (model for biological nitrogen fixation by
symbiotic association), Linum usitatissimum and Gossypium hirsutum (fibre devel-
opment), etc. are gaining popularity as model systems (Chang et al. 1988). Recently,
we have proposed jute (Corchorus capsularis and C. olitorius), a fast-growing
annual bast fibre producing crop, as a model for studying hypocotyl development.
Table 9.1 provides links for some important plant genome databases.

With time, publicly available plant genome databases are getting enriched both
qualitatively and quantitatively at a fast pace. Let us take a look atGenome Database
for Angiosperm (GDA) for example. It contained 236 completely sequenced angio-
sperm genomes representing 31 of the 64 extant angiosperm orders when last
updated on 31st August 2017 (Chen et al. 2018a, b). Many of these sequenced
species are either established- or upcoming- model plants. Availability of models
cutting across almost all the important nodes of plant phylogeny has actually put
‘Model Plant Concept’ itself under rapid evolution. Traditionally being viewed as a
simplified, easily traceable, and widely adopted system used to answer questions
related to a larger biological theme; ‘Model Plants’, at present, rather means an
inherently convenient system best-suited to answer a specific biological question.
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Table 9.1 link for accessing genome database of some important plant species

Botanical name Order Type URL

Arabidopsis
thaliana

Brassicales Wild www.arabidopsis.org/index.jsp

Brassica oleracea Brassicales Vegetable plants.ensembl.org

Camellia sinensis Ericales Drink www.plantkingdomgdb.com

Lotus japonicus Fabales Economic chibba.agtec.uga.edu/
duplication/

Medicago
truncatula

Fabales Vegetable www.medicagogenome.org/

Glycine max Fabales Vegetable, oil plants.ensembl.org

Cajanus cajan Fabales Vegetable chibba.agtec.uga.edu/
duplication/

Antirrhinum majus Lamiales Ornamental,
Economic

genomevolution.org

Populus
trichocarpa

Malpighiales Economic phytozome.jgi.doe.gov

Linum
usitatissimum

Malpighiales Economic, Fibre phytozome.jgi.doe.gov

Theobroma cacao Malvales Drink www.cacaogenomedb.org/

Gossypium
hirsutum

Malvales Fibre cgp.genomics.org.cn

Corchorus olitorius Malvales Fibre www.ncbi.nlm.nih.gov/
genome/46639

Corchorus
capsularis

Malvales Fibre www.ncbi.nlm.nih.gov/
genome/46591

Oryza sativa Poales Food rice.plantbiology.msu.edu/

Zea mays Poales Food plants.ensembl.org

Sorghum bicolor Poales Food gramene.org/

Brachypodium
stacei

Poales wild genome.jgi.doe.gov

Triticum aestivum Poales Food phytozome.jgi.doe.gov

Citrus sinensis Sapindales Fruit phytozome.jgi.doe.gov

Solanum
lycopersicum

Solanales Vegetable phytozome.jgi.doe.gov

Solanum tuberosum Solanales Vegetable phytozome.jgi.doe.gov

Petunia inflata Solanales Ornamental genomevolution.org

Nicotiana
benthamiana

Solanales Economic genomevolution.org

Vitis vinifera Vitales Fruit plants.ensembl.org
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9.4 Concluding Remarks

Up till now, we have tried to enumerate and illustrate, our readers, the logic behind
selecting ‘Model Organisms’ for plant biology research; vis-à-vis, also made an
effort to provide a brief account of changes in preferences during the selection of
model plants over time. In doing so we have culminated our discussion so far by
suggesting evolution in the ‘Model Plant Concept’ itself that is taking place in recent
times. At this point, let us borrow an immortal line from A. G. Gardiner’s famous
essay on letter-writing in the book ‘Pebbles on The Shore’, ‘If diamonds were as
plentiful as pebbles, we shouldn’t stoop to pick them up’. In the same notion let us
share a very tricky question with our readers—if model plants become so plentiful,
will it actually diminish the importance of model plants? We are inclined towards a
negative answer to this question, at least for now and for the near future. We present
our argument for such conviction. In general, the utility of model plants for testing of
hypotheses in plant biology requires no defence as it has been a story of resounding
success so far. However, not all inferences drawn from a model plant are directly
applicable to all plant systems because of a high degree of system specializations
within the plant kingdom. Hence, an in-depth understanding of evolutionary
linkages to select a suitable model and a step of adaptive research to assimilate
findings derived by using a model plant to the species of interest is the necessary
prerequisite. It is true that the recent explosion in the field of ‘omics’ technologies
and advances in reverse genetics tools (making targeted knock-out, knock-in, and
editing of genes easier than ever) provides better opportunities to gain insight into
genome-structure and -function of almost any plant species. These certainly are
significant improvements as the blueprint of species-biology is written in its genome
and hence these can confer almost similar standing/opportunity to multiple species to
be used in understanding the molecular mechanisms underlying species-biology. But
it does not ensure turning every plant species into a model species. If we enumerate
the constraints in this regard, the very first one will stem from the primary criteria
required for the selection of model plants. That is, some plant species due to their
intrinsic properties—like dimensions (viz. tree species) and biology (viz. certain
orchids) unsuitable for ex situ culture, unusually long life-span (viz. pines), or
vegetative phase (viz. bamboo), difficulties in genome manipulation by control
self- and cross-fertilization (viz. ramie), etc.—are not suitable for genetic studies
and hence, as model will have limited success. Secondly, the success of many
species to be used as model plants is constrained now and will remain as such in
near future, due to the challenges in precise phenotyping. As phenomics has not
attained the kind of rapid growth similar to genomics to date, the lack of enough
phenotypic descriptors in many plant species limits opportunities of conducting
genetic studies and, in turn, the utility, of those species as model plants. Finally,
validation of gene function by reverse genetic approach still requires insertion of
foreign DNA in a single cell (transformation) followed by tissue culture-based
regeneration of complete plant from the single transformed cell.
Non-responsiveness to tissue culture-based regeneration is a very common problem
in many plant species which also limits the usability of those species as a model.
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Nevertheless, empowered by the recent advances as illustrated before and also in
areas like standardization of transformation and regeneration protocols in new
species, ex situ culturing in artificial growth media and growth chambers, automated
phenotyping, etc., has broadened the scope of introducing new plant species as
models—thus blurring the boundaries differentiating model and non-model plants.
Hence, we predict, in the future rather than selecting a model based only on its
historical heritage to answer a biological question, the choice of the model plant will
rather be guided by the biological question itself. We foresee a future, at least half a
century down the line, where the model plant concept will still thrive but the number
of usable models will significantly increase and researchers will conveniently toggle
around different model systems based on the biological question to be answered.
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RNA Interference Technology in Plants:
Mechanisms and Applications in Crop
Improvement

10
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Abstract

Scientific breakthroughs in recent times have brought major advances in funda-
mental research, which eventually lead to their utilization for human welfare. One
such discovery is of RNA interference (RNAi), in which double-stranded RNA
(dsRNA) hinders gene expression, usually by binding to messenger RNA
(mRNA) and triggering its degradation. Among the various biotechnological
tools currently available, RNAi has been playing a significant role in crop
improvement as it guarantees greater accuracy and fidelity to plant improvement.
The invention of this phenomenon has changed it into a potent tool of genetic
engineering and functional genomics. RNAi technology gives us an explicit
methodology for downregulation of gene of interest without inhibiting the
expression of any other gene in the plant. RNAi has been successfully applied
in different plants to bring about modifications of numerous desirable traits.
Nutritional improvements have led to the activation of defence mechanism
against biotic and abiotic stresses. Alteration in morphology, reduced content of
food allergens, crafting male sterility, enhanced secondary metabolite synthesis
and production of seedless plant varieties are some of the other advantages of
RNAi. In spite of these advantages, crop plants developed by RNAi strategy may
generate biosafety risks. So, there is a need for risk assessment of genetically
modified crops in order to make RNAi a better tool to develop crops probably
with less biosafety issues.
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10.1 Introduction

The global population is on the rise leading to an extensive increase in the demand to
supply ratio of food. Over the past 10 years, the increasing harmful environmental
conditions have been accountable for the inferior plant growth and observable crop
loss all over the world (Mickelbart et al. 2015). The crop yield is declining exces-
sively due to the scarcity of arable land and water resources, unpredictable weather
patterns and destruction caused by various abiotic as well as biotic stresses. The
growing population is raising the demand for global sustainable agricultural
practices. Conventional plant breeding methods are being used for centuries as one
of the best competent ways to improve the quality and quantity of crops, but these
processes are very time- taking, labour some and have many other biological,
physiological, and ecological limitations. To overcome these obstacles, modern
breeding practices accompanied with molecular genetics, recombinant DNA tech-
nology, and biotechnological studies consisting of proteomics, genomics and
transcriptomics are essential to develop high-yielding, disease- resistant, and
environmentally stress-tolerant plant varieties (Mittler and Blumwald 2010; Tester
and Langridge 2010). The fidelity of biotechnological procedures, principally
genetic engineering, has contributed immensely for crop improvement by offering a
vast range of novel genes and characteristics which can be effectively incorporated
into plants through genetic manipulations, leading to enhanced nutritional value,
crop yield, and also increased tolerance to biotic and abiotic stresses (Sharma et al.
2002).

But this technology has many apprehensions and public concerns pertinent to
their use in present-day agriculture, biosafety standard procedures, and impact of the
genetically engineered crops on the natural environment principally when the genes
derived from organisms are used other than the plants (Wolfenbarger and Phifer
2000). Transgenic products always had ethical problems in terms of biosafety
specifically in case of edible crops. Thus, transgenic plants are first exposed to
intricate tests before releasing them for everyday use, to ensure complete public
safety and figure out the risks. Development of transgenic crops therefore requires
surplus time, expenditure, and competence. Hence, new and eco-friendly strategies
have to be developed for crop advancement which could validate to be more
acceptable by the common people.

RNA interference (RNAi) is a conserved, naturally occurring gene regulatory
mechanism. RNAi silencing technology has proven to be a plausible substitute for
crop improvement, apparently with lesser biosafety concerns as no transgene protein
is expressed in transgenic lines (Rajam 2012). Moreover, it is also required for
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sustaining genomic stability, regulation of transposon movement, epigenetic
alternations, and management of cellular processes at transcriptional and transla-
tional level (Ketting 2011; Castel and Martienssen 2013). RNAi pathway primarily
includes small-interfering RNAs (siRNAs) and micro-RNAs (miRNAs). RNAi has
helped the researchers to completely or partly silence the expression of a particular
gene, allowing targeted gene knockout and gene knockdown. RNAi is a biological
process in which double-stranded (dsRNA) prohibits gene expression, resulting in
gene silencing through cleavage of mRNAs and inhibition of protein synthesis. In
other words, RNAi is a process which leads to post-transcriptional gene silencing
(PTGS) triggered by dsRNA molecules to obstruct the expression of certain genes
(Bosher and Labouesse 2000). The discovery of RNAi gave a new tool in the hand of
scientists to manipulate the plants through genetic engineering and to study the
functional genomics. Detection of RNAi in mechanism of hormone signal transduc-
tion, forbearance to environmental stress, and obstruction of microbe invasion is a
worth mentioning process. RNAi technology has been successfully exploited in
plants for resistance against pathogens, pests, nematodes, and virus that cause
heavy financial losses (Saha and Mishra 2018). RNAi has been effectively
implemented to accomplish the modifications of innumerable preferred traits,
including nutritional fortifications, allergen or reduction of toxic compounds, mor-
phological changes, alternation of male sterility, enhancement of secondary metab-
olite, and for defense against various biotic and abiotic stresses in various crop plants
(Saurabh et al. 2014). The present chapter therefore focuses on the discovery of
RNAi and its mechanism of action and applications for crop improvement.

10.2 RNAi: Discovery and Basic Mechanism of Action

RNAi is one of the most interesting phenomenon in which short dsRNA inhibits the
expression of certain specific genes by causing degradation of sequence of a
particular target mRNA in the cytoplasm. The phenomenon of RNAi was first
witnessed by Napoli et al. 1990 in plants, where amplified production of anthocyanin
pigments was obtained in Petunia hybrida L. after introduction of the chalcone
synthase gene (CHS A). Surprisingly, instead of dark purple flowers transgenic
plants producing white or chimeric flowers were achieved. Scientists working on
plant and fungal systems found that the introduction of transgene caused
downregulation of transgene as well as the endogenous gene and this event came
to be known as “co-suppression” (Napoli et al. 1990; Hannon 2002). A very similar
phenomenon termed “quelling” was then identified in the fungus Neurospora crassa
(Romano and Macino 1992). Later on, Fire et al. (1998) demonstrated the mecha-
nism of RNAi in the nematode, Caenorhabditis elegans, and designed the term
“RNAi” for the first time.

The RNAi is an RNA-dependent gene silencing process, which is initiated by 20-
to 24-nucleotide-long (nt), small-interfering RNAs (siRNAs), which are developed
intracellularly from long endogenous or exogenous dsRNA molecules through the
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cleavage by a ribonuclease III-type enzyme termed as Dicer (Hamilton and
Baulcombe 1999; Zamore et al. 2000). Each siRNA consists of a passenger
(sense) strand and a guide (antisense) strand. These siRNAs (20–24 nt) are then
integrated into a multi-protein complex called RNA-induced Silencing Complex
(RISC) which comprised of Argonaute (AGO) proteins (Baumberger and
Baulcombe 2005; Vaucheret 2008). The ATP-activated RISC separates the
double-stranded siRNA. The passenger/sense strand of the siRNA duplex is
degraded by the RNA helicase action and the antisense strand of siRNA molecule
is contained in the RISC complex. The antisense strand of the siRNA–RISC
complex then base pairs with the complementary mRNA target sequences and
begins endonucleolytic cleavage through the activity of induced AGO protein
(catalytic component of the RISC complex), thus hindering translation of the target
transcript (Borges and Martienssen 2015) (Fig. 10.1).

RNAi technology is an excellent biotechnological approach having countless
advantages as it is more specific, dominant, and sequence-based gene silencing.
This huge capacity of RNAi has been successfully exploited for generating desirable
characteristics.

Fig. 10.1 The RNAi pathway for gene silencing- dsRNA or hairpin RNAs (hpRNAs) are first
processed into 20–24 nt siRNA duplexes by the action of ribonuclease III-type enzyme termed as
DICER. The siRNA are then incorporated into a multi-protein complex called RISC. The siRNA–
RISC complex then targets a sequence, complementary to the siRNA, in a piece of mRNA. The
protein synthesis is blocked either by inhibition of translation or degradation of mRNA
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10.3 Application of RNAi in Plant Improvement

10.3.1 Abiotic Stress Resistance

Abiotic stress conditions, for instance, drought, flooding, salinity, and variations in
temperatures are the chief reasons for reduction in the productivity of numerous
major crops all over the world (Shriram et al. 2016). The changing environment and
rising food demands for growing population exert a lot of pressure on scientists for
development of stress-tolerant crop varieties. Under stress conditions, plants manu-
facture various non-coding RNAs (ncRNAs) for gene regulation at transcriptional,
post-transcriptional, and chromatin level. By the use of RNAi, the ncRNAs and their
targets can be utilized for generation of abiotic stress-tolerant varieties. Response to
abiotic stress is regulated by different miRNAs in economically important crops
such as rice, wheat, legumes, sugarcane, etc. miRNAs generally regulate transcrip-
tion, detoxification, and development processes. The expression levels of miRNAs
and other related genes are seen to be transformed during various stress conditions.
Sunkar and Zhu (2004) described the act of miRNAs in response to abiotic stresses
like salinity, cold, drought, and oxidative stress in Arabidopsis seedlings due to
manifestation of different abiotic stress conditions and revealed that miR393 was
very heavily up-regulated by high salinity, cold, dehydration, and abscisic acid
(ABA) treatments. Salt stress responsiveness of miRNAs is now known in several
plant species, along with in many crops. The salinity responsive miRNAs are
recognized in Arabidopsis thaliana (Barciszewska-Pacak et al. 2015), Gossypium
hirsutum (Gao et al. 2016), Populus tomentosa (Ren et al. 2013), Zea mays (Fu et al.,
2017), Cicer arietinum (Kohli et al. 2014), Triticum aestivum (Gupta et al. 2014),
Oryza sativa (Mittal et al. 2016), and many more. Some major miRNA families
presenting changed expressional actions under saline conditions consist of miR156,
miR159, miR168, miR169, miR393, and miR398. In response to drought, various
genes, along with their targets, have been examined by applying genome-wide
expression studies (Kruszka et al. 2012). The miRNA expression profiles in response
to drought are reported in Sorghum bicolor (Hamza et al. 2016), Gossypium
hirsutum (Wang et al., 2013), Solanum tuberosum (Zhang et al. 2014), Oryza
rufipogon (Zhang et al. 2016a, b), Panicum virgatum (Xie et al. 2014).
Downregulation of receptor for activated C-kinase 1 (RACK1) through RNAi
resulted in development of drought tolerance in rice (Da-Hong et al. 2009).
RACK1 is a conserved scaffold protein that regulates expression of antioxidant-
related enzymes such as superoxide dismutases (SODs) in plants. Inhibition of
RACK1 enhances the accumulation of SODs and imparts tolerance against drought
as well as reactive oxygen species (ROS). The transgenic rice plants were more
tolerant to drought stress in comparison with the non-transgenic rice plants. Simi-
larly, suppression of farnesyltransferase/squalene synthase (SQS) through siRNA
generated from maize squalene synthase improved drought tolerance at both the
reproductive and vegetative stages in rice (Manavalan et al. 2012). Increase in
endogenous sterol level through silencing of SQS decreases the stomata density
and impedes water loss through transpiration, thereby preventing the plant from
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wilting under drought condition. Silencing of OsTZF1 gene increases the tolerance
of rice plants to high salt and low water conditions, illustrating its role in abiotic
stress tolerance (Jan et al. 2013). Low expression of OsTZF1 gene maintains the
inner homeostasis of plants through change in hormonal expression at cellular and
molecular level under high salt condition. Plants change their gene expression
pattern at post-transcriptional levels in response to inconsistent temperature
variations. Various temperature-responsive miRNA species have been recognized
in plants. Panicum virgatum (Hivrale et al. 2016), Oryza sativa (Li et al. 2015;
Mangrauthia et al. 2017), and Triticum aestivum (Kumar et al. 2015) have
deciphered the heat responsive alterations in different miRNA species; whereas
chilling-responsive miRNAs have been exhibited in Glycine max (Xu et al. 2016),
Solanum habrochaites (Cao et al. 2014), and Zea mays (Li et al. 2016). Thus,
miRNAs maintain resistance to different abiotic stresses through up- and
downregulation of the target gene transcripts.

10.3.2 Biotic Stress Tolerance

The overall crop production is badly affected by biotic stresses, which includes
bacterial, viral, parasitic weeds, fungal pathogens, insects, and nematodes. The
yearly crop losses due to various plant diseases are anticipated to be around
$60 billion worldwide; therefore, there is a dire need to address this issue because
this causes significant economic losses. Today, RNAi-induced gene silencing has
come up as a very promising technique to engineer resistant genotypes (Saha and
Mishra 2018).

10.3.2.1 Bacterial Disease Resistance
Bacteria are simple microscopic organisms and unlike viruses, bacteria do not
require insects as vectors, instead they rely on rain, wind, soil, seed dispersal, or
other means of transport to enter into plants. Bacterial pathogens cause various plant
diseases which affects crop production enormously leading to major annual losses
on a global scale. Bacterial diseases are one of the prime challenges faced in crop
field such as banana, soybean, and tomato. RNAi has exhibited antibacterial defense
against Pseudomonas syringae and Agrobacterium tumefaciens. Prokaryotes, for
example, phytoplasmas and bacteria are deficient in conventional RNAi systems and
thus RNAi cannot be induced inside the cells of these plant pathogens. Nevertheless,
Escobar and his co-workers used RNAi to target particular mRNAs and grant
resistance against crown gall disease (Escobar et al. 2001). The crown gall disease
is caused by bacteria Agrobacterium tumefaciens which is widespread and affects
dicot plants worldwide (Escobar and Dandekar 2003). Pathogenic strains of
A. tumefaciens possess a large plasmid known as the tumor-inducing or Ti plasmid
that carries genes mandatory for the development of the disease. The infection
begins when A. tumefaciens penetrates through root of the plant via wounds. The
wounds discharge signaling molecules such as acetosyringone which stimulate the
A. tumefaciens to transport the T-DNA region from the Ti-plasmid into the plant cell
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and combine with the chromosomal DNA. Therefore, the wounded cells are
transformed and T-DNA genes, along with the oncogenes, are transcribed. iaaM
and ipt are two oncogenes that encode proteins involved in auxin and cytokinin
synthesis. Overexpression of these products causes hyperplasia and hypertrophy
which ultimately leads to tumorigenesis (gall formation). RNAi technique was
utilized to target these two oncogene mRNAs in attempts to inhibit tumorigenesis.
Transgenic tomato and Arabidopsis thaliana plants were created to transcribe
hairpin RNAs that concurrently target iaaM and ipt oncogene mRNAs. When the
transgenic plants were challenged with wild-type A. tumefaciens, many of the
engineered lines were greatly immune to A. tumefaciens and did not develop galls,
whereas non-transformed plants were 100% susceptible and developed normal galls.
The transgene-derived hairpin RNA generated RNAi activity against the T-DNA-
derived iaaM and ipt gene mRNAs and prevented gall development. The authors
applied the same technique to develop genetically engineered walnuts, a commercial
important crop for which crown gall disease is also a serious issue, and they
exhibited excellent resistance in walnuts also (Escobar et al. 2002) (Table 10.1).

Infection caused by Pseudomonas syringae pv. tomato in Arabidopsis induced
the production of natsiRNA (nat-siRNAATGB2) that downregulates a gene called
PPRL which encodes a negative regulator of the RPS2 disease resistance pathway.
The induction of nat-siRNAATGB2 enhances the RPS2-mediated race-specific
resistance against P. syringae pv. tomato in Arabidopsis (Katiyar-Agarwal et al.
2007).

10.3.2.2 Viral Disease Resistance
Many plant viruses are extremely contagious and their effects on plants are often
drastic. Some of them seriously decrease crop yield and quality as they have the
ability to multiply and spread rapidly. They can transmit the disease either directly
from parent to progeny or indirectly through insect vectors and thus their control
becomes very burdensome. Amongst different strategies available in plants to fight
against virus infections, pathogen-derived resistance (PDR) is one of the most
powerful approaches. The successful application of the PDR concept has helped to
engineer virus-resistant plants (Simon-Mateo and Garcia 2011). There is an addi-
tional line of attack that targets many regions of a viral gene showing a wide-ranging
resistance against tospoviruses in tomato plants (Bucher et al. 2006). This strategy is
very helpful and is dependent on the use of a miRNA construct that expresses
multiple artificial miRNAs (amiRNAs) targeting multiple regions of a viral gene.
It was first reported in potato, where simultaneous expression of both sense and
antisense transcripts of the viral helper-component proteinase (HC-Pro) gene
exhibited complete resistance to potato virus Y (PVY). RNAi targeting the coat
protein (CP) gene of viruses has been found to be relatively effective in inducing
resistance to the plant against viruses. There are several viral coat protein targeting
RNAi-modified virus-resistant plants like Cucumber Green Mottle Mosaic Virus
(CGMMV)-resistant N. benthamiana (Kamachi et al. 2007), Beet Necrotic Yellow
Vein Virus (BNYVV)-resistant tobacco (Andika et al. 2005), Papaya Ring Spot
Virus type W (PRSV-W)-resistant Cucumis melo L. var. cantalupensis cv. Sun Lady
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(Krubphachaya et al. 2007), and Plum Pox virus (PPV)-resistant Nicotiana
benthamiana and Prunus domestica (Hily et al. 2007). Commercial variety of potato
(cv Spunta) was transformed with dsRNA derived from the 30 terminal part of the
coat protein gene of Potato Virus Y (PVY) (Missiou et al. 2004). Another example
where RNAi technology may be abundantly applied is in the creation of banana
varieties resistant to the Banana Bract Mosaic Virus (BBrMV), which affects the
banana population in Southeast Asia and India (Rodoni et al. 1999). This virus
infects banana plants damaging the fruit producing bract region, making them
useless for the farmers. The virus is spread through small insects called aphids, as
well as by infected plant materials. Nonetheless, by carefully designing an RNAi
vector aimed at silencing the Coat Protein (CP) region of the virus, scientists may be
able to develop a banana variety that is resistant to BBrMV and yet safe to consume.
The CP region of the different strains of virus is extremely conserved and therefore
silencing of this gene in other varieties of banana will not create a problem. In an
another study, RNAi-mediated silencing of African cassava mosaic virus (ACMV)
resulted in 66% reduction in viral DNA, the engineered transgenic cassava plants
exhibited resistance to African cassava mosaic virus (ACMV), by expressing
dsRNAs. Transgenic cassava lines with excessive levels of AC1-homologous
small RNAs have ACMV replication linked with protein coding sequence imparting
Rep/AC1-homologous hairpin double strain immunity (Vanderschuren et al. 2009).
By using RNAi technique, several efforts have been made to control ssDNA
viruses, particularly the geminiviruses, for instance, the non-coding intergenic
region of the Mungbean yellow mosaic India virus (MYMIV) was expressed as
an hp. construct under the control of the 35S promoter and used to biolistically
inoculate MYMIV infected black gram (Vigna mungo) plants. Plants treated with
the construct exhibited an absolute recovery from infection that lasted until
senescence (Table 10.1).

10.3.2.3 Fungal Diseases
Fungal pathogens not only cause massive crop losses but they also generate harmful
mycotoxins in crop plants. Intake of these mycotoxins even in smallest quantity can
lead to serious health problems in living beings. Attempts have been made through
research to attain RNAi-mediated resistance against fungal disease, caused by
Phytophthora parasitica var. nicotianae by targeting glutathione S-transferase
(GST) gene, which resulted in remarkable increment in resistance of tobacco
(Nicotiana tabacum) to infection following gene silencing for GST-silenced plants
in comparison with control plants. GSTs are a phase II metabolic enzymes that play a
crucial role in cellular defense against various harmful chemicals produced both
exogenously and endogenously. Silencing of GST was achieved by cloning a GST
gene in sense and antisense orientation to an RNAi vector to stop the spread of black
shank disease (Hernandez et al. 2009). It was also observed that few defense genes
are up-regulated in GST-silenced plants during the interaction with the pathogen.
Host-inducing gene silencing (HIGS) methods have shown successful defense
against fungal pathogens. Nowara and his co-worker produced RNAi effects using
HIGS, in the obligate bio-trophic plant pathogen Blumeria graminis, which causes
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powdery mildew of barley and wheat. B. graminis lives in a close association with
the host cell because the haustorium B. graminisis very firmly intact with the plasma
membrane of the host cell, and therefore the nutrients are transported into it. Thus,
sRNAs can also be transferred from the plant into the B. graminus haustorium and
once it enters inside the fungal cell, it is possible that the plant-derived sRNAs
couple with the fungal RNAi components and generate RNAi effects against the
target fungal mRNAs (Nowara et al. 2010) (Table 10.1).

Fusarium oxysporum affects a large variety of hosts. Tomato, cucurbits, sweet
potatoes, tobacco, and banana are some of the most affected plants. Fusarium
oxysporum f. sp. cubense (Foc) causes Fusarium wilt which is among the most
harmful diseases of banana (Musa spp.) Ghag et al. 2014 reported that knockdown of
important genes of fungus (velvet and Fusarium transcription factor 1) using RNAi
showed successful resistance against Foc. After 6-week-long greenhouse bioassays,
the transformed banana lines were found to be free from the external and internal
symptoms of Foc. The 5 chosen transgenic lines for every construct exhibited
resistance to Foc for 8 months post-inoculation.

10.3.2.4 Nematode Resistance
Annual crop loss because of phyto-parasitic nematodes is anticipated to be around
US$125 billion worldwide. Nematodes are extremely harmful for foliage plants,
vegetable crops, fruit and nut trees, and forest trees. Gheysen and Vanholme 2007
showed that expression of dsRNA in a host plant against parasitism genes in the root-
knot nematode leads to nematode resistant in plants. Root-knot nematodes
(Meloidogyne spp.) are plant parasites that live in the soil and cause severe injury
to crops. Various parasitism proteins that are encoded by the parasitism genes are
expressed in esophageal gland cells. Their function is to mediate infection and
parasitism of plants by root-knot nematodes (RKN). Newly bioengineered crops
expressing dsRNA obstruct the parasitic process by targeting the RKN parasitism
genes. This represents a feasible and flexible means of developing new durable
RKN-resistant crops as it will provide the crops broader resistance to RKN (Huang
et al. 2006).

Sindhu et al. (2009) having host A. thaliana targeted all 4 nematode parasitism
genes (3B05, 4G06, 8H07, and 10A06) of sugar beet cyst nematode (Heterodera
schachtii), through host-induced RNAi. They revealed that no complete resistance
was seen, but it led to 25–64% decline in the number of full-grown nematode
females in different RNAi lines.

Parasites such as Heterodera avenae, H. filipjevi, and H. latipons cause excessive
damage to wheat crops. The Virus-induced Gene Silencing (VIGS)-based RNAi
approach targets the Ha18764 effector protein family genes of H. avenae. This
decreased the parasitism and reproduction status of H. avenae in wheat (Yang
et al. 2019). Also, downregulation of pat-10 and unc-87 genes by the application
of RNAi, present on the Thorne’s meadow nematode (Pratylenchus thornei), which
infects wheat roots, lessened the reproduction rate of the worms significantly (Liu
et al. 2021).
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10.3.2.5 Parasitic Weed Resistance
Some researchers have also reported that through the application of RNAi technol-
ogy weed-resistant plant varieties can be developed. Aly et al. (2009) created
transgenic tomato plants bearing M6PR dsRNA-expression cassette. They observed
that the underground shoots of Orobanche aegyptiaca grown on transgenic tomato
plants and endogenous level of M6PR mRNA in the tubercles were decreased by
65–80% with a significant reduction in mannitol level and a significant increment in
the percentage of dead O. aegyptiaca tubercles.

10.3.3 Increasing Nutritional Value

Plants offer maximum number of nutrients required in the human diet still the major
staple crops often lack in vital mineral elements. Therefore, malnutrition, with
respect to vitamins and micronutrient has affected more than 50% of the world’s
population. Recent advancement in modern breeding techniques, genetics, and
biotechnology studies has provided the means and incentive to improve the
nutritional value of plants. Another nutritional target involves the alteration in the
fatty acid composition and the improvement in the antioxidant levels (Tucker 2003).
RNAi technology offers new avenue for the bio-fortification of nutrients in plants for
the development of bio-fortified foods.

RNAi was applied to intensify the content of β-carotene in potato by suppressing
the gene β-carotene hydroxylase (BCH), that transforms β-carotene to zeaxanthin.
A. tumefaciens-mediated transformation was applied to introduce 2 RNAi constructs
having the tuber-specific granule bound starch synthase (GBSS) promoter, and the
other contained the powerful constitutive cauliflower mosaic virus 35S (CaMV 35S)
promoter into potato lines. The transformants obtained from the GBSS construct
contained an increased β-carotene content than the CaMV 35S transformants. These
result showed that in potato silencing of the BCH gene can upsurge the content of
two carotenoids, β-carotene and lutein. In future this will provide a new tool for
eliminating the prevalence of vitamin A deficiency in populations (Eck et al. 2007).

Recently, Kusaba along with his teammates have made outstanding contribution
by applying RNAi to improve rice plants. They successfully reduced the level of
glutenin and produced a rice variety called LGC-1 (low glutenin content 1). The low
glutenin content was a great relief for the kidney patients who are unable to digest
glutenin. The trait was stable and was transmitted for a number of generations.
(Kusaba et al. 2003). Using RNAi the levels of sinapate esters in transgenic canola
seeds (Brassica napus) were reduced by 76% of the T3 generation by obstructing
UDP-Glc:sinapate glucosyltransferase gene activity (Husken et al. 2005).

The consumption of α-linolenic acid (18:3) is found to be unhealthy for humans
as well as for animals. The reduction of α-linolenic acid (18:3) improves the flavor of
soybean oil and stability with lesser need for its hydrogenation. The linoleic acid (18:
2) is converted into α-linolenic acid (18:3) in the presence of omega-3 fatty acid
desaturase enzyme. Flores et al. (2008) constructed hairpin RNA for the
downregulation of omega-3 fatty acid desaturase (GmFAD3A, GmFAD3B, and
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GmFAD3C), using glycinin promoter for seed-specific silencing. Transgenic soy-
bean seed has been reported to have 1–3% of α-linoleic acid in comparison with
7–10% in non-transgenic soybean seed.

RNAi technology can be used to raise the starch content in the leaves. It has been
demonstrated that starch phosphorylation and dephosphorylation are important
constituents of leaf starch degradation, where glucan, water dikinase (GWD) adds
phosphate to starch and phosphoglucan phosphatase (SEX4) eliminates these
phosphates. In maize, the route of leaf starch degradation is not very well
characterized. In 2012, Weise et al. manipulated phosphate metabolism using
RNAi constructs to enhance the starch content in Zea mays (maize) and
A. thaliana. A new variety of apples known as the Arctic Apples were produced
by suppression of PPO (polyphenol oxidase) gene using RNAi. Usually when an
apple is cut it produces a browning effect because PPO reacts with the polyphenolics
present in the fruit. But these PPO-silenced apples varieties will not undergo
browning after being cut as they are not able to convert chlorogenic acid into
quinone product (Kumar et al. 2017).

Overexpression of carotenoid or flavonoid synthetic genes or transcription factors
escalates either carotenoid or flavonoid content. RNAi has helped to improve the
level of both carotenoids and flavonoids in tomato fruit. DET1, which is a photo-
morphogenesis regulatory gene, represses various light-mediated signaling
pathways. It has been reported that expression of dsRNA of DET1 under fruit-
specific promoter in tomato suppressed endogenous expression of DET1 and
resulted in high levels of flavonoids and carotenoids in tomato fruits (Davuluri
et al. 2005). In the same way, downregulation of lycopene epsilon-cyclase
(ε-CYC) gene expression through RNAi enhanced the carotenoid content in rape-
seed (Brassica napus). Thus, RNAi has tremendous potential to eradicate the
malnutrition across the world.

10.3.4 Development of Male Sterile Lines

The development of male sterility is one of the most essential traits chosen to
enhance the crop productivity by the hybridization process. Hybridization leads to
production of offsprings with superior characteristics in comparison to their parents,
and the process is known as hybrid vigor or heterosis (Duvick 1999). When male
sterility is not available naturally engineered male sterility can be an alternative
option for developing hybrids. Genetic engineering today is used to generate male
sterile plant varieties like tobacco and tomato using RNAi.

Downregulation of TA29 gene of tobacco by RNAi (which is an anther-specific
gene, expressed in anthers at the time of microspore development) produced male
sterile lines (Nawaz-ul-Rehman et al. 2007). Ten out of thirteen tobacco lines
containing the TA29 sequences transformed with a hairpin RNAi construct were
found to be male sterile. Transgenic plants were phenotypically very identical to the
non-transgenic plants. Bcp1, is another anther-specific gene, active in diploid tape-
tum as well as haploid microspores. Silencing of Bcp1 (a male-specific gene) in the
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host A. thaliana resulted in male sterile lines. Transgenic plants were phenotypically
similar to the non-transgenic plants, and after crossing with non-transgenic fertile
pollens, successful seed set was observed (Tehseen et al. 2010).

Nucleases are a diverse class of enzymes playing crucial role in nucleic acid
metabolism. In 2005, Moritoh et al. cloned OsGEN-L (OsGEN-like) gene, a new
member of the RAD2/XPG nuclease family from rice (O. sativa L.). Transgenic rice
plants expressing hairpin RNA for OsGEN-L, displayed low fertility and were male
sterile.

S-adenosyl methionine decarboxylase (SAMDC) is a key enzyme in polyamine
biosynthesis, essential during pollen maturation and germination (Sinha and Rajam
2013). Therefore, expression of chimeric (SAMDC) dsRNA under the control of
tapetum-specific A9 promoter caused simultaneous silencing of three SAMDC
isoforms in tapetum tissue, which resulted in formation of male sterile SAMDC-
RNAi lines without affecting their female fertility. Zhu and Deng (2012) have
highlighted the link between sRNA (osa-smR5864) with photoperiod- and
temperature-regulated male sterility. MicroRNA-mediated regulation of male steril-
ity has been reported in various plant species such as cotton (Yang et al. 2016) and
radish. For instance, rsa-miR159a controls the expression of transcription factor
required during anther and pollen development. Huge expression of ras-mir159a
downturns the expression of MYB101 TF and, consequently, activates male sterility
through prohibition of normal pollen development in radish plants (Zhang et al.
2016a, b).

10.3.5 Modification of Flower Color and Scent by RNAi-Mediated
Gene Silencing

Alternation of flower color and scent is one of the most essential traits in floriculture
as it has a great economic and aesthetic value. Flowers like rose, tulip, orchid, lotus,
poppy, and petunia are always in demand for the purpose of decoration and making
of cosmetics. By using RNAi researchers have suppressed several structural genes in
anthocyanin biosynthesis, causing the inhibition of anthocyanin accumulation
resulting in change of flower color in transgenic plants. Amongst anthocyanins
precursors for all plant pigments, there are cyanidin, pelargonidin, and delphinidin.
The cyanidin gene is in charge for a synthetic pathway that leads to formation of
red pigment and a correspondent Delphinidin gene is responsible for the formation
of blue color. Knockdown of the cyanidin genes in rose by RNAi and introduction
of delphinidin genes produced flowers that accumulated delphinidin-based
anthocyanins completely with a concomitant color change toward blue (Tanaka
et al. 2009; Katsumoto et al. 2007). This result proved to be magical for the flower
industry and the Horticultural Societies of Britain and Belgium has presented a prize
of 500,000 francs to the first person to produce a blue rose (Van Uyen 2006).

Japanese gentians such as Gentiana triflora, Gentiana scabra, and their interspe-
cific hybrid are one of the most popular ornamental flowers in Japan. Cool climate
and huge mountain areas provide favorable conditions for the cultivation and
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breeding of gentians in Japan. More than 60% of gentian production occurs from the
Iwate prefecture. Gentians flowers bloom in mid-summer to late autumn in Japan.
Commercialization of several ornamental plants has been scaled up by the help of
genetic engineering approaches. For instance, Florigene Ltd. and Suntory Ltd. have
successfully developed blue flowered carnations, and they are commercialized in
Japan, North America, and Australia. They have also manufactured white-flowered
transgenic gentians using antisense technology by subduing the chalcone synthase
(CHS) gene (Nishihara et al. 2006). In this particular case, only 3 out of 17 indepen-
dent transgenic lines exhibited white-flowered phenotypes, the other remaining
transformants did not lead to successful inhibition of CHS gene expression.

Suppression of biosynthetic genes engaged in flower color formation is a neces-
sary approach for obtaining target flower colors. The flower color of commercially
important garden plant Torenia hybrida was effectively modulated by RNAi-
mediated gene silencing against a gene of chalcone synthase (CHS), which is the
first committed enzyme for anthocyanin and flavonoid biosynthesis. Anthocyanins,
are pigments that contributes color to the flowers. Artificial regulation of its biosyn-
thesis could result in flowers of desired colors. By utilizing distinct mRNA sites (the
coding region and the 30 -untranslated region) as RNAi targets, gene-specific gene
silencing was induced, and the original blue flower color was modulated to white
and pale colors, respectively (Fukusaki et al. 2004).

The RNAi technology can act as excellent tool for the silencing of pigment
synthesis genes, which are responsible for different flower color patterns. Nishihara
et al. (2005) suppressed the genes coding for chalcone isomerase (CHI) in tobacco
by using RNAi. After CHI suppression the transgenic tobacco plants exhibited
change of flavonoid components and reduced pigmentation in flower petals. Due
to accumulation of high levels of chalcone in pollens plants showed yellow colora-
tion. This indicated that CHI plays an important role in the cyclization reaction from
chalcone to flavanone.

In 2008, Nakatsuka et al. carried out RNAi-mediated suppression of 3 anthocya-
nin biosynthetic genes—chalcone synthase (CHS), anthocyanidin synthase (ANS),
and flavonoid 3050-hydroxylase (F3050H)—in gentian plant. In transgenics with
suppressed CHS, petals showed pure white to pale-blue color, whereas in ANS
suppressed transgenics, petals were only pale blue. Suppression of the F3050H gene
minimized delphinidin derivatives and amplified cyanidin derivatives which resulted
into magenta color flowers. The same group demonstrated that downregulation of
anthocyanin 5,30-aromatic acyltransferase (5/30AT) and flavonoid 30,50-hydroxylase
(F3050H) activities in gentian plant produced modified flower color.

10.3.6 Enhanced Fruit Shelf Life

In comparison to cereals, fruits and vegetables are more susceptible to spoilage due
to their nature and composition. According to the Agricultural Research Data Book
2004 India loses about 30–40% of total fruits and vegetables produced due to
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spoilage. Therefore, we need to apply techniques that could increase the shelf life of
vegetables and fruits as another necessary agronomic trait which may decrease the
spoilage of vegetables and fruits, consequently lowering the horticultural loss.

By using RNAi technology Xiong et al. (2005) increased the shelf life in tomato
by targeting the genes coding for ethylene biosynthesis pathway. A unit of dsRNA
was introduced in tomato and the expression of ACC oxidase gene was blocked. The
ethylene production rate in ripened fruits of transgenic plants was found to be
extensively inhibited, ensuring a prolonged shelf life of tomato. Meli et al. (2010)
suppressed 2 ripening-specific N-glycoprotein modifying enzymes, namely
α-mannosidase (α-Man) and β-d-N-acetylhexosaminidase (β-Hex) using RNAi tech-
nology, after their identification in tomato. This exhibited that suppression of these
genes increases the shelf life of tomato, by reducing the rate of softening.

10.3.7 Manipulation of Secondary Metabolite

Plant secondary metabolites are important sources of drugs, food additives,
fragrances, pesticides, and pigments. It is anticipated that about 80% people through-
out world are dependent mainly on the traditional herbal medicines to meet their
primary healthcare needs (Canter et al. 2005). Sometimes the production of second-
ary metabolite is blocked due to the synthesis of undesirable compounds which can
be inhibited by RNAi. RNAi technology is an extremely versatile technique because
it is capable of controlling multigenes which are responsible for metabolite produc-
tion (Borgio 2009).

The content of artemisinin (an anti-malarial drug isolated from Artemisia annua
L) was enhanced by utilizing a hairpin-RNA-mediated RNAi technique. The expres-
sion of squalene synthase (SQS) was suppressed which is the key enzyme of sterol
pathway. As a result, artemisinin content of some transgenic plants was significantly
increased by three-fold as compared to untransformed control plants (Zhang et al.
2009). California poppy (Eschscholzia californica) cells were modified with RNAi
construct harboring berberine bridge enzyme (BBE) gene to repress the activity of
the enzyme and in these transgenic cells, end-products of isoquinoline alkaloid
biosynthesis, such as sanguinarine, were decreased considerably and reticuline
accumulation at a maximum level (Fujii et al. 2007).

Recently, potato tubers have developed as bioreactors for making of human
therapeutic glycoproteins, increasing the yield of recombinant proteins, targeting
the produced proteins to specific cellular compartments, and diminishing expensive
protein purification steps. To develop potato tubers as a more efficient protein
expression system the potato patatins were knocked out almost completely via
RNAi technology (Kim et al. 2008).

Cassava is the main staple food in many tropical countries but it consists
of unnecessary glucosides. Jorgensen et al. 2005 applied RNAi to stop production
of the cytochrome P450 enzyme that makes the first step in the biosynthesis of
linamarin and lotaustralin and produced transgenic cassava (Manihot esculenta)
plants with removal of cyanogenic glucosides in the leaves (<1% of
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non-transgenic amounts) and a 93% reduction of cyanogenic glucoside amount in
tubers.

Caffeine is a natural stimulant found in beverages like tea and coffee. A normal
cup of filter coffee usually contains between 65 and 140 mg of caffeine. A single
espresso contains around 100 mg of caffeine, while decaffeinated coffee has about
1.5–3 mg per cup. Caffeine stimulates the central nervous system, the heart muscle
and also has a diuretic effect. Consumption of excessive caffeine can cause health
problems, such as insomnia, anxiety, restlessness, dehydration, and palpitations.
RNAi technology has enabled the scientist to produce varieties of coffee with low
to very low caffeine content by modulation of caffeine biosynthesis in plants and
suppression of CaMXMT1 (7-N-methylxanthine methyltransferase or theobromine
synthase) (Ogita et al. 2003, 2004).

10.3.8 Seedless Fruit Development

It is already known that the phytohormone plays a very important role in regulation
of transition between fruiting, fertilization, and flowering. Parthenocarpy can cer-
tainly be very useful for producing vegetables and fruits when pollination or fertili-
zation is affected due to extreme temperatures, like in winter (Tomes 1997) or, more
generally, to ensure yield stability in case of adverse pollination conditions. Recent
findings have shown that seedlessness can contribute to increase the quality, texture,
and shelf life of the fruits. Addtionally, it has been shown that seed development in
fruits restricts the yield in cucumber (Denna 1973) and tomato (Falavigna and
Soressi 1987).

Two members of the AUXIN RESPONSE FAMILY (ARF8 of Arabidopsis
thaliana and ARF7 of tomato) show high level of expression in non-pollinated
flowers and are down-regulated after pollination. RNAi technology is used to subdue
the function of ARF7 in tomato and ARF8 in Arabidopsis thaliana. The transgenic
plants produced resulted in the production of seedless (parthenocarpic) fruits. De
Jong et al. (2009) highlighted that SlARF7 acts as a modifier of both auxin and
gibberellin responses during tomato fruit set and development. Normally, SlARF7
transcript levels turn down after pollination and fertilization (Vriezen et al. 2008).
Reduction of SlARF7 transcript levels by an RNAi approach may release the
repression of the auxin and GA signaling pathways that are imposed by SlARF7
independently of pollination and fertilization, resulting in the incomplete activation
of these pathways and thus in parthenocarpic fruit growth in tomato. Therefore, the
fertilization-dependent step of the auxin signaling transduction pathway may be
bypassed, which might be compulsory to start cell division activity and excite GA
biosynthesis.

280 P. Gautam et al.



10.3.9 Deletion of Allergens from Food Crops

Allergens are naturally occurring compounds found in different food crops, capable
of producing allergic response even if consumed in minute quantities. Consumption
of allergens containing food causes various health problems in humans, which even
cannot be cured with the use of existing therapies. Although symptoms of a food
allergy can range from mild to severe, but some food allergies can be very serious
and could even be life threatening which can impair breathing and affect heart rate.
When these harmful substances are ingested in significant quantities or when they
are not processed properly they can be potentially dangerous to human health
causing food poisoning. Milk, egg, fish, peanut, tree nuts (walnut, Brazil nut,
cashew, etc.), soybean, and shellfish (Sicherer and Sampson 2010; Zuidmeer et al.
2008) are some of the food items that are majorly responsible for the food allergic
reactions. The RNAi technology has already been effectively employed to delete
allergens and toxic compounds from food items because it can alter the biosynthesis
of allergens by changing its biochemical pathway to upgrade the quality of food by
lowering the probability of food allergy and toxicity.

Peanut allergy is one of the largest life-threatening food allergies causing lethal
food related anaphylaxis. RNAi technology was applied to silence Ara h 2 gene,
which is the most immune dominant allergen causing over 86% allergic reactions.
By infecting peanut hypocotyls explants with A. tumefaciens EHA 105 harboring the
pDK28 construct transgenic peanuts were produced. The allergenicity of transgenic
peanut seeds was expressed as IgE binding capacity which was assessed by ELISA,
using sera of patients who were allergic to peanut. The result revealed a remarkable
decline in the IgE binding capacity of selected transgenic seeds without disturbing
the plant morphology, growth rate, and reproduction as compared to the wild type.
The unpurified peanut extract from the transgenic plants exhibited about 25%
decrease in Ara h 2 content, thus illustrating the possibility of reducing peanut
allergy by the use RNAi (Dodo et al. 2008).

The RNAi strategy was also used to inhibit the expression of a very well-known
apple allergen Mald1, which belongs to a group of pathogen-related protein PR10.
Mald 1 induces IgE-mediated hypersensitive response in organisms. Expression of
Mal d1 dsRNA sequence reduces the expression of endogenous gene in developed
RNAi apple plants and lowered the allergic response upon consumption (Gilissen
et al. 2005). Soybean is a leguminous edible plant. The soybean allergy is mostly
dominated by the Gly m Bd 30 K protein, which is also known as P34. By using
transgene-induced gene silencing method Herman et al. (2003)stopped the assem-
blage of immune dominant soybean allergen Gly m Bd 30 K protein in transgenic
soybean seeds without showing any developmental, structural, or ultra-structural
phenotypic differences when compared with control plants.

In countries like Bangladesh, Ethiopia, and India many people eat a leafy
vegetable known as grass pea (Lathyrus sativus). Grass pea also known as chickling
pea contains beta-N-oxalylaminoalanine-L-alanine (BOAA), which is a neurotoxin
that can cause paralytic disease called lathyrism, yet people still consume this
vegetable in times of famine (Spencer et al. 1986). BOAA also imparts immunity
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to this unique crop under excessive stressful conditions. RNAi technology helped in
bringing down the level of BOAA to a suitable concentration, rather than completely
silencing the concerned genes, which will make crop safe for its consumption
(Angaji et al. 2010).

Nor-nicotine is the precursor of a carcinogenic, tobacco-specific nitrosamine
(TSNA), N0-nitrosonornicotine (NNN) and the change of nicotine to nor-nicotine
is facilitated by an enzyme called nicotine demethylase (Hecht 1998). By inhibiting
the activity of nicotine demethylase the level of defined carcinogen can significantly
be reduced. Gavilano et al. (2006) used RNAi for silencing the N-demethylase
(CYP82E4) gene which prevented the conversion of nicotine to nor-nicotine in
tobacco.

Le et al. (2006) applied RNAi technology to silence two allergens Lyc e 1 and
Lyc e 3, a non-specific lipid transfer protein (ns-LTP) of tomato. The transgenic lines
obtained exhibited around 10- fold reductions in Lyc e 1 accumulation in fruits as
compared to wild plants. Conversely, the level of Lyc e 3 in transgenic fruit reduced
to less than 0.6% to that of in wild-type fruits producing phenotypically normal
plants. These results are very promising for producing hypoallergenic tomatoes.
Consumption of heavy metals even in low concentration can be life threatening for
human beings. Rice can accumulate cadmium (Cd) to a significant level in its seeds
due to the presence of phytochelatin synthase (PCS) genes. RNAi-mediated sup-
pression of phytochelatin synthase (OsPCS1) gene reduced the accumulation of Cd
in rice (Li et al. 2007). Thus, accumulation of heavy metals in rice seeds can be
regulated through RNAi even when plants are grown in heavy metal-polluted soil.
Similarly, there are many other plants where RNAi technology could be exploited to
make plants free from allergic substances and made suitable for human consumption
as explained in Table 10.2.

10.3.10 Change in Plant Architecture

Plant architecture controls various important agronomic traits in plants. For instance,
plant height, pattern of shoot branching, plant morphology, inflorescence, crop yield,
and resistance to environmental stresses (Khush 2001; Wang and Li 2006). Plant
architecture can also be altered in order to reduce the negative effects of climate
change on crop productivity. Understanding of molecular basis of plant architecture
has served as platforms for RNAi-mediated alternation in plant architecture. Shorter

Table 10.2 List of
allergens that could be
removed from the
corresponding plants using
RNAi technology

Crop Plants Allergens to be removed

Glycine max (soybean) Protease/amylase inhibitors

Brassica oleracea Glucosinolates

Ricinus communis (Castor bean) Ricin

Phaseolus lunatus (Lima bean) Cyanogenic glycosides

Solanum tuberosum(potato) Solanine

Solanum lycopersicum (tomato) Tomatine
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plants with erect leaf architecture were created through RNAi-mediated silencing of
OsDWARF4 gene in rice helped (Feldmann 2006).

RNAi-mediated downregulation of ornithine decarboxylase (ODC) gene
(involved in polyamine biosynthesis) resulted in significant physiological and mor-
phological changes including reduced leaf size, decreased abiotic stress tolerance,
delayed flowering, and early onset of senescence in tobacco (Choubey and Rajam
2017).

Plant architecture has been found to be regulated by miRNAs. The manipulation
of miRNA expression directly or indirectly affected the plant architecture, biomass
accumulation, and yield. Corngrass1 (Cg1) miRNA that belongs to the mir156
family regulates vegetative growth and flowering in plants. In maize, overexpression
of Cg1 miRNA caused prolongation of vegetative phase and delay in flowering time
(Chuck et al. 2011). Similarly, phenotype was also observed when Cg1 was
overexpressed in other plant species, for instance, overexpressing Cg1miRNA in
Populus plants showed significant shortening of internode length, increase in the
growth of axillary meristem, and about 30% reduction in stem lignin content
as compared to the untransformed control (Rubinelli et al. 2013). Biofuel
production can be enhanced through low lignin content in plant material. Lignin
makes the plant material recalcitrant for conversion to ethanol. Downregulation of
lignin biosynthetic genes by RNAi can help in the production of low lignin-
containing plants. For instance, RNAi-mediated downregulation of lignin-associated
genes such as Cinnamate-4-hydroxylase, shikimate hydroxycinnamoyl transferase,
and 4-coumarate-CoA ligase reduced the lignin content and increased its accessibil-
ity to cellulose to degradation (Hisano et al. 2009).

Thus, RNAi technology has a wide utility in manipulating the plant architecture
for high yield, increase in biomass, flowering, and removal of undesirable
phenotypes. Rose plant can be easily modified for its thorn characteristic or the
plant architecture in mulberry, and tea plants can be manipulated for easy plucking
of leaves.

10.4 Conclusion

The currently available agricultural technology requires additional molecular tools to
decrease the crop loss and feed extra mouths, which will increase by 2 billion over
the next 30 years, according to the latest estimation by the Food and Agriculture
Organization (FAO). RNAi-mediated gene suppression is an area of new research
nowadays leading to brand-new discoveries. In the last 15 years, it has emerged as a
powerful innovation for gene silencing with a huge potential to improve the agricul-
tural yield and engineer resistant genotypes, thereby improving the way of life
without influencing other agronomic traits. The implementation of RNAi-mediated
gene silencing has opened new avenues in the successful development of transgenic
crops such as nicotine free tobacco, decaffeinated coffee, tea, nutrient bio-fortified
cereals, low glutelin-containing wheat and hypoallergenic crops. It is being used in
functional genomics studies to decipher the function of genes.
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There are several additional benefits of RNAi technology compared to other
biotechnological approaches. Sequence-specificity of the gene silencing process
and multiple gene targeting at the same time are some of the advantages of RNAi.
RNAi technology has been successfully applied to bring about the modifications of a
variety of desired traits, including nutritional fortifications, reduction of allergen,
morphological amendments, male sterility altering, secondary metabolite enrich-
ment, and boosted defense against varying environmental conditions like extreme
temperatures, flood and drought, oxidative stress, and changes in soil compositions
(heavy metal accumulation, salinity, etc.).

However, every technology has certain limitations. The RNAi technology helps
in sequence-specific targeting but there can be issues of off-target effects leading to
unwanted traits. Despite the tremendous success, commercialization and the use of
RNAi-based pathogen resistance in plants for practical disease control have not been
as broadly adopted as might be expected. This may be likely due to both the costs
related with regulatory approvals and public awareness.

Therefore it can be concluded that such sophisticated technology having revolu-
tionary capabilities could be further exploited for functional analysis of target genes
and regulation of gene expression for crop protection and improvement to conquer
the problem of food security.
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Use of Genomics to Improve Stress
Tolerance 11
Ritu Mahajan, Nisha Kapoor, and Bijender K. Bajaj

Abstract

Plants being sessile are exposed to large number of biotic and abiotic stresses
during their growth and development which are the major constraints in the
agricultural productivity. Several stresses being complex in nature are controlled
by networks of several genetic and environmental factors thus hindering the
traditional breeding strategies. Unraveling the molecular mechanism behind the
complex nature of stress is important to broaden the perspective of plant breeding
for generating stress tolerant varieties under the current climate scenario and
meeting the demands of forever increasing global population.

Recent advances in genomics have paved a significant role in understanding
the response of a plant towards stress. Emergence of large high-throughput tools
has deciphered the entire genome to gain insights about various genes and
metabolic pathways/networks involved. Several genomic approaches like
transcriptomics, metabolomics, and proteomics help in identification of novel
metabolites in a particular cell. Development in these omics based approaches
and their utilization can enhance the sensitivity of genomic tools and further
bioinformatic studies will decode various regulatory mechanisms involved in
stress biology. This will give a better understanding for utilizing the outcomes
of valuable information in manipulating the mystery of four nucleotides and
generating engineered based crops. Recent introduction of genome editing tools
has revolutionized every aspect of crop plants in developing strategies for
increasing crop productivity and quality.
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11.1 Introduction

With the quick increase in the world’s population, there is a corresponding increase
in food demand, owing to concerns about the large impact on agriculture productiv-
ity. India is an agricultural country, where large number of people depends upon
various crops both for sustenance and livelihood. Changes in environmental
conditions have large effect on the crop productivity. Stresses either biotic or abiotic
are the most important causes that results in yield losses in crop plants. Abiotic
stresses like extreme temperature, drought, salinity, etc., are the major outcomes of
global climate changes thereby reducing the yield of crops mostly by 50% (Raza
et al. 2019). These stresses being complex in nature are controlled by several
different interacting signaling pathways based on genetic and environmental factors.
Plants show their response to stresses by altering molecular and physiological
processes at molecular, cellular, and whole-plant levels. At the molecular level,
several stress-responsive functional or regulatory genes are produced. Functional
genes produce various metabolites, channel proteins, anti-oxidative enzymes which
helps the plants to survive during stress and their subsequent post recovery after
stress (Table 11.1). Determination of stress mediated signaling mechanisms at
molecular level and interacting network of underlying regulatory proteins is the
major focus of research. Explication of functional genes involved in various regu-
latory pathways is important to generate stress tolerant crops (Sharma and Pandey
2017).

However, regulatory genes encode certain regulatory proteins like transcription
factors, stress receptors, and protein kinases that aids in controlling signal transduc-
tion pathways and modifying gene expression (Joshi et al. 2016). At the transcrip-
tional level, several stress-responsive and/or stress-activated TFs along with
transcriptional regulators (bZ IP, DREB, MYC, MYB, NAC, and WRKY families)
are responsible for plant stress tolerance (Baillo et al. 2019). So it is necessary to
adopt some recent and novel approaches to meet the demands of an ever-growing
global population.

Research in plant genomics has increased tremendously in the past 30 years due
to the availability of cost-effective and high-throughput tools. Emergence of DNA
sequencing platforms for exploring the plant genomes has provided with broad
implications for plant and applications in biology research. Also, omics based
techniques have resulted in generation of huge amount of data and have considerably
scale down the cost along with the time to perform large-scale activities including
whole genome sequencing and gene expression analysis. These technological based
approaches aim to gain insights into plant molecular responses to generate specific
strategies for crop improvement (Fig. 11.1). In this chapter, genomics approaches for
plant improvement against various biotic and abiotic stresses have been discussed.
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11.2 Abiotic Stresses

11.2.1 Drought Stress

Drought stress has the most deleterious effect on crop productivity. Though many
QTLs have been reported for drought tolerance in various food crops which has
resulted in the improvement of stress tolerance using marker assisted selection, yet
minor QTLs are not part of the selection process (Younis et al. 2020; Wang et al.
2019c). The effect of environmental and genetic factors on all the alleles across the
genome is generally achieved by genomic selection, as it also addresses the effect
caused by the small genes. Lorenzana and Bernardo (2009) reported that the
genomic selection reduces the selection time by almost half per cycle compared to
the phenotypic selection for almost all phenotypic traits in different crops. Even in
wheat, the drought tolerance mechanism is complex and is influenced by variations
controlled by QTLs. Hence, in such cases of the genetic and physiological basis of

Table 11.1 Gene(s) associated with abiotic stresses in plants

S. No.
Type of
Stress Plant Gene(s) Reference

1 Drought
stress

Solanum
pimpinellifolium

DREBA1 Rao et al. (2015)

Alfalfa GsZFP1 Tang et al. (2013)

Soybean GmCDPK3 Zhou et al. (2019)

GmPPR4 Su et al. (2019)

Arabidopsis and
soybean

GmCAMTA12 Noman et al. (2019)

2 Abscisic
acid stress

Wild tomatoes Asr Fischer et al. (2011)

Arabidopsis TaHsfA6f Bi et al. (2020)

3 Salt stress Arabidopsis AtHKT1 Horie et al. (2009)

Soybean GmSALT3 Guan et al. (2014)

GmVOZ1G Li et al. (2020a, b, c)

Wheat TaWRKY13 Zhou et al. (2019)

Rice OsHKT1, OsHKT2, and
OsVHA

Wei et al. (2021)

LOC_Os02g49700,
LOC_Os03g28300

Liu et al. (2019a)

4 Cold stress Solanum sp. CBF3 and CBF5 Pennycooke et al.
(2008)

Arabidopsis TsnsLTP4 Sun et al. (2015)

MbNAC25 Han et al. (2020)

Radish RsLOX Wang et al. (2019b)

5 Heat stress Chinese kale BocMBF1c Zou et al. (2019)

Carnation DcaHsfs Li et al. (2019a, b)

6 Metal stress Barley HvPAA1 Wang et al. (2019a)

Soybean GmIREG3, Cai et al. (2020)
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tolerance to drought needs to be understood (Fleury et al. 2011). Crop breeders need
to understand the molecular mechanisms and use genomic tools to understand and
correlate the complex drought tolerance so as to enhance the crop productivity.
Several nucleotide bases code for proteins that plays a significant role in detoxifica-
tion, ion transporter, and osmolyte biosynthesis. Along with them regulatory genes
such as TFs, signaling protein kinases, receptor protein kinases, ribosomal protein
kinases also show their expression during stress (Joshi et al. 2016).

Shikha et al. (2017) tested the breeding values of maize subtropical lines for
drought at different environments using SNPs. They observed that out of 1053
SNPs, 77 SNPs were associated with 10 drought-responsive transcription factors
which have role in different physiological and molecular functions and are important
for the selection of superior genotypes and candidate genes for selecting drought-
tolerant maize hybrids.

Wang et al. (2018) studied and compared microsite evolution in drought-tolerant
wild barley populations growing in Terra Rossa soil and basalt soil types where the
genetic mechanisms behind tolerance were not known. Using genome re-sequencing
and RNA-sequencing few genes were identified on chromosomes 6H and 7H that
showed divergence in the wild barley genotypes that have significant role in plant
drought tolerance. They also identified various adaptation mechanisms against
drought in barley which are associated with the rhizosphere of the plant.

Fig. 11.1 Functional genomics approaches for plant improvement against stresses
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Xiang et al. (2007) reported putative CIPK genes for their transcriptional
responses to various abiotic stresses. About 20 OsCIPK genes were differentially
induced by at least one of the stresses. Also, few CIPK genes without stress-
responsive cis-elements were also induced during stress. They overexpressed three
stress-responsive genes in japonica rice and the transgenic plants overexpressing
these genes showed significantly improved tolerance to stress.

Sahebi et al. (2018) revealed that certain WRKY transcription factors particularly
zinc finger protein family play a role in plant development in rice. They reported a
total of 89 WRKY genes and 97 WRKY genes in japonica and O. nivara, respec-
tively and mapped them onto individual chromosomes based on the physiological/
morphological parameters. On the basis of various molecular mechanisms observed
in the drought resistant parents, a strategy was developed where suitable germplasm
adapted to a particular environment was selected.

11.2.2 Salinity Stress

Salinity stress is one of the main abiotic stresses which is caused due to the
deposition of salt ions in the upper layer of the soil and thus affect the productivity
of the land. Salt stress is mainly caused due to weathering of rocks, deforestation,
and high rate of transpiration. Plant receptors after receiving the stress signals
produce secondary messengers such as reactive oxidative stress, calcium, and
inositol phosphates and hormones like ethylene, salicylic acid, and abscisic acid
(Tuteja and Sopory 2008). As the intracellular Ca2+ level changes the stress-
responsive genes or the transcription factors become activated and help the plant
to survive the stress conditions. These stress-responsive genes are either induced
early after the signals are received or are expressed slowly like membrane stabilizing
proteins, osmolytes, or LEA proteins (Chen et al. 2019a, b).

Several sequence based approaches along with NGS based methods have been
used for discovering and mapping markers and candidate genes in various crop
plants. Also, genome-wide association studies have proved to be very useful tool for
allele and marker discovery. Huang et al. (2010) obtained a genetic map for
14 different agronomic traits including grain quality and stress tolerance, using
NGS based genotyping against 373 rice lines. Kumar et al. (2015) mapped three
new QTLs against salinity tolerance using GWAS studies on 220 indica rice
accessions and discovered few accessions with genes coding for novel salinity
tolerance and superior alleles. Dabab Nahas et al. (2019) predicted drought and
salt and drought tolerance genes in wheat using 6717 expressed sequence tags. After
clustering and assembling them into contigs, the contigs were mapped on to
International Wheat Genome Sequencing Consortium RefSeq v1.0 assembly and
full-length gene sequences were designed which were further validated for molecu-
lar breeding programs against wheat drought and salinity research.

At the transcriptional level, Ding et al. (2013) divided stress response genes into
memory genes and non-memory genes. The former genes showed significantly
different levels of up- or down-regulation in subsequent stress while the latter had
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similar responses to each stress. Ding et al. (2014) on comparing dehydration stress
memory genes between Arabidopsis and maize observed that these genes were
conserved during the evolution process. However, Zhang et al. (2018a, b) in
switchgrass suggested the existence of a complicated signaling network of plant
hormones in response to repeated dehydration stresses which are conserved and
show species-specific distribution.

Several genes responsive to salt stress have been reported both in model and
non-model plant species. Wu et al. (1996) reported salt overly sensitive 1 (SOS)
mutants of Arabidopsis which were exceptionally hypersensitive to NaCl while Zhu
et al. (1998) further identified mutants with limited shoot growth during salt stress
were finally led to the identification of the fundamental components of the SOS
pathway.

Sanchez et al. (2011) used comparative genomics approach to analyze response
of salt stress in model and cultivated species of Lotus. They concluded a positive
correlation between chloride ion concentration in shoots and stress tolerance. Also,
they observed that a small set of salt-responsive genes were found to be conserved in
all Lotus genotypes while response of other genes was confined to tolerant or
sensitive cultivars. Similarly, Kumar et al. (2013) used functional genomics to
understand the molecular basis against salinity tolerance in rice for its sustainable
production. Their study involved the investigation of various osmoregulants, protein
kinases, receptor kinases, and transcription factors. Several transcription factors like
MYB, Zinc finger, WRKY, NAC-type have been reported from many plants that are
involved in salinity stress (Baillo et al. 2019; Yoon et al. 2020). Dai et al. (2007)
reported that the overexpression of MYB TFs (OsMYB3R-2) improved salt stress
tolerance in Arabidopsis, while overexpression of TF, OsMYB2 in transgenic rice
improved salt stress tolerance along with drought and cold stress tolerance (Yang
et al. 2012). In cotton plant where salinity is the key limiting factor, Li et al.
(2019a, b) observed that the down-regulation of GhWRKY6 enhanced salt tolerance
in cotton. As such these TFs can be manipulated to engineer crops with higher stress
tolerance (Hoang et al. 2017).

11.2.3 Heat Stress

Heat stress is a major threat for global food security and being a polygenic trait it is
regulated by several genes and transcriptional factors. The effects of increased
temperature exhibit a larger impact on vegetative growth and metabolites present
in the plants. Higher temperatures adversely affect the plant growth and different
metabolic pathways involved in defense responses. Plants have to make adjustments
regarding key metabolites such as sugars, fats, amino acids in response to heat stress
(Wani et al. 2017). Plants respond to heat stress by activating complex molecular
networks, metabolite production, and expressions of genes associated with heat
stress (Singh et al. 2019a, b). Various functional genomic approaches like
genome-wide association studies (GWAS) and gene expression profiling have led
to the discovery of novel genes associated with heat stress (Duan et al. 2019). GWAS
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is a powerful tool which has been applied to major food crops, like wheat, rice,
maize, Brassica to identify the genetic basis behind complex phenotypic traits
associated with heat stress (Lafarge et al. 2017; Rahaman et al. 2018). Kumar
et al. (2020) identified heat shock proteins (HSPs) in wheat to understand their
role during plant development and under different stress conditions. They identified
753 HSPs using Position-Specific Scoring Matrix and then their confirmation by
sequence homology. High number of HSPs were identified in wheat as compared to
other grasses due to their high ploidy level. All identified HSPs showed random
distribution on chromosomes with high number present in B and D sub-genomes as
compared to the A sub-genome.

Even the use of transcriptomic studies to screen heat-responsive candidate genes
is widely used these days. Singh et al. (2019a, b) detected Single Nucleotide
Polymorphisms and Insertion-deletions (Indels) associated with heat stress in lentils.
Further expression of genes under different combinations of heat stress led to the
identification of candidate differentially expressed genes and pathways. Their stud-
ies revealed that heat stress had a severe effect on cell wall and secondary metabolite
pathways, including pollen phenotyping related genes.

Fu et al. (2020) reported that the high temperatures affected growth and produc-
tion of lilies. Using transcriptomics, they observed that several genes which are
involved in metabolic pathways, phenylpropanoid biosynthesis, plant–pathogen
interactions, and kinase signaling pathways were down-regulated in L. distichum
during heat stress. Their studies on discovery of heat-resistance genes and key
components that are responsive to heat stress can facilitate heat-resistance breeding
in lily in near future.

Several NAC proteins which are plant-specific transcription factors have been
recognized as an important regulator in stress responses in rice and Arabidopsis, but
their molecular mechanisms are still unknown. In rice, stress-responsive NAC genes
are induced by drought, high temperature. Fang et al. (2015a, b) observed that the
transgenic rice plants overexpressed SNAC3 gene that conferred tolerance to heat
stress by modulating ROS homeostasis. Since high temperature results in failure of
grain filling during caryopsis development in rice so Ren et al. (2020) reported that
the two caryopsis-specific NAC gene regulates the caryopsis filling through sugar
transportation and abiotic stress responses in rice. They observed that the transcrip-
tional regulatory networks involving ONAC127 and ONAC129 coordinate multiple
pathways to modulate caryopsis development and heat stress response at rice filling
stage.

El-Esawi and Alayafi (2019) investigated that rice overexpression improved rice
tolerance to drought and heat stress. They cloned the gene and obtained transgenic
rice plants and observed that the expression of four genes encoding for reactive
oxygen species scavenging enzymes and eight genes against stress tolerance were
up-regulated in the transformed rice lines as compared to their expression in wild-
type. Also the overexpression of Rab7 enhanced grain yield in rice.

Mitogen-activated protein kinases (MAPKs) are highly conserved serine and
threonine protein kinases that participate in signal transduction in response to diverse
environmental stresses in plants. Yu et al. (2019) identified SlMAPK3 genes in
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tomato. They observed knock out slmapk3 mutants exhibited more tolerance to heat
stress than wild types. Also, slmapk3 mutants exhibited less membrane damage with
lower content of reactive oxygen species. The transcript showed enhances levels of
antioxidant enzymes, as well as heat shock proteins.

Heat shock proteins (HSPs) are important molecular chaperones in plants that
contribute to restore the protein homeostasis by their folding, assembly, and degra-
dation, which is critical for a plant to survive under heat stress (Young 2010). In
plants five major families of HSPs (HSP100, HSP90, HSP70, HSP60, and small
HSP) are mainly located in the cytoplasm that responds to abiotic and biotic stresses
(Park and Seo 2015). In addition HSPs are also located in ER, chloroplasts,
mitochondria, and nucleus, where they play dynamic roles in protein homeostasis.
Transcription for heat shock protein genes is controlled by heat stress transcription
factors which are primary metabolism enzymes and signal transduction components
with specific role in regulation (Jacob et al. 2017). Guo et al. (2020) isolated a heat-
responsive gene TaHsfA2–10 which expressed itself in different organs at different
stages of development in wheat. The gene enhanced the thermotolerance in trans-
genic Arabidopsis thaliana. The transactivation activity of TaHsfA2–10 was also
revealed by yeast one-hybrid assay.

11.2.4 Cold Stress

Decrease in temperature causes cold stress that limits the productivity of crop
species. Plant requires optimum temperature for its growth and development. Plants
exhibit changes in gene expression and proteins in response to low temperature.
Many plant species show chilling injury like chlorosis, necrosis, or are killed. Use of
genomic tools has revealed that the alteration in expression of genes is followed by
enhancement in several metabolites that provide defense to the plants against cold
stress. Several C-repeat binding factors, dehydration-responsive element binding
(CBF/DREB1) transcription factors which are part of a large number of stress-
responsive regulatory genes provide protection (Agarwal et al. 2017).

Several inducible genes like osmolyte biosynthesis, LEA proteins, and detoxifi-
cation enzymes have been isolated from plants which are overexpressed in response
to cold stress (Sanghera et al. 2011). Wang et al. (2009) studied ten transcripts in tea
leaves which were classified into three functional groups. Out of three transcripts
two encoded for early light proteins while one transcript encoded for beta-amylase
which has a role in cold acclimatization. Barah et al. (2013a, b) reported response of
ten A. thaliana ecotypes from different geographical locations using genome-scale
transcript. On comparing the transcriptomes of ten ecotypes, a total of 6061
transcripts which were cold regulated were observed along with transcription factors
and transposable elements. Ecotype specific expression pattern was observed with
about 75% transcripts. Also, the cold stress regulating genes showed
non-synonymous amino acid changes in the coding region. In silico constructed
transcriptional regulatory network model contained 178 transcription factors and
1331 target genes with 1275 nodes and 7720 connections.
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Also, many lipid molecules play important role in signal transduction during cold
stress (Hou et al. 2016). Lipid molecules such as phosphatidic acid and
diacylglycerol kinase which constitutes a minor portion of membrane lipids are
membranous messenger molecules (Arisz et al. 2009). Apart, phosphatidic acid is
generated rapidly in response to cold stress in where it regulates the enzymatic
activity of target proteins (Arisz et al. 2013). Chen and Thelen (2013) reported that
acyl-lipid desaturase-2 plays an important role by adjusting the compositions of
organelle membrane lipids in Arabidopsis during low temperature. A galactolipid
remodeling enzyme located on the outer chloroplast membrane causes lipid
remodeling and membrane stabilization during freezing and hence imparts cold
tolerance to the plants (Moellering et al. 2010).

Phytohormones being small chemical molecules are also involved in the abiotic
stress responses (Peleg and Blumwald 2011). Plant hormones such as auxin,
cytokinins, gibberellins, abscisic acid, jasmonic acid, and ethylene have significant
role in regulating plant tolerance to chilling stress by either CBF-dependent or
-independent pathways. To induce changes in cold-responsive gene expression
several complex signaling cascades directed by hormones are utilized by the plants
that help them to withstand chilling or freezing temperatures. Thus, crosstalk among
plant hormones is important for downstream gene activation which is essential for
protection against cold stress.

Barah et al. (2013a, b) studied diversity at genome scale in A. thaliana ecotypes
collected from different geographical locations. They observed that a high number of
transcripts including transcription factors and transposable elements were signifi-
cantly cold regulated. They constructed an in silico transcriptional regulatory net-
work model containing nodes and connections with target genes in response to cold
stress.

11.2.5 Metal Stress

Heavy metals are an essential component of earth’s crust. During the last few
decades, their levels have increased significantly due to activities like mining,
smelting, industrial applications, use of pesticides and as natural geogenic activities
(Shukla et al. 2017) Metals being non-biodegradable, the deposition of heavy metals
is increasing continuously where industrialization is at boom. As a result, a number
of heavy metals are entering into plants and human body along with certain elements
like Arsenic and Cadmium which are toxic and are transported along with essential
divalent cations like Zinc (Zn2+), Iron (Fe2+), Calcium (Ca2+), and Manganese
(Mn2+) (Mendoza-Cozat et al. 2011). They cause hindrance in certain physiological
processes in plants like mineral nutrient uptake, seed germination, and photosynthe-
sis herby effecting overall growth and biomass accumulation (Finnegan and Chen
2012).

However, plants have evolved several strategies to overcome heavy metal detox-
ification due to the presence of heavy metal-associated proteins (HMPs) which are
metalloproteins or metallochaperone-like proteins (Zhang et al. 2018a, b). These
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proteins contain heavy metal-associated (HMA) domains which are conserved,
consisting of ~30 amino acid residues and two cysteine residues for binding and
transferring heavy metal ions (Gitschier et al. 1998). Plant proteins containing HMA
domains fall into one of the following groups: HPPs (heavy metal-associated plant
proteins), HIPPs (heavy metal-associated isoprenylated plant proteins) ATX1-like
and P1B-ATPase (Li et al. 2020a, b, c; Pedersen et al. 2012).

Li et al. (2020a, b, c) identified HMPs in rice and Arabidopsis and based on the
characteristics of their heavy metal-associated domains, divided them into six clades
on the basis of their different gene structures and motifs. Miyadate et al. (2011)
identified gene OsHMA3 in rice that controlled root-to-shoot Cd translocation, while
OsHMA4 was the gene responsible for controlling Cu accumulation in rice grain
(Huang et al. 2016).

ATX1-like metallochaperones already identified from Arabidopsis and rice
(Zhang et al. 2018a, b) have been transferred to yeast Ccc2 P1B-type ATPase to
enhance its antioxidant mechanism (Puig et al. 2007). Functionally investigation has
revealed that the HMPs are identified as an upstream controller of stress-related
regulatory networks. They also have a positive role in salicylate-dependent pathogen
response pathway and in flower development and seed setting (Banday and Nandi
2015).

Several Reactive Nitrogen Species (RNS) plays a crucial role in regulating plant
responses during stress. Mahmood et al. (2009) observed that during Cd stress, there
was increase in Nitric oxide (NO) production in Triticum aestivum roots while Cd
stress causes the over-production of peroxisomes in Arabidopsis (Corpas and
Barroso 2014). Similarly, Feigl et al. (2015) observed a strong relationship among
two species of Brassica subjected to Zn stress for ROS metabolism while NO
production was strongly depressed by Cd toxicity in pea but Cd treatment on plants
had positive effect for pathogen-related proteins which were regulated by jasmonic
acid and ethylene (Rodriguez Serrano et al. 2009). Hence, RNS metabolism plays an
important role to understand the mechanisms involved in the defense of plant cells
against metal stress.

11.3 Biotic Stress

Apart from abiotic factors several biotic constraints also poses threat to plants.
Fungi, bacteria, viruses, and nematodes cause several diseases and reduction in
yield. Being sessile, plants lacks strong immune system but have strong defense
mechanism that is stored in its genetic code. After infection pathogen spread is
decreased when ROS is generated and also increase in plant cell wall lignification
and suberization reduces the pathogen entry and spread (He et al. 2011).

Other defense mechanisms to biotic stress also include morphological changes
and production of certain proteins and enzymes. As a result, certain volatile chemical
compounds give strength and rigidity to the plant. Morphological changes are the
first line of plant defense causing barrier against insects, pests like the formation of a
waxy cuticle, development of spines, and trichomes and incorporation of granular
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minerals into plant tissues that reduces the palatability and digestibility (Chamarthi
et al. 2010).

Apart, several plant hormones such as salicylic acid, jasmonic acid (JA), and
ethylene play a significant role during biotic stress. JA does not work independently
but acts in a complex signaling network combined along with other plant hormone
signaling pathways (Hu et al. 2017). JA signaling plays an important role against
necrotrophic pathogens or the necrotrophic stage of hemi-biotrophic pathogens
(Pandey et al. 2016). Several reports on the mechanism of crosstalks between
jasmonic acid and other plant hormones during stress responses regulating the
balance between plant growth and defense response. Thus, phytohormone crosstalk
can open new avenues for genetic improvement of plants needed during biotic stress
to meet the future global food production. Suppressor proteins like JASMONATE
ZIMDOMAIN PROTEIN (JAZ) and MYC2 as the key components in the crosstalks
(Verma et al. 2016; Yang et al. 2019).

Plants have microbial-associated molecular-pattern-triggered immunity (MTI or
PTI) and effector-triggered immunity (ETI). Both have similar defense responses,
but ETI is much faster and is associated with a localized cell death termed the
hypersensitive response that further prevents the spread of microbial attack. How-
ever, PTI is important for non-host resistance and for basal immunity as it recognizes
conserved microbial elicitors. There are several receptors for microbe-associated
molecules that result in the production of antimicrobial peptides/compounds (War
et al. 2011). Felix et al. (1999) reported a 22 amino acid peptide-spanning region in
the N-terminal part of flagellin of Pseudomonas syringae which is sufficient to elicit
a typical immune responses in a variety of plants. However, in Arabidopsis leucine-
rich repeat receptor-like kinase is responsible for flagellin perception (FLS2). Func-
tional FLS2 homologs have been identified and reported from several plants
suggesting that the receptors for the epitope of bacterial flagellin are ancient and
conserved (Trda et al. 2014). Another flagellin flgII-28 was identified from
Solanaceae which was physically linked by a stretch of 33 amino acid residues to
flg22 from rice, suggesting that both these molecules are detected by the same
receptor, FLS2 (Clarke et al. 2013).

Another, bacterial protein which is isolated from Escherichia coli is the Elonga-
tion factor (EF). In rice elongation factor resistance is mediated by heteromeric
complex formation where a complex is formed between SOMATIC EMBRYO-
GENESIS RECEPTOR KINASEs and XA21 binding protein 24, both of them being
important component of XA21-mediated defense response (Chen et al. 2014).
Similarly, Arabidopsis PRR EF-Tu receptor recognizes the bacterial PAMP elonga-
tion factor Tu triggers immunity in wheat when inoculated with bacterial pathogen
Pseudomonas syringae pv. oryzae, the transgenic wheat lines showed reduced lesion
size and low rate of bacterial multiplication (Schoonbeek et al. 2015) .

Chitin is a homopolymer and a major constituent of fungal cell walls. On
pathogen attack the plant chitinases break down microbial chitin polymers. CEBiP
was the first chitin-elicitor binding protein that localizes in the plasma membrane and
is identified in rice plant (Kouzai et al. 2014). Upon chitin binding, CEBiP forms a
hetero-oligomeric complex with the Chitin-Elicitor Receptor Kinase 1. This binding
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results in the formation of sandwich-type receptor system for chitin and varies from
plant to plant.

β-Amino-n-butyric acid (BABA) is a non-protein amino acid, which has a
significant role in accelerating defense to pathogen infection. Recently, induction
of resistance by BABA has been reported against several crop plants against diverse
bacterial and fungal species in recent decades (Ben Rejeb et al. 2018; Ye et al. 2020).
Mode-of-action of BABA includes crosstalk with other defense signaling pathways
like in Arabidopsis against Pectobacterium carotovorum ssp. carotovorum. How-
ever, salicylic acid is required for BABA resistance against Phytophthora infestans
in potato (Eschen-Lippold et al. 2010). Similarly, in Arabidopsis resistance by
BABA to Alternaria brassicicola and Plectospharella cucumerina infection is
dependent on abscisic acid mediated signaling pathways (Ton and Mauch-Mani
2004) while in lettuce against Bremia lactucae, BABA resistance is independent of
ABA pathway (Cohen et al. 2010).

11.4 Role of Transcription Factors against Biotic Stress

Plants have evolved several responses to unfavorable conditions including
interconnected networks at the molecular level which are controlled by signal
cascades. These signals activate several transduction pathways that involve
phosphatases and protein kinases. Specific transcription factors (TFs) which are
DNA-binding proteins that bind to specific DNA sequences called cis-elements in
the gene promoters are either up-regulated or down-regulated by protein kinases or
phosphatases. There are generally five TF families (WRKY, ethylene responsive
factor (ERF), basic-domain leucine-zipper (bZIP), basic helix-loop-helix (bHLH),
and NAC) that play roles in plant defense mechanisms. TFs belonging to NAC
family were first reported from Petunia (Souer et al. 1996).

NAC TFs in the N-terminal regions have highly conserved DNA-binding domain
and diverse C-terminal transcription regulatory domains. NAC proteins act both via
an ABA-dependent and ABA-independent pathway. Jin et al. (2020) using genome-
wide studies have identified 93 NAC genes in tomato and divided them into five
groups on basis of phylogenetic studies. Gene expression analysis revealed different
expression levels in various tissues and at different fruit development stages. Simi-
larly, Liu et al. (2019b) reported 80 NAC genes (FtNAC) from buckwheat and named
them as per their distribution on chromosomes. Phylogenetic analysis revealed
FtNAC proteins are widely distributed in 15 subgroups with one unclassified
subgroup in both Tartary buckwheat and Arabidopsis though the structural diversity
was low in NAC genes. Li et al. (2019a, b) observed 90 NACs in quinoa and divided
them into 14 distinct subfamilies phylogenetically. Diversities in gene proportions,
exon–intron structures, and motif compositions were observed in subfamilies with
non-random duplication events due to selection pressure with limited functional
divergence.

Ethylene response factor (ERF) is another family of TFs that plays a key role
when plant encounters the biotic stress. It results in defense responses in the form of
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accumulation of antimicrobial phytoalexin and synthesis of pathogenesis-related
(PR) proteins. Cao et al. (2006) and Eulgem et al. (2000) have studied the presence
of cis-acting elements (GCC box and W box) and involvement of WRKY transcrip-
tion factors, respectively, in the regulation of PR gene expression. ERFs can either
activated or repress the plant defense response during the biotic stress. Barah et al.
(2013a, b) studied the role of ERF for enhancement of resistance against Pseudomo-
nas syringae attack while Zhu et al. (2013) recorded overexpression of ERFs in
transgenic tobacco against both bacterial pathogen Ralstonia solanacearum and
fungal pathogen Phytophthora parasitica.

Similarly, WRKY TF family has large number of members that are present in
plant genomes. Cis-element bound by WRKY TFs is called the W-box, with a
consensus sequence of TTGACT/C. Recently studies have been performed on
several plants involving genome-wide identification and characterization of
WRKY TFs (Chen et al. 2020; Li et al. 2020a, b, c). WRKY TFs are involved in
MAPK cascades that play significant signaling roles in multiple defense responses,
especially against pathogen effectors (Chen et al. 2019a, b) and their role in defense
have been extensively studied, mainly in Arabidopsis. In Arabidopsis, 20 MAPKs,
10 MAPKKs, and 60 MAPKKKs are reported (MAPK-Group 2002), and their role
has been identified via targeted experiments and systematic approaches like
phosphoproteomics and protein array screening (Rayapuram et al. 2017).

11.5 Effect of Gene Targeting on Abiotic and Biotic Stress

Studying of major candidate genes is necessary to overcome various stresses that a
plant comes across. The two types of genes, viz. structural and regulatory play
significant role in producing stress tolerant crops. While proteins are encoded by
the structural genes, regulatory genes control the expression of these genes.
Targeting of these regulatory genes by a robust and efficient method such as
CRISPR (clustered regularly interspaced short palindromic repeat) associated pro-
tein 9 (Cas9) system can help in developing crop varieties which will be resilient to
climate change. The CRISPR/CAS 9 technique is different from ZFN and TALEN in
terms of the DNA-binding system. It is a type of adaptive immune system, which
degrades exogenous DNA. It was discovered in 1987 in Escherichia coli (Ishino
et al. 1987), officially named by the scientist who identified CRISPR-associated
genes (Jansen et al. 2002), but became popular after 2012 when its potential for
genome editing was considered (Jinek et al. 2012).

A CRISPR-Cas locus consists of a CRISPR array that comprised of short repeti-
tive elements intercalated with invader DNA-targeting spacers along with an
AT-rich leader sequence, and an operon of Cas genes encoding the Cas proteins.
Based on the different types of Cas proteins that are participating, CRISPR-Cas
systems are divided into three main types: type I and type III systems that use a large
multi-Cas protein complex for binding and targeting, while the type II system
requires only a single CRISPR-associated protein 9 for the recognition of
RNA-guided double-stranded DNA and cleavage using its two distinct domains,
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RuvC and HNH31 (Wang et al. 2019d). Thus the CRISPR-Cas9 system has made
remarkable progress in crop improvement (Osakabe et al. 2016).

Some genes contribute to stress tolerance by disrupting the pathways that are
involved. In rice, a stress-related RING finger protein 1 (OsSRFP1) acts as a
negative regulator by enhancing the level of H2O2. Knockdown of OsSRFP1
enhanced stress tolerance by disrupting H2O2 biosynthesis (Fang et al. 2015a, b).
Osakabe et al. (2016) produced site-directed modifications in Arabidopsis using
truncated-gRNAs in the CRISPR/Cas9 system. They observed modifications in
transgenic plants for OPEN STOMATA 2 (OST2) gene that encodes a major plasma
membrane H+-ATPase in stomata response. Using tissue-specific promoters, high
mutation rate was observed in the germ lines. Thus, the new mutant alleles obtained
for OST2 displayed altered stomatal closing in response to environmental
conditions.

He et al. (2017) observed that ANAC069 gene in Arabidopsis functions as a
negative regulator by decreasing the ROS-scavenging capability, thereby enhancing
the level of proline biosynthesis that results in increased sensitivity to salt and
osmotic stress. Thus the knockdown mutants of ANAC069 obtained via T-DNA
insertion showed improved tolerance to salt and osmotic stress. Shkryl et al. (2021)
observed that HIGH EXPRESSION OF OSMOTICALLY RESPONSIVE GENES
1 (HOS1) functions as a main regulator against cold stress in Arabidopsis. Targeted
mutagenesis of the HOS1 gene study was performed by CRISPR/Cas9 that resulted
in frameshift indels which disrupted the open reading frame and resulted in the
appearance of premature stop codons. The mutant plants on exposure to cold stress
enhanced tolerance and expression of cold-responsive genes. Further the content of
glucosinolates was down-regulated by 1.5-times, while flavonol glycosides were
up-regulated by 1.2–4.2 times in transgenic plants.

Osakabe et al. (2016) produced site-directed modifications in Arabidopsis using
truncated-gRNAs in the CRISPR/Cas9 system. They observed modifications in
transgenic plants for OPEN STOMATA 2 (OST2) gene that encodes a major plasma
membrane H+-ATPase in stomata response. Using tissue-specific promoters, high
mutation rate was observed in the germ lines. Thus the new mutant alleles obtained
for OST2 displayed altered stomatal closing in response to environmental
conditions.

Tashkandi et al. (2018) engineered tomato plants which were resistant to the
tomato yellow leaf curl virus used the CRISPR-Cas9 system. They targeted the coat
protein and replicase loci of the genome and the transgenic tomato showed less
accumulation of viral genomic DNA than the wild-type plants and the immunity was
passed over to multiple generations. Dinkins et al. (2021) observed that isoflavones
accumulation and biosynthesis have a significant importance in the rhizosphere of
red clover, a forage legume. Isoflavone plays a potential role in medicinal, antimi-
crobial, and environmental insinuations. Using CRISPR/Cas9, a key enzyme isofla-
vone synthase (IFS) that functions in the biosynthesis of isoflavones was knocked
out. Further they inter-crossed a hemizygous plant with 9-bp deletion in the IFS gene
to obtain homozygous mutant plants. After inoculating wild-type and mutant plants
with rhizobia no significant differences were observed on nodulation, suggesting that
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the isoflavones have no important roles in nodulation. However, enhanced gene
expression was observed for upstream genes, viz. phenylalanine ammonium lyase
and chalcone synthase which are precursors for IFS and also for ethylene response,
associated with biotic stress.

In rice, genome editing has enhanced the crop yield by knock out those genes that
affected the crop productivity. Li et al. (2016) knocked out four negative yield genes,
viz. Gn1a, DEP1, GS3, and IPA1 by CRISPR/Cas9 in the cultivar Zhonghua 11.
Knocking out of the three genes (Gn1a, DEP1, GS3) enhanced the grain number and
grain size. Similarly, Xu et al. (2016) observed increase in grain weight by knocking
out three major negative regulators of grain weight (GW2, GW5, and TGW6) using a
CRISPR/Cas9-mediated system.

Genome editing techniques have been widely used to engineer plants resistant to
various pathogens (Mushtaq et al. 2019). Peng et al. (2017) engineered canker-
resistant plants through CRISPR/Cas9-targeted editing of the susceptibility gene
CSLOB1 promoter in citrus. Wang et al. (2014) improved resistance to fungal
pathogens by targeting homologs of MILDEW-RESISTANCE LOCUS in bread
wheat. Similarly, powdery mildew free tomatoes were developed by targeting the
SlMlo1 gene using CRISPR/Cas9 (Nekrasov et al. 2017) PMR4 gene (Santillán
Martínez et al. 2020) while CRISPR/Cas9-mediated mutagenesis of VvMLO3
results in enhanced resistance to powdery mildew in grapevine (Wan et al. 2020).
Thus the technique of genome editing is highly applicable to plants as target sites of
either plants or biotic agent can be edited. It can result as a powerful tool to develop
non-transgenic crops highly resistant to biotic stresses.

11.6 Conclusion and Future Prospects

Plants in natural ecosystem are exposed to several abiotic and biotic stresses that
occur simultaneously. So, recent developments in genomics have facilitated the
identification of various stress-responsive factors in plants. Use of high-throughput
approaches genomic approaches has contributed to the identification of candidate
gene and their role in abiotic and biotic stress tolerance, thus helping the breeders,
physiologists, and molecular biologists to design stress-resistant crops. Functional
genomic tools have greatly facilitated the study of gene functions and engineering
abiotic and biotic stress tolerance in many plants. Further understanding of the
complexity of cell signaling networks and role of various gene regulatory networks
will help in developing stress-tolerant plants.
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Genetics of Plant Organelles: Plastid
and Mitochondrial Genomes 12
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Abstract

Plant organelles like chloroplasts and mitochondria are essential organelles
serving critical functions like photosynthesis and respiration, respectively, in
plants. While most of the processes and the components required by the func-
tioning of these organelles are contributed by nuclear DNA, they have few of their
own components encoded by their respective genome. Mitochondrial and chlo-
roplast genomes give a real insight into the evolution of land plants, as evident by
several studies. Few studies have successfully conducted gene transfer technol-
ogy into these organelles’ genomes. Although extensive research on plant organ-
elle genome is yet to be done, recent research has shown the probability of these
organelles as a target of genome engineering. From targeting individual genes of
their genome to incorporating new genes from other species, they hold promises
to produce improved traits. Packaging of their genome, which varies significantly
in various hierarchies of land and primitive plants, has also been studied in few
plant species. This chapter summarizes the current studies and findings in the
study of the organellar genome concerning their structure, organization, distribu-
tion, regulatory mechanism, and gene transfer technologies. This chapter
provides an updated account of the evolution of these organelle genomes.
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12.1 Introduction

The genome is defined as an organism's complete set of genetic materials. Tom
Roderick coined the term genomics in 1920, which is the study of the genome and is
a more recent idea than genetics and genes. Genetics entails studying genetic
information, the transmission of genetic information from generation to generation
in the form of DNA, and the study of a restricted number of genes. In a pre-genomic
era, the mechanism of information transfer to new cells at the functional level was
not precise (Goldman and Landweber 2016; Hjort et al. 2010), which could be
explored in the last few decades due to the advancement in molecular techniques.
The human genome consists of the nuclear genome inside the nucleus, having
3.2 billion base pairs and 35000 genes (Schneider and Grosschedl 2007). The
DNA packaging into the chromosome occurs in a highly systematic manner and is
regulated at various levels. The genome inside the nucleus in base-pair information
is a highly compact nucleosome structure made up of histone and other proteins and
nuclear DNA. The highly repetitive and large number of noncoding sequences are
involved in the regulatory mechanism. Apart from the nuclear genome, the extra-
nuclear genome, which includes the mitochondrial and chloroplastic genome, plays
an essential role like the initiation of apoptosis, aging, a large amount of ATP
production, amino acid biosynthesis, steroid biosynthesis, β-oxidation of lipid, in
mitochondria and photosynthesis, and important biochemical reactions in the
chloroplast

According to endosymbiont theory, these organelles evolved separately via
endosymbiosis, holding and merging free-living bacteria and cyanobacteria with
the host eukaryotic cell around 1.4 billion years ago (Smith and Keeling 2015). This
mechanism led to structural diversity as well as functional diversity of both the
organelles. When an α-proteobacterial endosymbiont integrates into the eukaryotic
host organism existing at the moment, mitochondria were formed, which evolved
with due course of time. Because all eukaryotic cells include mitochondria, we may
certainly propose that α-proteobacteria are the ancestors of all extant eukaryotic
organisms. Photosynthetic cyanobacteria merged with the eukaryotic progenitor of
archiplastida via chloroplast-derived letter via initial endosymbiosis to form
chloroplast

12.2 Organelles Genome

The first mitochondrial genome was sequenced entirely in 1981 (Bibb et al. 1981;
Anderson et al. 1981), whereas the chloroplastic genome ofMarchantia polymorpha
and tobacco was entirely sequenced five years later in 1986 (Shinozaki et al. 1986;
Ohyama et al. 1986). Because of their evolutionary histories, mitochondrial and
chloroplastic genomes share high sequence similarities. The organelle genome size
(Mt genome, Pt genome) gradually decreased over billions of years in comparison to
free-living α-proteobacteria and cyanobacteria through the transfer of several genes
involved in DNA repair mechanisms, replication, from the nucleus to organelle
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(Timmis et al. 2004). It is also important for functional and structural stability, as
well as a variety of metabolic processes. The mitochondrial genome's regulatory
element is not confined to noncoding regions within genes (Lee and Han 2017)

12.3 Plant Mitochondrial Genome

Mitochondria are an important cellular organelle in the plant responsible for growth,
fitness, reproduction, energy generation, metabolism, and cell homeostasis due to its
semi-autonomous genetic system. Plant mitochondrial genome encodes several
critical polypeptides involved in oxidative phosphorylation chain complex forma-
tion. Plant mitochondrial DNA (mtDNA) varies from that of animals and fungi in
several ways. Higher plants have a larger mitochondrial genome than lower ones. In
addition, mitochondria have nucleoids that replicate independently of the nuclear
chromosome in many plants although many components of the replication machin-
ery are derived from nuclear-encoded proteins. Plant mtDNA sequences evolved
deliberately as compared to the mtDNA of animals, where point mutations were
infrequent.

The mitochondrial DNA (mtDNA) originated from the symbiotic ancestral
genomes of α-proteobacteria through the endosymbiosis process. The genomes of
the mitochondria have an array of distinct characteristics in higher plants. Plant
mitochondrial genomes are significantly bigger and vary greatly in size, even among
relatively similar. (Allen et al. 2007; Kubo and Newton 2008). While the
mitochondria of most mammals have circular DNAs having around 15–17 kb,
plant mitochondrial genomes are quite larger, which vary significantly in terms of
their size. In angiosperms, they typically range from 200 to 750 kb (Anderson et al.
1981) although some lineages have larger genome size, e.g., the organization of the
mitochondrial genome into three independent chromosomal structures having 1556,
84, and 45 kb, respectively, is attributed to the expansion of dispersed repeats and
existing introns, and accretion of nuclear, plastidial, viral, and bacterial sequences in
cucumber (Cucumis sativus) (Alverson et al. 2011). The mitochondrial genome of
the plants is enormous, yet their ploidy seems to be less, which is surprising. Plants
have significantly lower mtDNA levels than human cells, which can have thousands
of copies of mtDNA (Preuten et al. 2010). The Arabidopsis thaliana mtDNA is
367 kb in size, encodes 32 protein-coding genes, 22 transfer RNAs, and three
ribosomal RNAs (5S, 18S, and 26S). On the other hand, the 16.5 kb human
mtDNA code for 13 proteins, two rRNAs (12S and 16S), and 22 tRNAs (Anderson
et al. 1981; Unseld et al., 1997; Stupar et al. 2001). Simpler organisms can have
more mitochondrial genes, e.g., Reclinomonas americana having a 69 kb mtDNA
encodes around 100 genes (Lang et al. 1997). The structure of the mitochondrial
genome of the Arabidopsis thaliana has been shown in Fig. 12.1a. Mitochondrial
genome sequences of plants have become more widely available, but the origin and
role of noncoding DNA remain unknown, and thus, it is difficult to compare various
species. The analysis of whole mitochondrial genomes of two Arabidopsis thaliana
ecotypes, C24 and Columbia-0 (Col-0) (Davila et al. 2011), allows for noncoding
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sequence comparison and molecular evolution organelle genome in plants. Plant
mtDNA contains numerous introns and repetitive sequences (accounting for 90 per-
cent of the total sequences). It is susceptible to various gene gain, gene loss, gene
transfer, and duplication, as well as genomic rearrangements (Li et al. 2020).
Although mitochondrial genomes’ structure and gene composition vary from species
to species in plants, gene-coding sequences of most seed plants species develop
gradually, with synonymous substitution rates 100 times lesser than that of mamma-
lian mitochondria (Kitazaki and Kubo 2010).

Despite the fact that the nucleoid of the plant mitochondria is less well-known, it
most likely possesses the PolI-like DNA polymerases1A and PolI-like DNA
polymerases1B, the replicative DNA primase-helicase (TWINKLE), the type II
topoisomerase Gyrase, the RecA-like recombinases (RECA2, RECA3), the
SSB-like ssDNA-binding proteins (SSB1, SSB2), the RecA-like recombinases
(RECA2, RECA), RPOTm and RPOTmp phage-type RNA polymerases, the
MutS-like homolog MSH1, and some of the additional proteins (Palmer and Herbon
1988; Xu et al. 2011). DNA repair and homologous recombination are also
facilitated by several of these proteins.

Fig. 12.1 The basic structure and types of plant mitochondrial genome. Arabidopsis mitochon-
drion with its circular DNA and mitoribosomes inside the matrix. A circular 367 kb Arabidopsis
thaliana mitochondrial DNA having inverted repeats and direct repeats (a). Different conformations
of mitochondrial DNA found in angiosperms, e.g., circular, linear, and sigmoid type (b)
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12.4 Structure of the Chloroplast Genome

A plant biologist discovered the chloroplast genome for the first time in 1950. Due to
the lack of advanced techniques at that time, comparative restriction site mapping
and cloning were being used to study genome organization, structure, and gene
order. The genome size is more variable than the mitochondrial genome size and
highly conserved, ranging from 35 to 217 kb in most plants species (Chumley et al.,
2006). The chloroplast genome consists of 79 protein-coding genes out of 113 total
genes, where 30 genes code for transfer-RNA and 4 genes encode rRNA genes in
tobacco. It is a circular and quadripartite structure having a unique sequence like a
small single-copy region(SSC), a large single-copy region(LSC), and one pair of
inverted repeats (IRs) (Yang et al., 2010). The structure of the chloroplast genome of
Nicotiana tabacum with its different regions has been provided in Fig. 12.2a. In the
inverted repeat (IR), 5 protein-coding, 4 rRNA, and 7 tRNA genes are present, which
evolved during the duplication event. The LSC region consists of 62 protein-coding,
22 tRNA genes in contrast to the SSC region, which contains 12 protein-coding
genes and a single tRNA gene. In the chloroplast genome, only 12 genes possess
introns, out of which ycf3 and clpP genes contain two introns, and the other genes
possess a single intron. In the LSC region of 50end, trans-splicing occurs in rps12

Fig. 12.2 Structure and strat codon diversity in tobacco chloroplast genome A circular 156 kb
tobacco chloroplast genome with different regions, i.e., LSC (large single copy), IR-A (inverted
repeat A), IR-B (inverted repeat B), and SSC (Small single copy) regions (a). Variation in the start
codon in various genes of the chloroplast genome, e.g., GUG as start codon for psbC (photosystem
II 44 kDa protein) and rps19 (ribosomal protein subunit 19) gene; ACG as start codon for rpl2
(ribosomal protein large subunit 2) and ndh2 (NADH dehydrogenase subunit 4) gene (b)
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genes. Duplication event has also been reported in the IR regions of the chloroplast
genome (Liu et al. 2016). The chloroplast genome possess some protein-coding
region having several initiator codons. The psbC and rps19 use the GUG initiator
codon, while the rpl2 and ndhD use ACG initiator codon. The schematic represen-
tation of the start codon diversity has been given in Fig. 12.2b. The rest 75 genes
code universal tRNA. Translational efficiency is higher in the non-canonical initiator
GUG codon than the canonical initiation codon AUG. In Oryza minuta, the initiator
codon of the rpl2 and rps19 genes are ACG and GUG, respectively. AUG was used
as the initiator codon in the rps19 and psbC genes in plants belonging to the
Brassicaceae family (Kuroda et al. 2007; Hu et al. 2015). The chloroplast genome
has a large molecular marker to study large-scale evolutionary concepts in different
taxonomic groups. One of the advanced techniques is DNA barcoding, in which a
small segment of DNA from a given gene(s) is used for species identification. Some
chloroplast genes like matK, rbcL, and ycf1 act as barcodes to study evolutionary
conservation in the plant kingdom via DNA barcoding (Asaf et al. 2017; Wu et al.
2010).

12.5 Mitochondrial Genome Diversity in Angiosperm Plants

Rearrangements among large repetitive sequences within the genome often occur in
mitochondria of most angiosperms, and the genome exists in different conformations
inside the mitochondria among different species (Mower et al. 2012). Consequently,
mitochondrial genomes in angiosperms have multipartite genome maps that can be
depicted as a single “master circular” or a collection of subgenomes (Palmer and
Shields 1984; Sugiyama et al. 2005; Arrieta-Montiel and Mackenzie 2011). In
flowering plants, mitochondrial genomes highly vary in structure and size (Mower
et al. 2012). While the genomes are typically depicted as single circular rings, plant
mitochondrial chromosomes have also been found in a variety of shapes and sizes,
which include linear or circular forms, highly branched or σ-like structures, and
multi-chromosomal structures capable of co-existing in a single plant (Kitazaki and
Kubo 2010). The different conformations of the genome inside the mitochondria
have been depicted in Fig. 12.1b.

Some CMS (Cytoplasmic Male sterility) lines in maize and rice, as examples,
exhibit linear mitochondrial genome (Allen et al. 2007; Notsu et al. 2002). The
mitochondrial genome in the case of Eruca sativa is multipartite, with six bigger
circular and four smaller subgenomic circular DNA, indicating that repeat-induced
genomic rearrangement is possible (Wang et al. 2014). Brassica oleracea, which has
a tripartite structure having a 220 kb circular genome divided into two smaller
circular genomes of 170 and 50 kb by homologous recombination of repetitive
sequences, has a similar arrangement (Grewe et al. 2014).
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12.6 Mitochondrial Genome Stability

The mitochondrial genome has a high risk of DNA damage due to the high ROS
produced during electron transport in the respiratory mechanism (Møller 2001).
Plants use different mitigating strategies for their genome stability and proper
functioning. Repeated sequences play a significant part in higher plants for the
stability of mtDNA (Kmiec et al. 2006). It may also function in homologous
recombination and, as a result, have a significant influence on the structure of
mtDNA. Massive repeated sequences (>1 kb), average-size repeats (50–500 bp),
and micro-homologies (50 bp) are the three types of mtDNA repeats. Large size
repeats are frequently engaged in changeable reciprocal recombination processes
that regulate mtDNA flexibility in plants, which is generally made up of a combina-
tion of interconvertible subgenomes (Negruk et al. 1986; Oda et al. 1992). Homolo-
gous recombination (HR) appears to be the main DNA repair mechanism in plant
mitochondria, with the end-joining mechanism being uncommon. HR is also
required for the replication and segregation of mtDNA and is accountable for the
genome’s fast evolution (Cappadocia et al. 2010). As an outcome, the large number
of HR must precisely be controlled to circumvent intragenomic rearrangements that
might be harmful to the mitochondria because of repetitive sequences in mtDNA
(Wallet et al. 2015).

Nuclear genes that play a crucial role in the stability of mtDNA have been
discovered through studies in mutants with variegated leaves or by altering genes
previously thought to be involved in organelle DNA metabolism (Maréchal and
Brisson 2010). RECA1 was found in the mitochondria of the bryophyte
Physcomitrella patens which are the homologs of bacterial RecA protein (Terasawa
et al. 2007; Inouye et al. 2008). A RECA1 knock-out strain has abnormalities in
development and mitochondrial morphology and a decreased rate of mtDNA repair
(Terasawa et al. 2007; Odahara et al. 2009). Furthermore, the RECA1 knock-out
mutant exhibits large rearrangements due to abnormal recombination between short
repeats ranging from 62 to 84 bp dispersed across mtDNA, indicating that RECA1
keeps mt genome stable by inhibiting gross rearrangements (Odahara et al. 2009).
Mutations in plant-specific single-strand DNA-binding proteins, such as WHY2
from the whirly protein family (Cappadocia et al. 2010) and organellar single-
stranded DNA-binding protein 1 (OSB1), also cause abnormal recombination
between repeats (Dong et al., 2013). Recombination occurs between short repetitions
(30 bp) in the OSB1 mutant and is gyrase inhibitor-dependent in the WHY2 mutant
(Cappadocia et al. 2010).

12.7 Chloroplast Genetic Engineering

There are currently new technologies for sophisticated chloroplast genome engineer-
ing. Through enabling genome engineering of chloroplast genomes in major crops
and increased expression of foreign genes using modular vectors, RNA interference
(RNAi), and crop-specific vectors, multigene engineering can be utilized to create
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high-value desired bioproducts. Introgression of a single gene into the chloroplast
genome can be employed to give biotic/abiotic stress tolerance or increase biomass
(Jin and Daniell et al. 2015). Retrograde signaling allows genes expressed in
chloroplasts to regulate the nuclear genome. Photosynthesis is the process of pro-
ducing vital energy sources for the whole world as a form of ATP, oxygen, fuel,
food, etc., done in the chloroplast. The chloroplast genome can be modulated by the
genetic engineering and biotechnology tool for enhanced agronomic traits,
medicines, and industrial enzymes for a beneficial approach. Chloroplast genome
engineering is used for stable introgression and expression of the foreign gene from
the heterologous system like fungus, virus, animal for producing biopharmaceutical
proteins, industrial enzymes, antibiotics, and benefitted agronomic traits (Chen et al.
2014). Plastid transformation has various advantages like the very less unwanted
effect of transgene due to compartmentalization, transgene confinement via maternal
or uniparental inheritance. Double homologous recombination is required for chlo-
roplast transformation (Verma and Daniell 2007; Verma et al. 2008). The diagram-
matic representation of chloroplast genome engineering and its applications for plant
trait enhancement has been provided in Fig. 12.3.

Hundreds of genes from other organisms have been expressed in chloroplasts,
which exhibit substantially elevated expression than expression systems inside the
nucleus in many situations. However, the requisite expression level has still not been
obtained in a few cases. Protein N-terminal degradation is a well-known phenome-
non in heterologous systems. Insulin, the most renowned chimeric protein in the
blood, has not been expressed without N-terminal fusion proteins in any expression
vector (Lee et al. 2011). As a result, numerous human therapeutic proteins have been
discovered. To confer stability, green fluorescent protein (GFP) has been expressed

Fig. 12.3 Application of chloroplast genome engineering for various purposes, i.e., for increased
CO2 fixation efficiency via CCMmechanism, production of essential volatile compounds necessary
for unique traits, and modulation of insect resistance in target host plants
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in chloroplasts by tagging with cholera toxin B (CTB) to aid oral delivery and
stability (Lee et al. 2011; Kohli et al. 2014; Shenoy et al. 2014).

12.7.1 Agronomic Trait Enhancement Via Chloroplast Modulation

Synthetic antimicrobial peptide production by chloroplast genome engineering for
protection against various fungal infections, bacterial, pathogens, viral particles, and
abiotic stress has also been established in few studies (Lee et al. 2011; Kwon et al.
2013). The expression of β-glucosidase in chloroplast activates the ester conjugates
to produce hormones (indolyl-3-acetic acid, zeatin, gibberellic acid). It has been used
for high biomass, height, internode length, increase leaf area in the targeted plants. It
also provides protection against whitefly and aphid via sugar esters which are
produced in high amounts in the dense globular trichomes on the leaf surface (Jin
et al. 2011).

12.7.2 Engineering of the Metabolic Pathway in Chloroplast
for the Beneficial Product

The heterologous expression of chloroplastic enzymes involved in the isoprenoid
pathway (mevalonate pathway) without any regulatory sequences like (promoter,
UTR) in the host chloroplast shows an increase in the amount of mevalonate,
carotenoids, sterols, squalene, and triglycerols, in the transformed plants (Kumar
et al. 2012). Carotenoids are photoprotective compounds synthesized by the
terpenoids pathway. Astaxanthin, a carotenoid, acts as an antioxidant and is respon-
sible for the pigmentation of salmon and few other organisms. Transfer of gene
isopentenyl diphosphate isomerase, β-carotene hydroxylase, and β-carotene
ketolase from marine bacteria to the chloroplast genome of lettuce produced key
carotenoids (ketocarotenoids) astaxanthin fatty acid esters (Harada et al. 2014).
Lipid soluble tocopherols act as antioxidants in plants and are known for scavenging
of the reactive oxygen species (ROS). The α-tocopherol, an isoform of the tocoph-
erol, was synthesized by the expression of tocopherol cyclase (TC) and γ-tocopherol
methyl-transferase (γ-TMT) in the chloroplast. Some rate-limiting enzymes like
homogentisate phytyltransferase (HPT), TC, and γ-TMT elevate the total tocopherol
content up ten-fold. Enhanced synthesis of α-TOC in transplastomic plants enhances
the nutritional, biotic, and abiotic stress tolerance by reducing the ROS level, lipid
peroxidation, and ion leakage in plants (Lu et al. 2013; Jin and Daniell 2014).

12.7.3 Enhancement in Photosynthesis Efficiency Via Plastid
Engineering

Ribulose-1,5-bisphosphate carboxylase/oxygenase, abbreviated as RuBisCO, is a
major enzyme operating in the Calvin cycle that has sparked interest to improve the
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catalytic activity, carbon fixation efficiency, and decrease oxygenase activity. The
assembly of small subunits of Rubisco from the nucleus to chloroplast forms
functional Rubisco. Early efforts entailed relocating the small subunit gene to the
chloroplast genome (Dhingra et al. 2004). The heterologous expression of Rubisco
subunits in chloroplasts has been the subject of more recent investigations. The CO2-
concentrating mechanism (CCM) from cyanobacteria has recently been introduced
into transplastomic plants, which has resulted in a breakthrough in crop improve-
ment (Lin et al. 2014). Within chloroplasts, hybrid assembly of Rubisco from
Synechococcus elongates Se7942 and CcmM35, a β-carboxysomal protein, led to
enhanced carbon fixation efficiency but decreased growth. This is a significant
footstep toward chloroplast genetic engineering to increase photosynthesis. Other
discoveries increased recombinant Rubisco biogenesis by simultaneous expression
of the RuBisCO accessory chaperone RAF1 and RuBisCO (Whitney et al. 2015).

12.7.4 Chloroplast Genome Engineering for Insect Resistance

Although significant progress has been witnessed in expressing biopesticide genes
from a gram-positive bacteria Bacillus thuringiensis in the chloroplast for the
production of Bt toxin crystals, plastidial expression of these genes in many crops
has yet to reach commercial development because of the saturation of the market
value of Bt crop products. However, a new revelation of successful Bt resistance has
prompted the US Environmental Protection Agency (EPA) regulations to plant Bt
maize (De Cosa et al. 2001; Dufourmantel et al. 2005). As a result, recent attention
has shifted to identify novel features or methodologies to aid commercial
development.

The chloroplast genome has recently been engineered using RNA interference
technology (RNAi). Chitin synthase (CHS), V-ATPase, and cytochrome P450
monooxygenase (CYP450) found in lepidopterans were chosen as the target for
RNAi in this work. Cleaved and processed dsRNA had a higher quantity than
the native psbA transcript, which was robustly expressed (Redick et al. 2015). The
expression level of the targeted genes was lowered significantly in the mid-gut of the
insects feeding on leaves, having silenced CYP450, CHI, and V-ATPase gene, most
likely due to additional processing of engulfed siRNA in the insect gut. The larvae’s
net weight and their development and pupation rates were drastically decreased. In
separate research, Bock and colleagues used the stably expressed dsRNA in the
chloroplast genome against the insect β-actin gene and evoked resistance to the
potato beetle; this groundbreaking work was confirmed as effective in the field trials.

12.8 Evolution of Organelle Genome

Both organelle genomes (Mt genome and Pt genome) originated from prokaryotes
(alfa proteobacteria and cyanobacteria, respectively) through the endosymbiosis
process. Both are independent events in eukaryotic evolution over a billion years
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ago. RNA editing refers to mechanisms that add or remove the specific nucleotides
in RNA molecules and mechanisms that add or remove nucleotides. The information
in the mature mRNA is different from the gene that encodes this mRNA (Aphasizhev
and Aphasizheva 2011). The pentatricopeptide repeat (PPR) proteins are nuclear-
encoded factors necessary for editing in sites of different mitochondria and plastids.
RNA editing occurs in viruses, early eukaryotes, mammals, fungi, and plants in
various ways. RNA editing mechanisms are employed as checkpoints, and they can
maintain the function of the encoded protein and produce new proteins (Koito and
Ikeda 2012). Comprehensive studies of numerous processes in diverse species that
detail their mechanistic and functional features and their origins have recently been
studied (Nishikura 2010).

12.8.1 Mitochondria Genome for Phylogeny Analysis

Phylogenetic and phylogenomic reconstructions suggest mitochondrial origin from a
single ancestor, which is also known as monophyly. Two further pieces of genetic
study back up the theory that all mitochondrial genomes originated from a single
ancestor. The eubacterial origins of this genome have been adequately confirmed by
studies on mitochondrial DNA (mtDNA). The mtDNA sequences have facilitated
tracing the evolution of mitochondria from a single ancestor connected to
the Proteobacteria (Timmis et al. 2004). Anaplasma, Rickettsia, and Ehrlichia are
the closest eubacterial relatives of mitochondria in the rickettsial subgroup of the
α-Proteobacteria, which are a group of intracellular obligate parasites that also
includes the above 3 genera (Gillham 1994).

In several areas of biology, next-generation sequencing (NGS) has evolved as a
valuable tool. One of the uses in evolutionary and phylogenetic investigations is the
ability to swiftly and cheaply assemble organelle genomes. In evolutionary
investigations, metazoan mitochondrial genome possessing 13 protein-coding
genes, 22 tRNA, and 2 rRNA have been proved to be particularly helpful biomarkers
(Yang et al. 1985). It may also be helpful in evolutionary studies by comparing the
rates of base substitution among species, in addition to the other gene sequences.
Moreover, the mitochondrial gene ordering can also help study phylogenetic
inferences (Gissi et al. 2008).

RNA editing was discovered in the mitochondria of the flowering plants
(angiosperms) because of the sequence variations between DNA and RNA in 1989
(Covello and Gray 1989). This variation in the locations of U nucleotides in RNA
and C nucleotides in DNA was discovered to be caused C-to-U substitution in the
RNA. After editing, the codons are more comparable to those found in orthologous
proteins from other species at the same locations (Gualberto et al. 1989; Covello and
Gray 1989).

In understanding species-level phylogenies, mitochondrial DNA data can be
extremely useful. The arrangement of genes in the mitochondrion varies, and the
extensive stretches of noncoding DNA divide them. The mitochondrial genome
rearrangement occurs more often, resulting in several altered forms in a single cell.
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Because of the advancements in isolation methods of mtDNA, the use of restriction
endonucleases to recognize specific nucleotide differences, PCR methodologies, the
applicability of universal primers for DNA amplification in phylogenetics, and
population genetic studies, mitochondrial genes are becoming progressively
demanded in phylogenetics and population genetic studies (Borsch and Quandt
2009).

Cytochrome oxidase I/II, the electron transport-chain enzyme cytochrome c
oxidase, is present in both bacteria and mitochondria. This gene, commonly
employed to estimate molecular phylogenies, is gradually changing compared to
other mitochondrial genes that encode protein (Lavrov and Lang 2005). The mito-
chondrial 12S rRNA sequence analysis is widely used in phylogenetic studies and
molecular taxonomy. Its sequences have previously been proposed as a tool for
determining intermediate to lengthy divergence dates (Lavrov and Meyer 1996). The
cytochrome-b gene is the most helpful marker for resolving phylogenetic
relationships between closely related species although it lacks clarity at deeper
nodes. Although it has been reported to be beneficial in retrieving phylogenetically
significant information about taxonomic levels, its use is lineage-dependent and
diminishes as evolutionary depth increases.

12.8.2 Evolution of Chloroplast Genome and Its Use in Phylogeny
Analysis

The gene content, structure, and organization of the chloroplast genome are largely
conserved in comparison to the mitochondrial and nuclear genome. The rate of
substitution in nucleotide sequences is higher in the chloroplast genome than
mitochondrial genes but lower than the nuclear genome (Burger et al. 2003).
However, a number of studies have shown evolutionary processes like gene
duplications, mutations, deletions, and rearrangements. This organellar genome
has long been regarded as a suitable model for comparative and evolutionary
genomic investigations owing to its small size and preserved gene content. Compar-
ative studies of chloroplast genomes have been conducted on several focused
species, genera, or plant groups in recent years (Drouin et al. 2008; Dong
et al., 2013).

RNA editing, including C-to-U alterations, has also been observed in the chloro-
plast, apart from (Hoch et al. 1991). All the plant lineages from simpler bryophytes
to advanced angiosperms show this type of editing in plastids (Sugita et al. 2006).
Several species from the order Marchantiales, for example, have mRNAs that stay as
dictated by the chloroplast and mitochondrial genome (Rüdinger et al. 2008). RNA
editing has not yet been discovered in plant cytoplasmic RNAs. It appears that the
process is limited to these two organelles.

Comparative examinations of chloroplast genomes at higher taxonomic levels are
valuable for phylogenetic research and in comprehending the evolution of the
genomes in the context of genome size changes, gene deletions, and nucleotide
changes. However, choosing a gene with the right length and substitution rate is
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critical. The atpB, matK, ndhF, rbcL, rpl16, and many more genes were currently
utilized CpDNA genes for this purpose.

12.8.2.1 rbcL Gene
RuBisCO, the first enzyme in the C3 cycle, is the world’s most abundant and
significant protein and a key component of the global carbon cycle (Raven 2013).
The rbcL gene is a single-copy gene found on the cp-genome that has a lot of
phylogenetic usefulness. The rbcL gene has a length of 1428 bp and is located in all
plants, excluding some parasites (Dong et al. 2018). It is straightforward to examine,
align. Its secondary confirmation is well-studied and exists as multiple copies with
few insertions and deletions. The rbcL gene codes for a large subunit of RuBisCO,
whereas the rbcS gene in the nucleus encodes a small subunit. The first and one of
the most commonly sequenced regions of the plant is the rbcL gene. It has frequently
been employed in systematic research of terrestrial plants, particularly angiosperms.
Phylogenetic connections among angiosperms and extant seed plants were
investigated using around 500 rbcL sequences. Even though rbcL is conserved and
easily alignable among the taxa, it has a greater replacement rate than 18S rDNA
(Chase et al. 1993).

12.8.2.2 MatK Gene
MatK (maturase), a maturase enzyme, is involved in the splicing mechanism of type
II introns in the RNA transcripts. It was situated within the intronic region of the
chloroplast gene trnK, which encodes lysine tRNA. This gene’s use in rectifying the
intergeneric or interspecific connections among angiosperms has recently been
demonstrated in research. The gene has high rates of substitution in comparison to
other grass systematics genes and has a high proportion of transversion mutations.
The three sections of its coding region help construct phylogenies in the Poaceae at
the subfamily level (Patwardhan et al., 2014).

12.8.2.3 ndhF Gene
The ndhF genes, which encode for NADP dehydrogenase subunit F, are approxi-
mately 1100 bp long and are found in a single-copy region. The sequence variation
among these genes was employed to rebuild a phylogenetic tree between 282 species
representing 78 monocot groups. Furthermore, based upon rbcL alone or in combi-
nation with atpB and 18S rDNA, they demonstrated that relationships within orders
are consistent. However, this gene provides more informative characters than rbcL
and other genes (Givnish et al. 2006).

12.9 Conclusion

Besides serving as a tool for phylogenetic and evolutionary studies, the organellar
genome can be used as a target for the improvement of essential agronomic traits.
Plant chloroplast genome contributes mainly to the synthesis of carbohydrates, in
addition to few other molecules. Our review gives a comprehensive and updated
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account of the basic structural organization of chloroplast and mitochondrial genome
as studied in several plant species. A regulatory mechanism like RNA editing, DNA
damage repairs inside the two organelles has also been discussed as studied in few
plant species. Many researches have focussed on improving the photosynthetic
efficacy and growth performance through genome engineering via transgene tech-
nology. However, more detailed studies on the various regulatory mechanism of
gene expression need to be studied in major crop species.
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DNA Barcoding in Plants: Past, Present,
and Future 13
Pradosh Mahadani, Majusha Dasgupta, Joshitha Vijayan,
Chandan Sourav Kar, and Soham Ray

Abstract

DNA barcoding is a method of identifying biological specimens and assigning
them to their respective species. It involves sequencing of single/multiple short
stretch/stretches of previously agreed-upon genomic region which evolves fast
enough to allow species-level discrimination. Thus, obtained sequence(s) of
unknown samples serve as a molecular identifier which is compared to a reference
database of museum samples using specialized algorithms to reveal the identity of
the specimen under study. In effect it complements classical taxonomy to quickly
identify any newly obtained sample and aid in describing, naming, and
classifying it to species. Unlike in animals where DNA barcoding is well
standardized utilizing mitochondrial gene CO1, DNA barcoding in plants has
perpetually been a matter of concern due to low substitution rates of plant
mitochondrial genome. Alternatively, plastid genome has been targeted in case
of plants for DNA barcoding purpose with some amount of success but
ambiguities remain regarding selection of barcode region that can provide best
possible resolution. A large number of studies tested the efficiency of seven
leading candidate plastid DNA regions (matK, rbcL, rpoB, rpoC1 genes and
atpF–atpH, psbK–psbI, trnH–psbA spacers) as the standard DNA barcode for
plants. Based on universality, sequence quality, and species discrimination rate, a
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double-locus barcode (rbcL+matK) system is suggested to perform best in plants.
However, internal transcribed spacer (ITS) region of plastid gene ycf1 has
recently been suggested as the most promising single-locus plant DNA barcode.
On contrary, a recent study argues that with an ever-growing sequence database
even double-locus barcode (rbcL+ matK) system might become unfit for precise
discrimination purpose. Hence, with the availability of next-generation sequenc-
ing technologies, partial genome representation-based barcoding, genome
skimming based barcoding, full-length multi-barcoding (FLMB), etc. might be
the preferred approaches to improve diagnostic power. DNA barcoding in plants
not only speeds up writing the encyclopedia of life, but also opens up the
possibility of establishing Digital Plant Identification System (DPIS) which
works independent of type, age, or developmental stage of the sample under
study. Hence, if used properly, DNA barcoding can be an effective and efficient
tool for exploring and protecting biodiversity, expedite bioprospecting, and
defending against bio-piracy.

Keywords

DNA Barcoding · ITS · matK · Species identification

13.1 Introduction

Plant biodiversity is a product of natural evolution and selection pressure that has
sustained humankind’s security for thousands of years. It is recognized as a valuable
gene pool for various traits, which may stand as a potential solution in the face of
rising environmental and anthropogenic challenges. Still, a vast amount of biodiver-
sity remains undiscovered to the world. In this aspect, traditional taxonomy has been
serving to identify and classify species over many years. As many valuable species
and gene pools face the risk of extinction, the first step in preserving biodiversity is
assessment. Recent estimates suggest that around 70,000 flowering plant species
await to be discovered (Gross 2011). Unfortunately, there are not enough
taxonomists to catalog species throughout the world. DNA taxonomy and DNA
barcoding are accessory technologies that have helped speed up the process and
emerged as a conservation practice tool. By harnessing advances in molecular
genetics, sequencing technology, and bioinformatics, DNA barcoding was initially
proposed by (Hebert et al. 2003)and has emerged as a vital new tool for taxonomists
who take care of inventory and management of our planet’s immense and changing
biodiversity (Kress and Erickson 2008). DNA barcoding equips the taxonomist with
the ability to quickly and cheaply (relatively) provide diagnostic identifications of
species present in specific locations with immediate conservation and environment-
related implications. Therefore, this diagnostic tool was developed as an aid to the
taxonomic identification of species. It uses a standardized DNA region from the
genome, which ideally has sufficient sequence variation to discriminate among
species (CBOL et al. 2009). It has been advocated as a more efficient approach
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than traditional taxonomic practices (Blaxter 2004; Tautz et al. 2003). The classical
techniques of plant identification involving the conventional keys are tricky and
time-consuming. As it involves micro-and macroscopic characters as well as chemi-
cal profiling, which did not evolve successfully. In this aspect, DNA barcoding has
rapidly achieved recognition as an essential tool with the power to aid much basic
research and applied endeavors in taxonomy and species identification (Hajibabaei
et al. 2007; Hebert et al. 2003; Savolainen et al. 2005).

13.2 The Genesis of Concept

In 2003, Paul D. N. Hebert, a professor at the University of Guelph, Ontario, Canada,
for the first time proposed the concept of DNA barcoding with an announcement that
it would serve as a basic tool for species identification of global biological samples.
His announcement is based on his observation and analysis with the class Hexapoda,
representing the greatest biodiversity on the planet. The technique involved selective
amplification of only 648 bp of mitochondrial Cytochrome Oxidase SubunitI (COI)
gene near its 50end. He coined this segment DNA barcode for species-level identifi-
cation. He justified its universality based on rapid evolution properties of the COI
gene and variability properties of A, T, G, and C nucleotides of DNA. He argued that
integrating DNA barcodes into traditional taxonomic tools could efficiently reveal
unexplored biodiversity more swiftly and more securely in an authenticated way
than traditional methods alone. Since the genesis, it has been successfully used for
rapid biodiversity assessment studies, bio-monitoring, investigation of the illegal
trade of endangered species, feeding ecology studies and for conservation of medic-
inal and poisonous plants, etc. (Muellner et al. 2011; Hollingsworth et al. 2011). The
use of nucleotide sequence variations to investigate biodiversity, however, is not a
new concept. It has been long realized that the changes in the four nucleotides A,
T, G, and C set the backbone of molecular evolution, leading to discrete variation
patterns among organisms. Thus, during the evolution, initial changes accumulate at
the molecular level, which in the long-term lead to visible morphological variations.
However, even if two organisms are morphologically alike, they may bear substan-
tial variation at the molecular level, and the phenotypic similarity or dissimilarity
between organisms is not a true reflection of actual variation. This dilemma often
leads to misinterpretation and is a major drawback in biodiversity research where
morphological keys are the basis. Several enthusiasts who were inclined to explore
variation at the molecular level proposed using nucleotide segments, genes, rDNA,
allozymes, etc., as markers to characterize organisms. However, the propositions
were mainly suitable for a group of organisms while lacking broad range utility or
universal application. DNA barcoding is a comparatively easy, quick, reprove able,
universal approach for species identification. The principal requirement for
barcoding is judicious locus/loci for DNA barcoding and should be prioritized and
standardized so that large databases of sequences for that locus can be generated.
Sequences are able to generate without species-specific PCR primers from the taxa

13 DNA Barcoding in Plants: Past, Present, and Future 333

http://en.wikipedia.org/wiki/Nucleotide


of interest. Three essential principles of DNA barcoding are standardization, mini-
malism, and extensibility.

The leading DNA barcoding bodies and resources are (1) Consortium for the
Barcode of Life (CBOL) http://www.barcodeoflife.org established in 2004. World-
wide DNA barcoding efforts have resulted in the formation of CBOL which
promotes DNA barcoding through more than 200 member organizations from
50 countries, (2) International Barcode of Life (iBOL) http://www.ibol.org launched
in October 2010, iBOL represents a not -for-profit effort to involve both developing
and developed countries in the global barcoding effort, establishing commitments
and working groups in 25 countries. It is the largest biodiversity genomics initiative
ever undertaken, which maintains a barcode reference library, (3) The Barcode of
Life Data systems (BOLD) consists of different institutional nodes from several
nations clustered into separate working groups which works coordinately for the
development of a specialized repository for DNA barcode sequences and has
emerged as a global bio-identification system for species. BOLD is a web-based
system for DNA barcodes, combines a barcode repository, analytical tools, an
interface for submission of sequences to GenBank, a species identification tool
and connectivity for external web developers and bioinformaticians (Ratnasingham
and Hebert 2007). As of 2017, BOLD included over 5.9 million DNA barcode
sequences from over 542,000 species.

13.3 Technical Know-How of DNA Barcoding

The development of reference data sources for each taxa of the world and thus
creation of a reference database is an important step in the realm of barcoding
research. It involves either mass participation of renowned taxonomists across the
globe for the construction of a sound reference database. Another way by which this
is achieved is by focusing on the museum specimens identified by various experts
and using their barcode sequences as the standards or references for those taxa.
However, all resources are not cataloged in museums and hence, new collections and
explorations are also considered vital. As museum specimens maintain some stan-
dard data, new collections of specimens were undertaken maintaining some
standards records such as collector name, collection date, geographical location,
elevation/depth, collection gear, notes on habitat and microhabitat, sex of specimen,
life stage, specimen imaging, identifier, etc. Practically cataloguing the total biodi-
versity of Earth in a museum is not feasible and even if it can be done gradually with
time, the specimens get deformed as no fixatives can guarantee total preservation of
the samples. Under such circumstances, the specimen’s information is maintained in
a database. The second part of DNA barcoding involves access of the reference data
by enthusiasts for subsequent analysis and interpretation. Additional favorable
factors are short length of barcode loci facilitated routine sequencing, even with
sub-optimal material, lack of heterozygosity enabling direct polymerase chain reac-
tion followed by sequencing without cloning, ease of alignment that enables the use
of character-based data analysis methods, lack of problematic sequence
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composition, such as regions with several microsatellites, that reduces sequence
quality, universal capability to get amplified/sequenced with standardized primers,
easy align ability and capability to get recovered easily from herbarium samples and
other degraded DNA samples (Hollingsworth et al. 2009). From the preparation of
the data to the final analysis, DNA barcoding technology comprises several practical
steps, which will be discussed below briefly.

13.3.1 Sampling

The DNA barcoding is a molecular concept, where focus is on the DNA molecules
that remain embedded within each cell. Hence, sampling for DNA barcoding
involves both specimen sampling and DNA sampling. Specimen sampling is done
from a taxonomist point of view, where a complete coverage of morphological and
geographical information is gathered. DNA sampling can be done from any tissue of
the organism; however, the areas which bear the key morphological characters for
the specimens are always kept intact. The specimen sampling is immediately
followed by sampling of a small part of tissue for DNA sampling.

13.3.2 DNA Extraction, PCR Amplification, and Sequencing

The DNA molecule which is the principal component of DNA barcoding concept
has to be extracted and preserved. Nowadays there are several technologies involved
for isolation of DNA, however, the best technique is adopted which will keep the
DNA intact. The isolation is followed by PCR amplification of the targeted DNA
barcode segment using available published primers and then sequencing.

13.3.3 Analysis and Interpretation

PCR amplification and sequencing of the barcode segment are followed by analysis
of the sequence using bioinformatics tools. The major part of the analysis involves
checking the quality of the sequence and its maximum similarity with the reference
database.

The prerequisite criteria for any DNA barcode loci are a large amount of sequence
variation between species; however, variation should be low enough within species
so that a gap between intra- and inter-specific genetic variations can be defined and
also known as barcode gap. Besides that, conserved flanking regions for universal
primer are required to enable routine amplification across highly divergent taxa. In
practice, an unidentified organism’s specific standardized portion DNA sequence
acts as a repository signal which is compared to the reference sequences databases of
known species. The similarity of sequence, i.e., unknown organism to one of the
reference sequences leads to a rapid and reproducible identification. Some large
group of linkage or association should exist as support for species monophyly and
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the ability of DNA barcoding marker systems to differentiate or distinguish species
(Fig. 13.1).

13.4 Promising Plant DNA Barcoding Loci

Chloroplasts are organelles of prokaryotic origin and house of photosynthetic
apparatus and also play a crucial role in sulfur and nitrogen metabolism. Plant
DNA barcoding involves sequencing a standard region of the chloroplast genome
as a tool for species identification. The chloroplast is a nearly autonomous organelle
because it contains the biochemical machinery necessary to replicate and transcribe
its own genome and carry out protein synthesis. The DNA of chloroplast is a circular
that ranges in size from 120 to 190 kb depending on the species. The chloroplast
genome is symbiotic in its origin from both algal and protistan lineages; its gene
expression machinery is an assembly of prokaryotic, eukaryotic, and phage-like
components, resulting in the acquisition of a significant number of regulatory
proteins during evolution. Comparative evaluation indicates gene order and gene
content of land plants chloroplast genomes are highly conserved. Traditionally, the
plastid genome has been a more readily choice for phylogenetic studies in plants
than the nuclear genome. As the chloroplast genome is maternally inherited, no
recombination occurs, and, in general, structurally they are more stable with high
copy number. Several candidate regions have been proposed as barcoding loci,
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Fig. 13.1 Basic workflow of DNA barcoding approach
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including some coding genes (matK, rbcL, rpoB, and rpoC1) non-coding region
(psbA-trnH, atpF-atpH, ycf) or a combination of several regions.

Maturase K of the chloroplast genome is the most conserved gene in the plant
kingdom and is involved in Group II intron splicing. matK gene sequence is about
1500 bp long and encodes maturase like protein. Due to the high substitution rates,
matK is emerging as a potential candidate for DNA barcoding (Hilu and Liang
1997). The matKgene has ideal size, large proportion of variation at open reading
frame level at first and second codon position. The matK gene is rapidly evolving
and considered as a good DNA barcode region (Mahadani et al. 2013; Sun et al.
2012). Thus, matK sequence plays a vital role in phylogenetic and evolutionary
studies. Lahaye et al. (2008) collected more than 1600 plant samples from
Mesoamerica and southern Africa, biodiversity hotspot. This was the first large
scale study to compare eight potential barcodes in all the samples. As a universal
plant DNA barcode, Plastid matK gene showed easy amplification, alignment,
discrimination power. In addition, analyzing >1000 species of Mesoamerican
orchids, DNA barcoding withmatK alone revealed cryptic species and proved useful
in identifying species listed in Convention on International Trade of Endangered
Species (CITES) appendixes.

Several researchers proposed rbcL as a potential plant barcode region, as large
amounts of information are already available in the sequence databases. About
1300 bp long, rbcL sequences showed a fair degree of success in discriminating
species (Newmaster et al.; 2006). But the rbcL marker, which is easy to amplify
sequence and align, has a limited discrimination power, especially when among
closely related species. The Consortium for the Barcode of Life (Plant Working
Group) recognized a combination of matK and rbcL as the universal plant barcode
(CBOL et al. 2009) although the levels of variation are sometimes low and insuffi-
cient to recognize species with these two specific markers. In large scale studies,
these loci provide a discriminatory efficiency at the species level of 72% and 49.7%,
respectively. In some instances, they have failed to differentiate closely related
species (Hollingsworth et al. 2009). As a result, other chloroplast regions, e.g.,
trnH-psbA, trnL, trnL-F and the nuclear ribosomal Internal Transcribed Spacer
(ITS) are routinely used in combination with matK and rbcL.

In higher plants, two plastidal RNA polymerases referred as plastid encoding
polymerases or PEP (α-, β-, β0-, and β00-subunits) encoded by rpoA, rpoB, rpoC1, and
rpoC2 genes are promising candidates (Serino and Maliga 1998). In the chloroplast
genomes, ndhF is located at one end of the small single-copy region and encoding
the ND5 protein of chloroplast NADH dehydrogenase complex. ndhF contains more
phylogenetic information than rbcL (Kim and Jansen 1995).

Among the non-coding region, trnH-psbA has highly conserved PCR priming
sites, high numbers of substitutions and is often used as an additional marker,
especially when DNA barcoding is applied to closely related plant taxa (Kress and
Erickson 2007). However, mononucleotide repeats in the trnH-psbA region cause
constraints in PCR and sequencing. Although trnH-psbA shows high levels of inter-
specific variation, it has found only limited use in species-level phylogenetic recon-
struction due to its short length as well as difficulty of alignments resulting from a
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high number of insertion and deletion (indels). The intergenic spacer trnL-F has a
long history of use in studies on plant phylogenetic and species identification studies
(Wallander and Albert, 2000). In some groups this region often contains ploy A and
T structures and affects sequence quality (Shaw et al. 2005). In the chloroplast
genome, the pseudogene, ycf1 is located in the boundary regions between IRb/S
and IRa/SSC, respectively. ycf1 is the first open reading frame coded by Tic214 (part
of TIC core complex). The lack of their protein-coding ability is due to partial gene
duplication. This gene is related to ATP synthase, and much more closely related to
the rbcL gene with respect to its genetic structure. Recently, two regions of the
plastid gene ycf1, ycf1a, and ycf1b were recognized as most variable loci in plastid.
Dong et al. (2015) designed primers for amplification of these regions and analyzed
the potential of these regions as DNA barcode in 420 tree species. The study showed
ycf1a or ycf1b perform better than any of the matK, rbcL, and trnH-psbA for a large
group of plant taxa (Dong et al. 2015) (Fig. 13.2).

In case of plants, mitochondrial genes are poor candidates for species-level
discrimination due to low rate of sequence change. As the plastid genome evolves
very slowly relative to other genomes and shows intra-molecular recombination,
more than one barcode is necessary to provide enough to work. Although it is widely
accepted that a single (“universal”) set of barcode regions should be adopted to
establish a reference barcoding database for all plants. The seven plastid regions
rpoC1, rpoB, rbcL, matK, trnH-psbA, atpF-atpH, and psbK-psbI were evaluated in
three divergent groups of land plants (Newmasteret al., 2006. Hollingsworth et al.
2009). Study reports that 92% to 96% of plant specimens can be distinguished by
combining the two core barcode markers rbcL and matK. In general, the genes used
in angiosperms are matK, rpoC1, rpoB, accD, YCF5, and ndhJ, whereas in
non-angiosperms matK, rpoC1, rpoB, accD, and ndhJ. The Plant researcher from
Consortium for the Barcode of Life (CBOL) proposed additional combinations of
non-coding and coding plastid. In plant systematics for phylogenetic, rbcL
sequenced most commonly, followed by the trnL-F intergenic spacer, matK, ndhF,
and atpB-rbcL has been suggested as a candidate for plant barcoding.

Internal transcribed spacer regions (ITS) of nuclear ribosomal DNA are often
highly variable in angiosperms at the generic and species level and divergent copies
are often present within single individuals. About 400–800 bp long ITS regions are
the most commonly sequenced region among the nuclear ribosomal cistron regions
(18S-5.8S-26S), across the plants defined barcode gap between inter- and intra-
specific variations (Group C P B et al. 2011). Chen et al. 2010 reported that The ITS1
and ITS2 (each <300 bp) adjoining the 5.8 S locus have a higher degree of variation
than the rRNA genes (Chen et al. 2010). These genes contain enough phylogenetic
signal for discrimination of both plants and animals. The ITS2 in comparison with
ITS1 is more suitable for amplification and sequencing due to its shorter length of the
target region which is referred to as a mini-barcode. The ITS of nuclear DNA has
been used as a target for analyzing fungal diversity in environmental samples, and
has been selected as the standard marker for fungal DNA barcoding (Schoch
et al., 2012).
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13.5 Utility of Plant DNA Barcoding

The additional power of the DNA barcode speeds up writing the encyclopedia of life.
It opens up the way to develop an electronic field guide which workes at all stages of
life. It can deal with fragments, unmask the look-alikes, reduce ambiguity, democ-
ratize access, and thus sprouts a new leaves on the tree of life. Forensic investigators
have also applied these plant DNA barcodes in the regulatory areas of traffic in
endangered species and monitoring commercial products, such as foods and herbal
supplements. Categories of use include species-level taxonomy(Mahadani et al.
2013), biodiversity inventories (Lahaye et al. 2008; Hollingsworth 2008), phyloge-
netic evaluation (Hajibabaei et al. 2007), conservation assessment and

Fig. 13.2 Schematic diagram of Chloroplast genome. The graphical map Camellia sinensis var.
assamica (Accession No: JQ975030) was drawn using OGDRAW (https://chlorobox.mpimp-golm.
mpg.de/OGDraw.html)
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environmental preservation(Hollingsworth et al. 2011), species interactions and
ecological networks (Erickson et al. 2008), cryptic diversity information (Fazekas
et al. 2008), ecological forensics(Mishra et al. 2016), community assembly, traffic in
endangered species, and monitoring of commercial products (Stoeckle et al. 2011;
Mahadani and Ghosh 2013).

DNA barcoding assists in identification by expanding its power to detect species
by including all life history stages of life, like pollen, seed, seedling and unstructured
plant parts, etc. Kool et al. (2012) tested the functionality, efficiency, and accuracy of
the use of barcoding for identifying 110 medicinal plant roots combining rpc1, trnH-
psbA, and ITS. These three candidates identified the majority of samples up to the
genus level. DNA barcoding helps to find out undiscovered species that are poten-
tially new to encyclopedia of life (Kool et al. 2012).Over the last decade, four plant
DNA barcode markers, viz. rbcL, matK, trnH-psbA, and ITS2, have been tested, and
used to address many questions in systematics, ecology, evolutionary biology, and
conservation. Mahadani et al. (2013) examined the sequences of core DNA barcode
matK and trnH-psbA for differentiation of ethnomedicinal plants of family
Apocynaceae from North east India. Among the selected medicinal Rauvolfioideae
species, ~758 bp matK sequence showed easy amplification, alignment, and high
level of discrimination value in comparison to the trnH-psbA spacer sequences. The
partial matK sequences exhibited 3 indels in multiple of 3 at 50 ends, but clustered
cohesively, with their conspecific Genbank sequences. The possessing indels in
multiple of 3 could be utilized as molecular markers in further studies both at the
intra-specific and inter-specific levels (Mahadani et al. 2013).

Reliable identification of plant material by regulatory authorities is often of vital
essence. Their domain includes identification of pests, pathogens and invasive
species, illegal trades, identifying food or herbal medicine labeling errors/fraud. In
this aspect, DNA barcoding approaches to assess the plant components of herbal
medicines and dietary supplements, and evidence of market adulteration have been
reported from many findings. A large array of commercial tea products were first
time authenticated through rbcL and matK barcode sequences. Matching DNA
identification to listed ingredients was limited by incomplete databases for the two
markers, shared or nearly identical barcode among some species and lack of standard
names for the plant species. About 1/3 of herbal tea generated DNA identification
were not found on levels. This study demonstrated the importance of plant barcoding
(Stoeckle et al. 2011). Six Sabia species and their seven adulterants were
investigated DNA barcodes (trnH-psbA, rbcL-a, matK). Based on sequence
alignments, they concluded that not only trnH-psbA spacer sequence distinguished
S. parviflora from other Sabia species, but the matK+rbcL-a sequence also
differentiated it from the substitute and adulterants. The three candidate barcodes
identified S. parviflora and distinguished it from common substitutes or adulterants
(Sui et al. 2011).

In traditional taxonomy-based identification, as seedlings, roots, seeds, and pollen
and other gametophytes of many species appear similar, it is difficult to identify
species from individual tissue types/juvenile life stages. Thus, with paleo barcoding,
even barcode datasets with imperfect species resolution can still provide knowledge

340 P. Mahadani et al.



gains. Moreover, the field of pollen barcoding is growing rapidly, and even modest
increases in discriminatory power beyond morphological identification holds great
promise to enhance understanding of the dynamics and consequences of pollination
and pollen movement (Bell et al. 2016).

13.6 Challenges of Plant Barcodes

Several factors can potentially contribute towards a lack of unique species identifi-
cation with DNA barcodes. To successfully implement DNA barcoding, sufficient
time since speciation is required for point mutations or genetic drift. It leads to
developing of a set of genetic characters that “group” or outgroup conspecific
individuals are together unique from other species. In phylogenetic evaluation,
barcode sequences are shared among related taxa or species in clades where specia-
tion has been very recent. These problematic scenarios arise mainly in groups like
woody species with long generation times and/or slow mutation rates and groups
with evidence of recent radiation. Composition of monophyletic species is more in
animal (>90%) than plants (~70%) using barcode markers. Both animals and plant
systems have barcode gaps based on intra- and inter-specific genetic distances.
However, animal species showed larger barcode gaps than plants. However, overall
fine scale species discrimination in plants is relatively more difficult than animals
because species boundaries are less well defined (Fazekas et al. 2008). Polyploid
speciation may cause divergence between barcode sequences and taxon concepts
where multiple allopolyploid species share a common parent species. In such cases,
they may show similarity in plastid sequences, whereas independent origins of
allopolyploid species can lead to taxa treated as conspecifics possessing divergent
haplotypes. At least initially, plastid haplotype(s) with a diploid progenitor will be
shared by the species that have originated by allo or autoploidy (Wang et al. 2018).
The complexity of taxonomically complex groups (TCGs) cannot be solved using
one or few markers, as these groups result from recurrent ecotypic origin of taxa, or
recurrent ploidy transitions, apomixes, or recent hybrid speciation. Species discrim-
ination success can be predicted by its dispersal ability and in that case an inverse
correlation between intra- and inter-specific gene flow may rise. In case of Solanum
sect. Petota (wild potatoes), ITS, trnH-psbA, matK regions showed too much intra-
specific variation and lacked sufficient polymorphism in plastid markers (Spooner
2009). The universal barcode concept in plants is not working in Indian Berberis and
two other genera, Ficus and Gossypium. Even the most promising plant DNA
barcode loci (one from nuclear genome—ITS, and three from plastid genome—
trnH-psbA, rbcL, and matK) failed to resolve species identification in these plant
groups (Roy et al. 2010). Mahadani and Ghosh (2014) provide an alternative
approach to identify the species using indel polymorphism as a species-level marker
in Citrus.
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13.7 Prospect of DNA Barcoding

The major challenge for DNA barcoding in plants is to achieve the proportion of
unique species identifications. The selection of markers often depends on the nature
of the application or research queries. For instance, single specimen-based studies
tend to use a blend of the traditional DNA markers, while to recover a higher number
of taxa from degraded or mixed DNA samples, metabarcoding approaches are taken
which aims for shorter, easy to amplify fragments. The criteria of using multiple loci
or multi-tiered system increase sample handling, preparation time, and costs in plant
barcoding. Various limitations of traditional plant DNA barcoding has also been
overcome by the advancement of high-throughput sequencing technologies which
expedited the progress of plant genomics, particularly chloroplast genomics.
Recently complete chloroplast genomes have also been shown to discriminate
closely related species successfully. Until now, most DNA barcoding methods
follow a traditional PCR-based approach followed by dideoxy chain termination
(Sanger)-based sequencing. Alternatively, next-generation sequencing (NGS)
technologies which decrease the cost of sequencing solve the problem partially by
sequencing large portions of genomes (genome skimming) or whole genomes
(organellar or otherwise “genome skimming” approaches (Coissac et al. 2016; Li
et al. 2015). Short universally primed amplicon is ideal for sequence characterization
through new parallelized high-throughput sequencing technologies, allowing inex-
pensive but comprehensive studies of biodiversity to be a realistic goal. These
methods generate millions of sequence reads in a single run, they are still expensive
for many research groups with regard to consumables, informatics, computational
power, and data storage. In this aspect, though traditional Sanger-based sequencing
technology is more expensive than next-generation sequencing (NGS) and is gener-
ally hampered by the need for relatively high target amplicon yield, coamplification
of nuclear mitochondrial pseudogenes, confusions with sequences from intracellular
endosymbiotic bacteria and instances of intracellular variability (i.e., heteroplasmy).
Due to all these limitations, the high-throughput technology of next-generation
sequence-based DNA barcoding has recently showed promising outcome for the
elucidation of plant genetic diversity and its conservation.

13.8 Next-Generation Sequencing and DNA Barcoding

NGS technology allows for the sequencing of millions of DNA fragments from
thousands of DNA templates in parallel and produces millions of short reads. NGS is
a term loosely applied to the set of technologies used for genome-scale sequencing,
viz. Roche 454, Illumina, Ion Torrent, SMRT, etc. It finds vast implementation,
because of its protocol simplicity, reduced cost per read, high throughout and added
information, sequencing sensitivity and accuracy by enabling the simultaneous
detection of co-amplified products such as homologues, prologues, and
contaminants. In this aspect, 454 pyro sequencing was the first NGS platform that
came into the market. It permits the analysis of mixtures of DNA fragments that are

342 P. Mahadani et al.



co-amplified during PCR or obtained by pooling different PCR products. Parallel
sequencing of PCR amplicons is most effective when limited sequence data are
targeted per specimen. NGS is also a powerful tool to detect numerous DNA
sequence polymorphism based markers within a short timeframe and triggered
numerous ground-breaking discoveries from many organisms (Van et al. 2013).
The information that has emerged serves as a strong molecular tool for species
exploration, progression, transformation studies, and the conservation of
biodiversity.

13.9 DNA Barcode-Based High-Resolution Melting Curve
Analysis (Bar-HRM)

In combination, high-resolution melting (HRM) analysis and DNA barcoding has
emerged as a potential molecular method for plant species authentication, commonly
known as Bar-HRM approach. The Bar-HRM has proven to be a reliable method for
detection of contamination of different plant mixtures, particularly at the early stages
of production like industrial quality control procedures for herbal medicines, etc.
(Fernandes et al. 2020; Lee et al. 2019; Madesis et al. 2012). It is a novel
DNA-based, cost-effective, and reliable quick identification assay that detects single
base changes between samples. DNA dissociation (“melting”) kinetics is monitored
to detect the point mutations, indels, and methylated DNA.

The denaturation thermodynamics of individual double-stranded DNA to single
strands is based on individual nucleotide pairs’ binding affinities. Moreover, melting
patterns will vary due to variations in product sizes, GC contents, and nucleotide
composition, which vary due to indels, mutations, and methylations, inferred in
terms of varying melting temperatures (Tm). In HRM in addition to standard PCR
equipment and reagents, it requires a generic DNA intercalation fluorescent dye
which is added to the previously amplified PCR products. As the double-stranded
DNA samples dissociate with increasing temperature, the dye is progressively
released and fluorescence diminishes. These differences of fluorescent
measurements collected at standard temperature increments, which are plotted as a
melting curve. So, variations in length, GC content, and base sequence will alter the
melting profile defined by a plot. This plotted curve is generated between melting
temperature and fluorescent level due to the release of intercalating SYBR Green I
dye in a real-time PCR system. This melting curve’s shape and peak are characteris-
tic for individual specimen sample, allowing for comparison and discrimination
among samples.

The HRM analysis has many advantages (1) As the sequencing is not required for
Bar-HRM, which is generated by combining DNA barcode with HRM (called
Bar-HRM), limitations of DNA barcoding technique could be minimized,
(2) HRM analysis method is quite sensitive detecting 0.1%–1% presence of
adulterated sample, (3) It is a high-throughput technology that is capable of
analyzing multiple samples at the same time, (4) Post-PCR processes are not needed
thus cross-contamination could be avoided, (5) The sample genotype can be traced
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by evaluating HRM curve analysis. Bar-HRM has thus been proven to be a powerful
tool for species identification capable of identifying species and quantitatively
detecting adulterants from mixtures of samples of different specimens.

To optimize HRM conditions, care should be taken in terms of primer designing,
PCR reagents, and cycling conditions since small differences in melting curves can
arise from sources other than the nucleotide sequence. Factors like genomic DNA
(gDNA) quality, amplicon length, primer design, dye selection, and PCR conditions
are all predicted to affect the melting behavior (Montgomery et al., 2007; van der
Stoep et al., 2009).

13.10 High-Throughput Plant DNA Barcoding Using Microfluidic
Enrichment Barcoding (ME Barcoding)

ME Barcoding is a precious tool for DNA metabarcoding. It is a cost-effective
method for high-throughput DNA barcoding that uses microfluidic PCR-based
target enrichment (Gostel et al. 2020), for species-level phylogenetic reconstruction.
Microfluidic PCR-based barcoding might be preferable to molecular phylogenetics
because of its efficiency, with minimal starting template size. There was a very low
amount of template and reagents needed for PCR reactions (0.033 mL in the Access
Array™ System). Nowadays, Fluidigm Access Array and Illumina MiSeq are used in
M.E barcoding. The barcode can be generated from 96 or even more samples for
each of the four primary DNA barcode loci in plants: rbcL, matK, trnH-psbA, and
ITS. Fluidigm Access Array simultaneously amplifies targeted regions for 48 DNA
samples and thus hundreds of PCR primer pairs (producing up to 23,040 PCR
products) during a single thermal cycling protocol. This technique is emerging as
an alternative to traditional PCR and Sanger sequencing to generate large amounts of
plant DNA barcodes and build more comprehensive barcode databases. Microfluidic
PCR amplification followed by high-throughput sequencing can produce by locus
sequence with minimal resource investment. However, there are two limitations of
this approach, viz. (1) A high initial equipment cost, (2) lower sequencing success
compared to Sanger methods (Uribe-Convers et al. 2016).

Alternative HTS platforms (e.g., Pacbio SMRT) could be better suited to build
plant DNA barcode libraries due to the matK region’s length. The single molecule,
real-time (SMRT) sequencing implemented on the SEQUEL platform to sequence
barcode sequence libraries for COI. The instrument had capacity to sequences from
more than 5 million DNA extracts a year (Hebert et al. 2018). Combining Pacbio
with ME Barcoding could help determine whether the longer sequence read length
provided by this single molecule, real-time (SMRT) sequencing approach (up to
60 kb) can improve the recovery success of all four plant DNA barcode loci
(Fig. 13.3).
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13.11 Full-Length Multi-Barcoding (FLMB)

FLMB is a superior but feasible approach for identifying complex biological
mixtures, which shows perfect interpretation for DNA barcoding that could lead to
its application in multi-species mixtures. This full-length multi-barcoding (FLMB)
via long-read sequencing is employed to identify biological compositions inadequate
and well-controlled studies. For instance, in recent years, using various science,
engineering, and biotechnology tools, the market foods are modified to improve their
taste, color, and flavor, making them commercially more attractive. In this aspect,
FLMB can detect most commercially processed foods and herbal mixtures for
quantitative analysis of unknown fruit mixtures. It can also determine the composi-
tion of mixed spices, flavored teas, vegetable stock cubes, curry, deep-frozen
vegetables, food supplements, and health drinks, as well as comprehensive identifi-
cation of biological origin for herbs (Zhang et al. 2019). Overall, this tool has the
potential to provide novel insights into biodiversity analysis in many research areas.

To test the efficacy of FLMB based DNA metabarcoding, DNA is extracted from
individual and mixed biological samples and then individually quantified using
qPCR, followed by library preparation and SMRT based Sequencing. Bioinformat-
ics analysis is done for proper authentication of individual samples from the
contaminated or mixture of samples. The working principle of FLMB is depicted
in Fig. 13.4.

PCR amplifica�on on the microfluidic pla�orm

Quality check & trim sequencing adapters

Extract genomic DNA and
order four sets of primers

Pool amplicons and clean

Sequence libraries on Illumina 

Assemble reads and analysis 

Fig. 13.3 Steps of
microfluidic enrichment
barcoding
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13.12 Genome Skimming Based Barcoding

One approach which offers a relatively straightforward mechanism to improve and
extend DNA barcodes is genome skimming (Dodsworth 2015). As a genomic DNA
extract typically contains a mix of both nuclear and organellar DNA (plastid and
mitochondria), NGS generates data across the three genomes. Therefore, genome
skimming deals with the ultimate goal of assembling organellar reference genomes.
Through genome skimming, there is also potential to make a highly fragmented
nuclear genome assembly. Overall, genome skimming is scalable, cost-effective,
and can be used effectively with degraded DNAs from herbarium specimens or
highly fragmented nuclear genome assembly (Nevill et al. 2020). This approach
recovers simultaneously all of the different “standard” plant barcoding regions and
provides a direct link with all other phylogenetically informative genomic regions.
The second benefit of genome skimming is that it is compatible with the standard
plant barcodes and genome sequencing. Genome skimming can recover plastid
barcode loci and ITS, thus adding to the standard barcoding loci’s growing reference
database. Many genome skimming studies only assemble the organellar and ribo-
somal DNA, excluding the nuclear reads.

The key challenges to widespread adoption of genome skimming as an extended
barcode will be dependent on the efficacy of its implementation at a vast scale, cost
implications for library preparation (which is also time-consuming), consumables,
computational power, and data storage. Another major challenge of genome

Fig. 13.4 Steps of full-length multi-barcoding
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skimming DNA barcoding is how to use nuclear data effectively (Coissac et al.
2016) because 99% genome sequence data are discarded. Coissac et al. (2016)
proposed DNA mark pipeline which will enable future DNA-based identification.

13.13 Restriction Site-Associated DNA Sequencing (RAD)

Restriction site-Associated DNA sequencing (RADseq) and its derivative methods
have been applied mostly for assessing population structure, hybridization, demo-
graphic history, phylogeography of organisms (Baird et al. 2008). The reduced
representation of genome scale has the potential to be implemented as an alternative
species identification tool. This method accesses large numbers of sequence
variations adjacent to restriction-enzyme cut sites and sequence the homologous
regions across hundreds of individuals, without genome sequence information. RAD
sequencing is one promising approach which has already been used to authenticate
complex species. RAD showed huge phylogenetic resolution among temperate
bamboo species which has less molecular variation due to their recent origin
(Wang et al. 2017).

13.14 Conclusion

The primary aim of DNA barcoding is to identify known specimens and to help flag
possible new species, thereby making taxonomy more useful for science and society.
Thus, it is based on conventional and inexpensive protocols for DNA extraction,
amplification, and sequencing. DNA barcoding is an approach to developing a
global, open-access library of standardized DNA barcode sequences, which would
help non-expert identify specimens up to species level. Certain limitations (low PCR
efficiency, inadequate variation in single-locus barcode) restrict achievement of a
universal DNA barcode system for land plants. However, multi-locus DNA
barcoding approach is still one of the most effective strategies for barcoding some
complex plants groups. With the advancement of next-generation sequencing
technologies, genome skimming RAD seq, etc. were evolved to sampling variation
throughout the genome and help identify the complex plant species with better
species resolution. Integrations of genome skimming RAD seq, HRM, ME
Barcoding, FLMB approaches have further paved the way in overcoming the present
limitations of plant DNA barcoding which would play a vital role towards the
development of Digital Plant Identification System.
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Abstract

To feed the ever-increasing human population globally, continuous attempts have
been made to enhance the agricultural productivity significantly through the
application of modern breeding techniques. Agronomic approaches such as
increased abiotic/biotic stress tolerance, reduced toxicity, superior nutritional
quality, delayed ripening, better post-harvest quality, etc. were attempted. How-
ever, loss of agricultural lands due to urbanization in both developing and under-
developed countries, drastic climate changes, plant diseases, and farmer’s
non-compliance to modern agricultural methods are some of the major hindrances
to these strategies. Plant-epigenetic modifications play vital roles in
acclimatization, stress tolerance, adaptation, and evolution processes. The
agronomically important traits of crop life such as flowering time, fruit develop-
ment, risk avoidance from environmental factors, and crop immunity are attained
by the epigenetic modifications such as DNA methylation, histone post-
translational modifications, and small non-coding RNAs modification. This
chapter emphasizes on the epigenetic changes and its effect on crop growth,
yield, and herbicide resistance. As well as develop plants that are resistant to
harsh weather conditions such as cold, heat, and rain and also to increase the crop
yield in poorly-arable places like deserts, marshy lands, backwaters, high
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altitudes and areas with high/low soil pH. Hence, the potential of epigenetics in
crop improvement and sustained agriculture is highly recognized by researchers
both in academia and industry and by policy makers and government.

Keywords

Plant Epigenetics · Sustained agriculture · Crop improvement · Epigenetic
regulation · Plant immunity · Plant breeding

14.1 Introduction

14.1.1 Epigenetics

The term epigenetics was coined by Conrad Hal Waddington in 1942, it is defined as
phenotypic changes due to heritable pattern of alteration in chromatin without any
changes in the underlying DNA sequences. The mechanism by which the gene
expression turned on or off was poorly understood at that time. However in the
last few decades numerous scientific studies revealed the mechanism of epigenetic
modifications and its influence on gene expression profile in normal development
and disease conditions in an organism. Unlike the genetic mutations the epigenetic
modifications can be reversed, as well can be manipulated to obtain the desired
phenotype, this phenomenon allows epigenesist to understand the differentiation and
development process of a seed to plant and has high potential to generate phenotypic
variations that could well adapt to abiotic and biotic stress and favorable
agronomical traits such as disease resistant and high yielding quality crops. Plants
being sessile developed several sophisticated mechanisms of gene regulation includ-
ing epigenetic regulation to respond, adapt, and thrive in a constantly changing
ecosystem. The three major epigenetic marks are methylation of fifth carbon of
cytosine in Guanine–Cytosine (GC) rich sequence in a gene, acetylation /
deacetylation of histone proteins and small RNAs. To alter the gene expression all
these can act alone or in combination with each other. DNA-methylation in plants is
done by three different enzymes, namely (1) MET1 DNA methyltransferase at GC
rich sequence; (2) CHROMOMETHYLASE3—CMT3 at CHG (H ¼ A, C, or T);
(3) DOMAINS REARRANGED METHYLTRANSFERASE—DRM1/DRM2 or
CMT2 methyltransferase are responsible for methylating CHH (Weinhold 2006;
Simmons 2008; Gibney and Nolan 2010). DNA methylation frequently happens in
repetitive regions such as transposable elements (TEs), centromeric repeats and in
rDNA—genes that encode ribosomal RNA. The TE transposition can disrupt geno-
mic integrity and could alter the gene expression if it integrates within or near the
gene; hence plants epigenetically silence them by methylation. TE silencing is
commonly found in epigenome of almost all the investigated plants that ranges
from moss -Physcomitrella to gymnosperms and angiosperms.

Manipulation of DNA methylation in plants can alter its phenotype, for example,
rice treated with DNA demethylating agents results in dwarf progeny. Reduction in
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global DNAmethylation was observed in vernalization treatment and it might be one
of the factors for initiating flowering in plants. Similarly, DNA methylation pattern
changes were observed in cold stressed-maize and Arabidopsis plants. Constant
response to the environmental stress induces methylation changes in plants; such
epigenetic modifications can be either reversed and the gene expression returns to its
near normal levels or it is carried as epigenetic stress memory to its progeny. Thus
the DNA methylation plays significant role in various stages of plant development
which will be discussed in several following sub-headings.

The regulation of gene activity has been achieved by reversible histone acetyla-
tion and deacetylation at the N-terminus of histone tails catalyzed by histone
acetyltransferases (HATs) and histone deacetylases (HDACs), respectively. Regula-
tion of gene expression in plant development and its responses to environmental
stresses can be also achieved by HATs and HDACs due to its interaction with
various chromatin-remodeling factors and transcription factors. Around 80% of
proteins in plants undergo acetylation.

14.1.2 RNAs—miRNA, ShRNA, si RNA, Non-coding RNA

Precursors of miRNAs or siRNAs are generated in several ways. DNA-dependent
RNA polymerase II (RNA Pol II) transcripts with extensive self-complementarity
fold back on themselves to form stem-loop structures in the case of miRNAs. The
double-stranded precursors can be generated via convergent, bidirectional transcrip-
tion by a DNA-dependent RNA polymerase such as RNA Pol II, thereby generating
transcripts that overlap and base-pairing the case of siRNAs. RNA transcripts can be
used as templates for an RNA-dependent RNA polymerase (RdRP), to generate a
complementary strand. The criticality for plant development requires miRNAs
which supports the functions of complementary mRNAs to a specific subset of
cells by bringing about their posttranscriptional degradation or translational repres-
sion in adjacent cells. In the context of a multi-protein RISC complex miRNAs
silence gene expression by base-pairing to target mRNAs, which facilitates mRNA
cleavage, “slicing,” or the inhibition of mRNA translation. Transcriptional gene
silencing by inducing DNA methylation and histone H3K9 demethylation are
regulated by heterochromatic siRNAs.

14.1.3 Small RNAs Can Trigger DNA Methylation and Chromatin
Modification

Large number of long non-coding RNAs (lncRNAs) are produced by many
eukaryotes, including plants which holds regulatory roles in various developmental
processes. lncRNAs are versatile regulatory molecules.
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14.1.4 Chromatin Remodeling/Condensation

The basal state of chromatin remodeling can be altered by promoting either an
“open” (activation of transcription) or a “closed” (repression of transcription) chro-
matin configuration. According to the size of transcripts NcRNAs can be classified
into two categories they are Nc RNAs with more than 200 nucleotides are considered
as long ncRNAs (lncRNAs), whereas short ncRNAs are less than 200 nucleotides.
The micro RNA (miRNAs), small interfering RNAs (siRNAs), and Piwi-interacting
RNAs (piRNAs) are included in the short ncRNAs. The stable inheritance of
chromatin structures can be invoked by transcriptional states to daughter cells
through mitosis or even meiosis. The existence of post-translational modifications
(mainly acetylation, methylation, and phosphorylation) of the amino-terminal tails of
the histones is demonstrated in various plants based studies. In plants, histone H4
can be acetylated at Lys 5, 8, 12, 16, and 20, whereas histone H3 is acetylated at
positions 9, 14, 18, and 23. To a lower extent histone H2A and H2B are also
acetylated.

14.1.5 Polycomb Proteins

The formation of conserved regulatory structures that can suppress genes through a
variety of physiological roles and types of epigenetic patterning is the major role of
polycomb proteins (PcG). PcG proteins bind nucleosomes thereby alters the intrinsic
structure of chromatin to initiate epigenetic modifications and maintain these
modifications during development. These multi-protein complexes modify chroma-
tin structure to form flexible, repressive chromatin configurations that include
numerous targeted genes and maintain silencing. The paradigmatic model for epige-
netic regulation of gene silencing has been controlled by the PcG of proteins. PcG
proteins are a collection of transcriptional regulatory factors that can control gene
expression, whose transcriptional imposed silencing can be transmitted from
embryos to adulthood.

14.1.6 Fungal Prions and Epigenetics

Due to self-perpetuating abilities which enable to record and reproduce the memory
of acquired alteration that initially caused prion formation prions are built as perfect
machines of molecular memory. Prion-like elements trigger environmental signals to
cellular and organismal processes. Two-level regulatory mechanism, with a prion-
like domain in the regulatory protein for initial sensing and recording a signal can be
achieved by epigenetic pathways with regulatory change in the chromatin organiza-
tion or in the mode of gene transcription.
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14.1.7 Global Hunger and Crop Production

Chronic hunger and malnutrition are undue burden on humanity; global statistics are
alarming with 821 million people who are in hunger. WHO’s Global Hunger Index
(GHI) shows that the many of the African countries are in the serious (GHI; 20–34.9)
to extremely alarming (GHI� 50) category. Developing economies like India is also
in serious condition with the GHI of 30.3. Hence urgent measures are needed to
address this global crisis. One of the major factors for the hunger is crop failure due
to natural disasters, unpredictable rainfall, drought, drastic climate changes. It also
hinders livestock management and adds up to food shortage. As well the on-farm
losses due to pests, rodents, birds, diseases, weather, harvesting and storage methods
(Chen 1990; Wu et al. 2014). Additionally, human activities such as urbanization,
deforestation lead to reduction in crop land. The environmental factors such as soil
erosion, fall of water tables, and aquifer pose threat to sustained agriculture. Hence,
governments all over the world make policies and programs to protect the agricul-
tural lands and prevent on-farm loss to maximize crop yield and utilization of
agricultural inputs to combat famine (Acevedo 2011). Genetic and epigenetic
approaches resulted in crops with high nutritional values, drug and drought varieties
and increased the crop yield; which in-turn could reduce the global hunger.

14.2 Plant Epigenetics

The study of genes, genetic variation, and heredity specifically in plants is the plant
genetics. Plant epigenetics based technologies dramatically increase our capacity to
understand the molecular basis of traits and utilize the available resources for
accelerated development of stable high-yielding, nutritious, input-use efficient and
climate-smart crop varieties. The highly diversified group of sessile organisms,
plants gets evolved with extreme ultraviolet light, salinity, and hypoxia interactors.
Some biotic interactors are beneficial for the plant (pollinators, rhizobia, mycor-
rhiza), whereas some interactors (herbivores, pathogens, or strong competitors) are
detrimental to plants. Molecular level changes of plants constantly are required to
adapt themselves to the changing environments via epigenetic regulations which
may improve the survivability of plants in terms of tolerance toward external stress.
Gene expression changes in plants may respond to environmental stimuli/chromatin-
based gene regulation. The chromatin modification in plants through DNA methyla-
tion is the major part of plant epigenetics. Direct modification of DNA genes in
plants occurs through mitosis and amitosis (Chen et al. 2010). DNA methylation and
histone modification cause the direct phenotypic characterization of epigenetic
mutants which possess the ability to characterize whole-plant traits and organ traits
(Alonso et al. 2019). Specific genetic and epigenetic variants dynamic interplay in
case of plant stress responses (Eriksson et al. 2020). The epigenetic modified plant is
shown in Fig. 14.1.

Epigenetic regulation in plants reflects their mode of development, lifestyle, and
evolutionary history. Plants grow by continuously producing new organs from
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self-sustaining stem cell populations known as meristems. Unlike growth in
mammals, in which organ and tissue formation is largely specified during embryonic
development. The high degree of phenotypic plasticity can be achieved by the
postembryonic development in plants in a continuous process shaped by environ-
mental influences. Because plants are unable to escape their surroundings, they are
forced to cope with changeable and often unfavorable growth conditions. Epigenetic
regulatory mechanisms can facilitate metastable changes in gene activity and fine-
tune gene expression patterns, thus enabling plants to survive and reproduce suc-
cessfully in unpredictable environments. Genome size, genome complexity, and the
ratio of heterochromatin to euchromatin in seed plants are generally comparable to
mammals. In case of gene regulation plants and mammals make similar use of DNA
methylation and histone post-translational modifications (PTMs).

DNA methylation consists mostly in adding a methyl group at the fifth carbon
position of a cytosine ring, and, different to what happens in animals, plants have
three sites that frequently can suffer methylation: CG, CHG (where H is A, C, or T),
and CHH. Modification of DNA methylation profiles in plant can cause phenotypic
variation. For instance, demethylation of rice genomic DNA causes an altered
pattern of gene expression, inducing dwarf plants. Thus, the knowledge of epigenetic
contributions in phenotypic plasticity and hereditable variation is important to
understand how natural population can adapt in different environmental condition,
especially in a world context of climate change.

14.3 Epigenetics to Increase the Crop Yield and Sustained
Agriculture

Improved crop yield with a goal for sustained agriculture may be achieved through
epigenetic regulation (Fig. 14.1) through epigenetic mechanisms leading to changes
in chromatin architecture, such as DNA methylation, post-translational histone
modifications, and the action of non-coding RNA molecules which are either
small RNAs (small interfering RNAs, siRNAs and microRNAs, miRNAs) or long
non-coding RNAs (long snRNAs) (Kapazoglou et al. 2018). The understanding of
epigenetics supports towards the crop improvement and ultimately this will get
replicated in the nutritional management and plant breeding. The molecular and
mechanistic basis of genotype along with the environmental interactions facilitates

Fig. 14.1 Epigenetic
modification in plant growing
in drought condition
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the epigenetic mechanisms. Epigenetics thus supports plant cellular/physiological
processes during its development with increased fitness/adaptability to the plant in
the changing environmental conditions (Kumar 2019). Recently the newer
technologies of gene editing accomplish things in shorter periods of time than a
natural breeding process. The genetically modified crops may open path for conve-
nient and more economical production practices for farmers.

14.4 Epigenetics for Crop Growth

Prevailing conditions for epigenetic changes for sustained agriculture was shown in
Fig. 14.2. The two major types of small RNAs, small interfering RNAs (siRNAs)
and microRNAs (miRNAs) in plants are likely to be associated with the silencing of
gene expression. miRNAs regulate the plant growth, development, organogenesis,
and responses to various biotic and abiotic stresses. The critical step for successful
grain production in rice is the flowering time control with criticality in the day length
as a key factor for rice flowering. Shorter day length will greatly induce rice
flowering with criticality in the photoperiod. Liu et al. 2014 reported that the
accurate control of flowering based on photoperiod is regulated by key mechanisms
that involve the regulation of flowering genes such as Heading date1 (Hd1), Early
hd1 (Ehd1), Hd3a, and RFT1. Rice enhancer of zeste [E(z)] genes SDG711 and
SDG718, which encode the polycomb repressive complex2 (PRC2) key subunit is
required for trimethylation of histone H3 lysine 27 (H3K27me3) which supports the
long day (LD) and short day (SD) regulation of key flowering genes (Liu et al. 2014).

Fig. 14.2 Epigenetics for improved agricultural productivity
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Kapazoglou et al. 2013 emphasized that epigenetic factors such as DNA methyl-
ation and histone modifications may regulate plant development. Gene silencing or
activation occurs by cytosine methylation and demethylation. They reported that in
seed development of Arabidopsis, cytosine demethylation is achieved by specific
DNA glycosylases, including AtDME (DEMETER) and AtROS1 (REPRESSOR
OF SILENCING1). They studied the DME homologue from barley (HvDME),
during seed development and drought conditions. Their phylogenetic analysis
revealed high degree of homology to other monocot DME glycosylases, and
sequence divergence from the ROS1, DML2, and DML3 orthologs. They concluded
that expression analysis during seed development and under dehydration conditions
provides role for HvDME in endosperm development, seed maturation, and in
response to drought.

The daily protein requirements have been increased due to wheat consumption
and wheat becomes one of the most important cereal crops having global production
of >700 million tones (Kumar et al. 2017). Limited success in growing wheat on
salt-affected soils has been achieved because only a few salt-tolerant bread wheat
genotypes have been identified. The accumulation of excessive salt contents in the
soil may lead to the salt stress which eventually results in the crop growth inhibition
and ultimately leads to crop death which creates very dangerous for agricultural
productivity. The impairment of water potential cells, ion toxicity, membrane
integrity and function, and delayed uptake of essential mineral nutrients occurs in
crop growth due to salt stress. This ultimately affects the metabolic processes in
plants. Understandings on biochemical, physiological, genetic, and epigenetic
aspects of salt tolerance along with cloning of the genes involved in salt tolerance
and development of transgenic may support toward the better breeding strategy for
the crops growing under saline conditions. Accumulation of sodium ion (Na+) in
plant tissues inhibits uptake of essential macronutrients like potassium (K+) and
calcium (Ca2+) from soil which creates the one of the detrimental effects in crop
growth (Very and Sentenac 2003; Shi et al. 2003).

Hamamoto et al. (2015) investigated the physio-biochemical responses of four
wheat cultivars under salt stress, and with response to the genotypes for their salt
tolerance level to identify the most contrasting salt-responsive genotypes. Further
they investigated the mechanisms responsible for genotype and tissue specific
differential expression of TaHKTs genes and found better antioxidant potential,
membrane stability, increased accumulation of osmolytes/phytophenolics, and
higher K+/Na+ ratio under 200 mMNaCl stress-induced condition of Kharchia-65
and found the same to be the most salt-tolerant cultivar. The sensitivity towards
stress may be ensured by reduced soluble sugar, proline, total chlorophyll, total
phenolics contents and lower antioxidant potential in HD-2329. Salt-sensitive
(HD-2329) genotype may be revealed by genetic and bioinformatic analyses of
HKT1;4 of contrasting genotypes (Kharchia-65 and HD-2329) revealed deletions,
transitions, and transversions resulting into altered structure and loss of conserved
motifs (Ser-Gly-Gly-Gly and Gly-Arg).

In order to gain insights into the genomic basis of apple (Malus domestica)
evolution and domestication a newer high quality apple WGS, GDDH13 v1.1, was
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released which serves as the reference genome for apple. WGSs apple shown
enormous impact on apple biological functioning, trait physiology, and inheritance,
with the valued outcome of high quality crop. Here in WGS apple shown improve-
ment associated with innovative approach to obtain durable, environmentally sound,
productive, and consumer desirable apples (Peace et al. 2019).GDDH13 based apple
reference genome supports in the understanding of epigenetic mechanisms involved
in fruit size regulation which helps in the fruit size regulation. Kumar et al. (2017)
investigated the physio-biochemical, molecular indices, and defense responses of
wheat cultivars to identify the most contrasting salt-responsive genotypes and the
mechanisms associated with their differential responses. For multivariate analysis in
order to identify the most contrasting genotypes the physio-biochemical traits
specifically membrane stability index, antioxidant potential, osmoprotectants, and
chlorophyll contents are measured at vegetative stage. They observed that Kharchia-
65 to be the most salt-tolerant cultivar based on the genetic and epigenetic analyses
with mechanisms associated with differential response of the wheat genotypes under
salt stress such as improved antioxidant potential, membrane stability, increased
accumulation of osmolytes/phytophenolics, and higher KC/NaC ratio under
200 mM NaCl stress. Sensitivity to the stress associated with HD-2329 strain was
elicited by increased MDA level, reduced soluble sugar, proline, total chlorophyll,
total phenolics contents, and lower antioxidant potential. The contrasting genotypes
can be revealed by deletions, transitions, and transversions resulting into altered
structure, loss of conserved motifs (Ser-Gly-Gly-Gly and Gly-Arg) and function in
salt-sensitive (HD-2329) (Kharchia-65 and HD-2329). Further the tissue- and
genotype-specific changes were explained by their epigenetic variations in cytosine
methylation. Overall they indicated that abiotic stress exerts significant impact on
plant’s growth, development, and productivity, which can be overcomed by epige-
netic and molecular mechanisms of salt tolerance in plants.

Recognization and respond of plants to pathogens have been evolved by its innate
immune systems which includes pathogen-associated molecular pattern (PAMP)-
triggered immunity and effector-triggered immunity. The key signaling molecules
involved in defense and growth, including jasmonic acid, salicylic acid, and reactive
oxygen species which includes the plant–pathogen interactions and neighboring
plants perception via light-quality receptors influence affects the profile of plant
secondary metabolites and emitted volatile organic compounds shown greater
impact on plant herbivore and plant pollinator interactions which in turn affects
the fitness of the plant (Alonso et al. 2019). Cai et al. (2018) reported that host
Arabidopsis cells secrete exosome-like extracellular vesicles to deliver sRNAs into
fungal pathogen Botrytis cinerea which accumulate at the infection sites and are
taken up by the fungal cells. These sRNA-containing vesicles accumulate at the
infection sites and are taken up by the fungal cells. The silencing of fungal genes
critical for pathogenicity has been induced by transferred host sRNAs. They reported
that Arabidopsis has adapted immune response based exosome-mediated cross-
kingdom RNA interference during the evolutionary arms race with the pathogen.
They emphasized that functional studies of host transferred sRNAs support the
identification of important virulence genes in interacting pathogens and pests.
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Crespo-Salvador et al. (2018) determined the histone marks’ profile in two
differentially expressed genes in response to B. cinerea, as well as to oxidative
stress, given its relevance in this infection. Here in both the induced CYP71A13
essential against this necrotroph and the repressed EXL7 (Exordium-like 1), which
encodes a cytochrome P450 involved in camalexin synthesis. On both the promoter
and the body of the highly induced PR1 in Arabidopsis plants infected with
B. cinerea at 24 and 33 h after inoculation they performed chromatin immunopre-
cipitation analysis associated with activating marks H3K4me3, H3K9ac, and the
repressor one H3K27me3. They observed that at 24 hpi, H3K4me3 level increased
on the promoter associated with different locations of the body of the genes induced
upon B. cinerea, including DES (divinyl ethyl synthase), LoxD (lipoxygenase D),
DOX1 (α-dioxygenase 1), PR2 (pathogenesis-related protein2), WRKY53 and
WRKY33. They further analyzed the genes as B. cinerea potential biomarkers for
infection in crops. Pathogen infection induces the expression of histone deacetylase
in Arabidopsis which indicates that histone acetylation/deacetylation has an impor-
tant role in the plant pathogenic response. In this regimen De-La-Pena et al. (2012)
observed that the loss of function of ASHH2 and ASHR1 resulted in faster hyper-
sensitive responses to both mutant (hrpA) and pathogenic (DC3000) strains of
P. syringae, whereas control (Col-0) and ashr3 mutants appeared to be more resistant
to the infection after 2 days with highest expression level of PR1 gene on infection
with DC3000 with increased resistance against this pathogen. The histone H3 lysine
4 dimethylation (H3K4me2) levels decreased at the promoter region of PR1 on
infection with the DC3000 strain in both the ashr1 and ashh2 backgrounds,
suggesting that an epigenetically regulated PR1 expression is involved in the plant
defense. They concluded that histone methylation is essential in the signaling and
defense processes of microbes against plants (De-La-Pena et al. 2012). They
hypothesized that microorganism upon contact with a plant switch on different
signaling pathways. If the microorganism is nonpathogenic, JA-related genes, such
as JAR1, are induced.

Plants are continuously exposed to different biotic and abiotic pressures. Newer
tools based plants to build resistance or tolerance to environmental stress to plants
can be achieved by DNA mutations. The epigenetic mark DNA methylation is based
on the covalent and reversible modifications to DNA/histone proteins, may alter the
chromatin structure and, in specific cases, can be inherited to the next generation. By
controlling the expression of several resistance genes plant response to biotic
stressors can be activated by epigenetic modulations. Here in upon the first stress
exposure, plants can be primed and subsequently activate defense genes more
efficiently against the next stress encounter based on the DNA methylation and
histone modifications of immune memory state of plants. Non-coding RNAs
(ncRNAs) such aslnc RNAs, siRNA, and miRNAs can act as direct and indirect
modulators in epigenetics research. The restoration of the stress-induced epigenetic
modifications to initial levels when the stress is removed will occurs. But in certain
conditions inheritance across mitotic or even meiotic cell divisions will occur and
makes the stress to be stable. Epigenetic modifications may support the plants to
relief the stable stress (Fig. 14.3). Even though plants have a peculiar characteristics
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of priming system which may offer enhanced resistance in which the previous
localized attack can be memorized by the plants at distal sites (Ramirez-Prado
et al. 2018).

In order to detect the effectors plants use transmembrane/intracellular receptors
known as “resistance proteins” for the effector recognition which may support the
effector-triggered immunity. The concept of transcriptional gene silencing also
supports towards the more stable layer of defense against DNA viruses. Develop-
ment of herbicide-resistant weed populations is the major problem affecting the
agricultural productivity. Herbicide resistance occurs due to mutation which reduces
the herbicide binding at the protein target of the herbicide. A strong abiotic stress
associated with the herbicides will be achieved in which the weeds respond by
activating stress-signaling networks that reprogram gene expression.

Kim et al. (2017) performed methyl C sequencing of Arabidopsis thaliana leaves
that developed after either mock treatment or two different sub-lethal doses of the
herbicide glyphosate treatments which causes herbicide injury of 9205 differentially
methylated regions across the genome among which 5914 of these differentially
methylated regions were induced in a dose-dependent manner with positive correla-
tion of methylation levels with that of the herbicide injury. They observed that out of
3680 genes associated with glyphosate induced differentially methylated regions
only 7% were implicated in methylation changes following biotic or salinity stress.
They concluded that plants responding to herbicide stress through changes in
methylation patterns are associated with dose-sensitivity and stress specificity.
Globally horseweed (Conyza canadensis) is one of the most commonly encountered
weed species that developed resistance to herbicide glyphosate. Wherein glyphosate
application, to horseweed shown phenotypic plasticity in response to selection

Fig. 14.3 Epigenetic modifications improves crop growth in adverse conditions
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pressure. In this strategy Gunjune Kim et al. (2017) observed phenotypic alterations
and differential expression of the EPSPS gene could be attributed to epigenetic
changes. They observed that DNA methylation plays a pivotal role in many
biological procedures (gene expression, differentiation, and cellular proliferation).
Their results shown that differential methylation pattern between the two
populations wherein the increased resistance of C. canadensis to glyphosate and
future development strategies that restrict weed resistance to herbicides may be
elucidated (Margaritopoulou et al. 2018).

Synthetic herbicides manage the weeds affecting the plants. The control of weeds
has been achieved by approaches of laborious manual weeding and environmentally
damaging tillage. Improved agricultural productivity can be achieved by adopting
synthetic herbicides with increased efficacy of weeding. Synthetic weeds killers are
affected by wide spread evolution of resistance to commercial herbicides. The
mechanisms of target-site resistance (TSR) and non-target-site resistance (NTSR)
have been associated with most herbicide classes. Mutations (non-synonymous
single-nucleotide polymorphisms, polymorphisms in more than one codon or entire
codon deletions in genes) encoding the protein targets of herbicides are encountered
with TSR which affects the binding of the herbicide (near catalytic domains or in
regions affecting access), whereas NTSR target-site mechanisms involve absorption
or translocation and increased sequestration or metabolic degradation (Gaines et al.
2011). The black-grass (Alopecurus myosuroides) and annual rye-grass (Lolium
perenne) hold a global problem of loss of chemical weed control due to multiple-
herbicide resistance. In this strategy Cummins et al. 2013 found that in both annual
rye-grass and black-grass, multiple-herbicide resistance was observed with the
increased expression of an evolutionarily distinct plant phi (F) GSTF1 that had a
restricted ability to detoxify herbicides. They emphasized that upon black-grass
A. myosuroides (Am) AmGSTF1 expression in Arabidopsis thaliana, the transgenic
plants acquired resistance to multiple herbicides and showed similar changes in their
secondary, xenobiotic, and antioxidant metabolism to those determined in MHR
weeds. Their results of transcriptome array experiments showed that these changes
in biochemistry were not due to changes in gene expression. Here in the AmGSTF1
showed a direct regulatory control on metabolism that led to an accumulation of
protective flavonoids. They conclude that specific GSTFs in multiple-herbicide
resistance in weeds with similar roles for its potentiality as targets for chemical
intervention in resistant weed management (Cummins et al. 2013).The response of
plant to environmental stresses has been achieved by variation in the expression of
numerous genes. The major threat to grass weed is the non-target-site-based resis-
tance to herbicides (NTSR). Duhoux and Delye (2013) identified a set of reference
genes with a stable expression to be used as an internal standard for the normaliza-
tion of quantitative PCR data in studies investigating NTSR to herbicides inhibiting
aceto-lactate synthase (ALS) in the major grass weed Lolium sp., in these references
gene has been used to check the herbicide response. In resistant plants their results
indicate that herbicide application enhanced CYP gene expression with
up-regulation of all CYP genes (Duhoux and Delye 2013)
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14.5 Epigenetic Modifications to Sustain Agriculture for Crops
Growing in Deserts

Plants get activated when they are exposed to the stressful conditions allowing to
react under epigenetic regulation for improving crop productivity associated with
stress conditions. Plant adaptation ability can be checked by analysis of candidate
genes and studying their regulation in response to abiotic stresses. With response to
abiotic stresses the analysis of stress related genes and their regulation of expression
are commonly employed for enhanced understanding of the plants ability to adapt
under abiotic stress environments. The different abiotic stress associated with plants
is shown in Fig. 14.4. The exposure to abiotic stresses may cause demethylation of
certain functionally inactive genes. Transgenerational inheritance can be achieved
by the expression of certain genes modified by epigenetic mechanism.

Mousavi et al. (2019) performed a multidisciplinary approach, including physio-
logical, epigenetic, and genetic studies to clarify the salt tolerance mechanisms in
olive varieties (Koroneiki, Royal de Cazorla, Arbequina, and Picual) and a related
form (O. europaea subsp. cuspidata) by growing in a hydroponic system under
different salt concentrations from zero to 200 mM. They checked the photosynthesis,
gas exchange, and relative water content at different time points, chlorophyll and leaf
concentration of Na+, K+, and Ca2+ ions, quantified at 43 and 60 days after
treatment. Their results indicate that several fragments differentially get methylated
among genotypes, treatments, and time points. Significant expression changes
related to plant response to salinity were observed by the real time quantitative
PCR (RT-qPCR) analysis. Four genes (OePIP1.1, OePetD, OePI4Kg4, and OeXyla)
were identified, as well as multiple retrotransposon elements usually targeted by

Fig. 14.4 Plant stress-signaling strategies
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methylation under stress conditions. Overall their studies concluded that olive
cultivation may successfully face the new scenarios driven by the climate change
through the selection of tolerant varieties to salt and drought stresses.

Guarino et al. (2015) investigated the epigenetic diversity of the poplar
populations of 83 white poplar trees at different sample locations on the island of
Sardinia by determining their DNA methylation status; to assess if and how methyl-
ation status influence population clustering; to shed light on the changes that occur in
the epigenome of ramets of the same poplar clone. They checked the methylation
sensitive amplified polymorphism on the genomic DNA extracted from leaves at the
same juvenile stage. Their results showed that the genetic biodiversity of poplars is
quite limited but it is counterbalanced by epigenetic inter-population molecular
variability. Their results of variable epigenetic status of Sardinian white poplars
shown a decreased number of population clusters. Ramets of the same clone were
differentially methylated in relation to their geographic position as observed during
the landscape genetics analyses. They concluded that genetic biodiversity of the
Sardinian white poplar is limited, by epigenetic inter-population diversity, which
supports white poplars to grow in very large areas of the island of Sardinia.

Salinity is the major environmental factor which limits agricultural productivity.
Epigenetic modulations under environmental stresses cause rice to be
underexplored. DNA methylation may regulate the gene expression with responses
to environmental stresses. In this regimen Ratna Karan et al. (2012) checked the
effect of salt stress on DNA methylation in four genotypes of rice differing in the
degree of salinity tolerance. Important role in regulating gene expression in organ
and genotype-specific manner under salinity stress was reported by gene body
methylation. They concluded that natural genetic variation for salt tolerance
observed in rice germplasm may be independent of the extent and pattern of DNA
methylation which may have been induced by abiotic stress followed by accumula-
tion through the natural selection process (Karan et al. 2012). The abiotic stress
associated with plants are shown in Fig. 14.5.

The important fruit tree and cash crop is the Apple (Malus domestica) globally.
The crucial role of low temperature of winter season is the great risk for apple tree. In
order to survive the chilling temperature of winters apple tree undergoes dormancy.
Kumar et al. (2016) studied the cytosine methylation based epigenetic regulation of
chilling mediated dormancy release in apple by employing methylation sensitive

Fig. 14.5 Abiotic stress associated with plants
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amplified polymorphism (MSAP) approach to analyze the changes in cytosine
methylation pattern during dormancy break and subsequent fruit set. They found
that under high chill conditions, total methylation gets decreased from 27% in
dormant bud to 21% in fruiting stage, with no significant reduction under low chill
conditions. Higher expression of DNA methyl transferases and histone methyl
transferases during dormancy and fruit set, and lower expression of DNA
glycosylases during active growth under low chill conditions were elicited during
RNA-Seq analysis. Their results shown significant association between chilling and
methylation changes which suggesting chilling acquisition during dormancy in
apple is likely to affect the epigenetic regulation through DNA methylation.

The drought tolerant, low input, and high yielding sweet potato (Ipomoea
batatas), produces more nutrients and has higher edible energy than most staples
such as rice, cassava, wheat, and sorghum. The devastating loss of sweet potato
productivity has been reported to get improved by micro-propagation techniques
(meristem or nodal tip culture, coupled with thermotherapy or cryotherapy).
Akomeah et al. (2019) checked the extent of in vitro culture induced soma-clonal
variation, at a phenotypic, compositional, and genetic/epigenetic level, by compar-
ing field-maintained and micropropagated lines of three elite Ghanaian sweet potato
genotypes grown in a common garden. Their results indicates that micropropagated
plants shown no observable morphological abnormalities compared to field-
maintained plants which shown significantly lower levels of iron, total protein,
zinc, and glucose. Their results of methylation sensitive amplification polymorphism
analysis shown higher level of in vitro culture induced molecular variation in
micropropagated plants. Overall they concluded that clonal fidelity of the
micropropagated bio-fortified lines may reduce potential losses in the nutritional
value. Benoit et al. (2019) developed a bioinformatics approach for the functional
annotation of retrotransposons containing long terminal repeat and defined all full-
length Rider elements in the tomato genome. They reported that accumulation of
Rider transcripts and transposition intermediates in the form of extrachromosomal
DNA is triggered by drought stress and relies on abscisic acid signaling. They
concluded that Rider as an environment-responsive element and a potential source
of genetic and epigenetic variation in plants. Herrera et al. (2013) investigated the
transgenerational constancy of epigenetic structure in three populations of the
perennial herb stinking hellebore (Helleborus foetidus). Their extensive epigenetic
differentiation between sporophyte populations was revealed by single-locus and
multilocus analyses. They observed 75% of epigenetic markers persisted unchanged
through gametogenesis during locus-by-locus comparisons of methylation status in
individual sporophytes and descendant gametophytes. Their findings indicate that
individuals and populations of H. foetidus indicate that epigenetic marks acquired
during the sporophyte life stage in response to biotic or abiotic stress would enhance
parental fitness if passed unchanged to the germline.

Du et al. (2020) studied 91 bud mutations of “Fuji” apple using the genetic
variation within “Fuji” as the control and examined the characteristics of epigenetic
variation at different levels in both varieties and mutant groups. They observed a
global genomic DNA methylation level of the 91 bud mutants of “Fuji” ranged from
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29 to 45%, with an average of 36%. The main DNA methylation pattern is the
internal cytosine methylation. They observed methylation level variation in the color
mutant group; however, variation in methylation pattern was more obvious in both
the early maturation and spur mutant groups. Their study concluded that abundant
changes in methylation levels and patterns between bud mutants and their mother
“Fuji” indicate the possibility of epigenetics mediated DNA methylation in “Fuji”
bud mutation line.

14.6 Epigenome Engineering Novel Techniques for Crop
Improvement

The novel techniques based on epigenome engineering for crop improvement
include the genetic modification with Agrobacterium tumefaciens (Agrobacterium),
which introduces a piece of its own DNA into the plant genome, in terms of tumor-
inducing (Ti) plasmid into the plant cell causing genome integration. Hence the
possibility of incorporation in to plant genome from distantly related/related
organisms in terms of transgenesis/cisgenesis has been achieved (Sedeek et al.
2019). Epigenome editing using mobile RNA has the potential to allow breeding
of artificial sport cultivars in vegetative crop propagation (Kasai et al. 2016). The
clustered regularly interspaced palindromic repeats (CRISPR)/Cas9 system offers
Cas9 nuclease complex direction to specific sites in the genome as determined by
complementary base-pairing between the DNA and a short single guide RNA
(sgRNA) (Lee et al. 2019). Genome editing technologies improve crops and ensure
global food security. Genome-edited crops of natural/artificial mutagenesis based
may support biotechnology companies to adopt genome editing (Sedeek et al. 2019).
By adopting several approaches the plant genome can be altered which includes
targeted introduction of nucleotide changes, deleting DNA segments, introducing
exogenous DNA fragments, and epigenetic modifications. Targeted changes are
mediated by sequence specific nucleases (SSNs), such as zinc-finger nucleases
(ZFNs), transcription activator-like effector nucleases (TALENs), and CRISPR
(clustered regularly interspersed short palindromic repeats)-Cas (CRISPR associated
protein) systems. Improvement in the delivery of exogenous DNA into plant cells
also increases successful gene editing events rate. Crop breeding based newer
approaches for enhancing the resistance to abiotic stress, as knowledge of stability
and heritability features of epigenetic marks and epigenetic regulatory mechanisms
are crucial for breeding applications.

14.7 Epigenetics in Agricultural Sector Patents

Oliver et al. (1994) patented a technology of creating transgenic plant containing
gene whose expression can be controlled by application of an external stimulus.
Gene expression with positive control may be achieved by an external stimulus to
maintain gene expression. Here in technology of gene expression in case of plant
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phenotype which is possible to grow favorable or unfavorable conditions may be
selected, based on the selection plant may be grown accordingly. Bucher and Thieme
(2016) patented a method for the mobilization of a transposable element by
providing an inhibitor of DNA methylation, and/or an inhibitor of transcription,
and by contacting the inhibitor(s) with a cell comprising inactivated transposable
elements, yielding a cell with mobilized transposable elements using inhibitor of
DNA methylation and/or an inhibitor of transcription. During 1990s, the first
epigenetic patents has been granted. These patents claimed laboratory methods
that lay the foundation for future epigenetic advances by describing how to detect
and manipulate DNA methylation. Nari, a company announced that it has secured
exclusive patent licenses for epigenetics from the University of California, with Los
Angeles (UCLA) the revolutionizing plant breeding by tapping natural genetic
diversity. The agreement, through UCLA’s Technology Development Group,
gives Inari access to tools that will positively influence crop performance without
altering a plant’s genetic code. U.S. Patent No. 5,871,917 claims methods of
detecting hypomethylation (decreased DNA methylation) or hypermethylation in a
CpG sequence. Prior to 2000 only nine epigenetic patents were granted. Epigenetic
patenting expanded rapidly in recent years. During the last 5-year period from 2000
to 2004 a sharp increase in the number of successful epigenetic patent applications
filed has been recorded.

14.8 Challenges and Opportunities in Phyto-Epigenetics

The genetic diversity is associated with wild-type plants collected from different
geographical origins. The environmental conditions such as photoperiod/tempera-
ture changes provoke changes causing RNA- or chromatin-based transcriptional
regulation. Altered chromatin and gene expression states also produce challenges
even if the plant returns to the original environmental condition, as in the case of
vernalization. Degree of epigenetic variation between ecotypes is also substantial,
which supports to explore whether epigenetic adaptations contribute to plant form,
survival, and performance under different conditions. Switches in epigenetic states
such as mutations allow read-through transcripts to bring about the silencing of
adjacent genes, including tumor-suppressor genes in humans. There is also the
possibility that environmentally or pathogen-induced epigenetic states might be
transmitted to progeny if the changes occur in meristems and can be maintained
through meiosis. Numerous changes at the level of the chromatin that lead to
activating or repressing specific gene expression are caused by environmental
factors. The epigenetic changes may be inherited over the generation that often
results in phenotypic variations. It is becoming evident that epigenetic changes play
important roles in acclimatization, stress tolerance, adaptation, and evolution pro-
cesses. Epigenetic variations suggest their effect on gene expression, with epigenetic
machinery of gene regulation in plants, and its possible use in epigenome engineer-
ing/editing for crop improvement is found to be the crucial steps. Defining the
molecular basis of transgenerational epigenetic inheritance could ultimately lead to
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development of epialleles designed for specific environmental conditions through
targeted epigenetic modifications in genes of interest.

14.9 Conclusion

The innate capability to survive plants under drastic climatic conditions has been
hold by plants. Improvement of plant capacity to produce more nutritious food and
capacity to survive under drastic climatic conditions are helpful. Here in the gene
expression profile of plants offers major impact towards the transformation of
epigenotype to phenotypes. In the forthcoming years monitoring and manipulation
of crop epigenome may offer wider scope which may support the development of
superior crops with improved agricultural productivity. Even though research has
paid way for better understanding for stress tolerance novel genetic engineering tools
application may still provide wider scope in future.
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Ethical Aspects and Public Perception
on Plant Genomics 15
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Abstract

Plant genomics is the study of a whole plant genome’s architecture, functions,
organization, genetic compositions, networks, and interactions. Internally, bioin-
formatics, system biology, metagenomics, proteomics, transgenomics,
metabolomics, genomic selection, phenomics, contemporary instrumentation,
epigenomics, and robotic sciences are all intertwined. In the country of cheap
and completely sequenced over a hundred plant genomes, it has achieved tremen-
dous progress in high-throughput sequencing over the last three decades. Because
of the utilization of modification methods and unique genomic selection, these
advances have a wide range of consequences in plant biology and breeding, while
also introducing a host of new challenges and responsibilities. This article
informs readers on plant genomics review, laws, transfer, ethics, public views,
and a wide range of databases.
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15.1 Introduction

Ethics are generally used in all living things, philosophical justification of plant
ethics consider for study of genetics. The biochemical composition of DNA
understands the significant physiological sequence to read (Greely 2015). Develop-
ment of plant DNA growth improved by advanced techniques that is testing,
sequencing, and manipulating to get which genes code for a specific protein,
enzyme, or a transporter in a specific plant and to search any mutation, SNP, or
copy number. The sequencing starts from individual gene to whole or partial
genomes. This leads to moving the scientific language from genetics to genomics.
Genomics disciplines in plants takes many ways, genome editing, MAS (marker
assisted selection), plant breeding, genetic engineering, transgenic, etc. The flow-
chart of process in ethics as follows (Fig. 15.1) (Mathaiyan et al. 2013).

Biotechnology began in the early 1970s. At the time, researchers anticipated that
genetic code technology would be helpful not just for study, but also for chemical
production, medicine, and agricultural and animal breeding. Scientists Paul Berg and
Maxine Singer are concerned about a new biotechnology innovation and if it is
hazardous to native plant species, including humans. After 20 years, Nobel Laureate

Fig. 15.1 Flowchart of ethical process
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Paul Berg and Maxine Singer (another prominent biologist) published a retrospec-
tive study claiming that the revolutionary new technology in biological research is
not detrimental to wild plants. Natural changes prompted the development of new
biotechnology techniques. Mutation is caused by genetic alterations, and similar
processes may be found in biotechnology including gene editing, mutagenesis
induction, and gene transfer from other genomes. These things are caused in certain
plants that produce various yields, such as Agrobacterium to sweet potatoes and rice
to millet (Hansson 2019).

15.2 Plant Genomics

Plant genomes represent gene size, gene content, the amount of repetitive sequences,
and polyploidy events in terms of gene size, gene content, and polyploidy events. In
plants, molecular analysis is constructed utilizing a single level gene concentrate.
Later, sophisticated technology was used to examine the plant’s genome structure,
expression, and interaction. The study of the movement of genes and genetic
information throughout the genome, as well as how it affects the structure and
function of organisms, is known as genomics. The study of genomics provides
knowledge about DNA codes and expands all areas of plant life. New methods
have been developed in plant genomics to study the biological function of genes and
to bridge the genotype–phenotype gap.

Fossil plants, archeological fabrics, maize cobs, sediment cores, and herbarium
sheets all these made extensive use of PCR in the 1990s. Furthermore, biomolecular
development research is being conducted at the forefront of ancient plant develop-
ment. Maize was the first DNA sequence that was successfully captured. Ancient
RNA was initially discovered in cress and then sequenced in maize. The RNA virus
was the first to be resurrected in barley. All of these studies were focused on DNA
selection in a home setting (Kistler et al. 2020). Ancient plant study was inspired by
the use of the technique called PCR in plants, and subsequently plant DNA was
studied using a population genetic approach using an ancient DNA dataset to
increase agricultural yield.

Over the course of 15 years, genomics has been evaluated. Whole genome
doubling was significant in the evolution of polyploidy in plants. According to
estimates based on conventional cytogenetic research and stomatal guard cell counts,
chromosome doubling is common in many plant species. To better comprehend
polyploidy, expressed sequence tags (EST) were used for the first time in various
plant species (Wendel et al. 2016). These analyses showed that all of the expressed
sequences have a common ancestor. Plant genomic evolution is divided into three
waves. The single gene sequencing method, Restriction Fragment Length Polymor-
phism (RFLP) markers, dot blot types, one-gene, and one-phenotype method are all
considered in the first evolution. The second evolution ended with whole genome
sequencing and single nucleotide polymorphism (SNP) markers, which entailed
identifying genes associated with particular traits. Comparative whole genome
sequencing from several related species is included in the third or present evolution
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(Borevitz and Ecker 2004). Genome analysis covers the response of DNA levels and
gene expression levels in polyploidy. DNA-level responses include reciprocal or
non-reciprocal homologous exchange, mutational loss of duplicated genes, inter
sub-genomic dispersion of TEs (caused by genome merger and polyploidization),
and divergence in molecular evolutionary rate.

Through comparative genome mapping of related plant species, genome colin-
earity was found between well-sequenced model crops and their related species (for
example, Arabidopsis for dicots and rice for monocots) (Campos-de Quiroz 2002).
In the inter- or intrastages of species, genomic information from genetic and physical
maps is shown. Later, whole genome sequencing based on techniques such as
fluorescence-based DNA sequencing is considered, which yields at least 500 bases
per read. After that, the automated process will begin with sample selection and
purification from people. Finally, the accessible data is handled in software and
hardware for processing.

Improvement in reading genome undertakes plant genome assembly, repeat
regions, De novo assembly, genome annotation, genome re-sequencing, phenotype
study, data analysis. All these software are considered for analyzing the genome, the
genome assembly consider tool the SOAP denovo, genome annotation consider tool
to annotate the plant genome with AUGUSTUS, MAKER-P. Re-sequencing is used
to study heterozygosity and ploidy levels assemblies (Bolger et al. 2017). To crop
improvement through the biological tools so many data bases created to handle
genome of plant species. The available of plant comprehensive information is
provided to public utilization through databases. These database study undertaken
in Bioinformatics (Fig. 15.2) (Bolger et al. 2017). The flow chart of bioinformatics
database will be as follows for public usage of database in DNA, RNA, and proteins
(Dhanapal and Govindaraj 2015).

Fig. 15.2 Database study undertaken in Bioinformatics
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15.3 Ethical Aspects of Plant Genomics

The public’s knowledge of the science and technology that underpins the develop-
ment of transgenic crops is critical to the breeding technique’s future success.
Without accurate information, the public will be unable to make fair choices on
the benefits and drawbacks of GM food production and consumption. This is
precisely the problem: scientific literacy is almost non-existent, and a lot of different
groups are taking firm positions on both the safety and the advantages of this
technology.

The word “intrinsic” was used to describe the basic ethical concerns, which
included theology, respect for nature, and naturalness (Straughan 1995a). When it
comes to GE, words and phrases are often at the core of issues. Though they are
almost synonyms, “transgenic” sounds similar to “eugenic,” and therefore may
incriminate by association, while “engineered” sounds more evil than
“domesticated” (Jones and Balasubramanian 1995). More likely, fundamental resis-
tance to transgenic stems from the belief that crossing species borders is immoral,
but it is important to remember that categorization is a man-made notion. The forces
of natural selection result in the formation of new species, according to evolutionary
theory, which is founded on dynamic ideas and gradualism. Creationist theory
depicts life forms as fixed and immutable, determined by god, with small changes
such as mutations occurring over long periods of time. Evolutionary theory is based
on dynamic concepts and gradualism, with small changes such as mutations occur-
ring over long periods of time, whereas creationist theory depicts life forms as fixed
and immutable, determined by god, with small changes such as mutations occurring
over long periods of time. Hybridization will be more prevalent in nature than is
generally recognized, with about 20% of plant species hybridizing spontaneously
(Brookes 1996). Another area of basic ethical concern is environmental respect
(Straughan 1995a; Reiss and Straughan 2001). Some people object to reductionism
because it dehumanizes humans by reducing their life to a sequence of gene products
that may be transplanted into other animals.

The underlying resistance to biotechnology (Weil 1996), nature commercializa-
tion, and human evolution control—“evolution engineered”(Jones and
Balasubramanian 1995) as a challenge to traditional beliefs and world views—
posed a slippery downward scenario which necessarily leads to the acceptance of
more advantages, one becomes increasingly unconvinced by the acceptability of
controversial technologies. It is also suggested that ethical boundaries be established
and that acceptable and unacceptable behaviors be explained. Fundamental issues,
on the other hand, do not have to be theological, and they do not have to be anti-
transgenics. Transgenics could be viewed as naturally acceptable, as they aid
evolution and provide new information about the natural world; science is regarded
as intrinsically great. While the consequence of scientific endeavors may be accept-
able, this does not imply that the actions of scientists are necessarily acceptable, just
as scientists’ activities are not essentially awful regardless of whether scientific
activities may result in horrific results (Kealey and Nelson 1996).
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Assumptions regarding transgenic crops are clearly dependent on value
judgments rather than empirically proven facts, characteristics and views are prone
to shift with circumstance, time, and theoretical system changes. Beneficiaries of
research findings may have ethical systems and beliefs that vary significantly from
those of the scientific community performing the study (Hawtin 1997) from a
philosophical standpoint, the difficulties of making ethical choices and creating
moral innovations were addressed (Robinson 1999), including an explanation of
how law, religion, and custom define right and wrong, as well as how deontological,
utilitarian, and naturalistic moral theories can be used to aid rule and judgment
making. It emphasized that ethical theories not to be confused with reality and that
makes the ethical choices difficult (Carr and Levidow 1997). Opposed (Straughan
1995a) for separating intrinsic and extrinsic ethical issues, theoretically divorcing
crop engineering from its effects, and so removing ethics from risk. Despite the fact
that it is the result of a debate about the values that drive biotechnology research and
development, “official policy downplays ethical choices by addressing risk as if it
were an objective thing,” according to the article, “official policy downplays ethical
choices by addressing risk as if it were an objective thing.”As a consequence, “state-
sponsored ethics”will be labeled. From a scientific perspective, knowledge is always
important in evaluating risk; ethical implications arise only when information must
be assessed in order to make a decision, and only when responsibility, justification,
and obligation must be given (Straughan 1995b).

15.4 Transgenic Plants Regulation in India

India’s regulatory system for assessing the biosafety of genetically modified
organisms (GMOs) and their derivatives is well-defined. In 1989, India became
one of the first nations to establish a biosafety regulatory framework for genetically
modified organisms (GMOs). The top regulations for regulating all GMO-related
activities are published under the Environment (Protection) Act of 1986.

In 1986, India’s Union Government passed the Environment Act (EPA 1986).
This legislation was passed to preserve the environment and minimize the danger of
pollutants and toxins disrupting the ecosystem’s flora and fauna. The government
subsequently established a set of regulations to handle a number of problems,
including hazardous chemicals, hazardous wastes, solid wastes, biomedical wastes,
and so on. Furthermore, the danger of harming animal and human health must be
taken into account. Genetically modified organisms were intended to play a signifi-
cant role in the country’s economic development in a variety of ways including
health care system of human and animal, agriculture, environmental management
and industrial products. Simultaneously, it was recognized that the use of GMOs and
their products could pose unintended hazards and risks if the new technology was
not properly assessed and implemented. With this in mind, the Indian government
issued Rules and Procedures for Handling GMOs and Hazardous Organisms on
December 5, 1989, via the Union Ministry of Environment and Forests’ Gazette
Notification No. GSR 1037(E)(MoEFCC 1989). The rules apply to all genetically
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modified organisms (GMOs) and their products that are regulated commodities in
the USA and must be handled and used by the Environmental Protection Agency
(EPA). In addition to the Rules of 1989, several Acts and Rules relate to particular
activities/products using GMOs (MoEFCC 2015). One of them is the Plant Quaran-
tine Order of 2003. It is managed by the Ministry of Agriculture and Farmers
Welfare and controls the import of germplasm, GMOs, and transgenic plant material
for research purposes. The Biological Diversity Act of 2002, which regulates the use
of biological resources, such as genes, to enhance crops and animals via genetic
intervention, was implemented by the National Biodiversity Authority. Similarly,
India’s Food Safety and Standards Authority adopted the Food Safety and Standards
Act of 2006, which regulates food manufacturing, storage, distribution, sale, and
import, including genetically modified foods.

15.4.1 Framework for Implementation of Regulations for Handling
with GMOs

The guidelines clearly identify the authorities in charge of handling all aspects of
genetically modified organisms (GMOs) and their products, as well as their
organized compositions. There are currently six competent authorities, who are
listed below, along with their general roles and authorities:

(i) The Recombinant DNA Advisory Committee (RDAC)
(ii) The Review Committee on Genetic Manipulation (RCGM)
(iii) Institutional Biosafety Committee (IBSC)
(iv) Genetic Engineering Approval Committee (GEAC)
(v) State Biotechnology Coordination Committee (SBCC)
(vi) District Level Committee (DLC)

The DBT established the Recombinant DNA Advisory Committee (RDAC) to
keep track of biotechnology breakthroughs both at home and abroad. The RDAC is a
consultative body tasked with making recommendations on GMO safety rules and
applications on a regular basis. In 1990, this group published the Recombinant DNA
Biosafety Guidelines, which the Indian government has accepted as guidelines for
GMO research and administration.

The DBT’s Review Committee on Genetic Manipulation (RCGM) is in charge of
assuring the safety of current research programs and activities using GE organisms/
hazardous microorganisms. The RCGM is also obliged to produce instruction
manuals detailing the regulatory processes for operations using GE organisms in
research in order to guarantee environmental safety. The RCGM is made up of
delegates from the Indian Council of Medical Research (ICMR), the Indian Council
of Agricultural Research (ICAR), the Council of Scientific and Industrial Research
(CSIR), and other professionals acting individually.

Each university that wishes to conduct research involving genetic alteration of
microbes, animals, or plants must join the Institutional Biosafety Committee (IBSC).
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The IBSCs consist of the leaders of the organization, DNA scientists, a medical
specialist, and a DBT nominee. The IBSC serves as a hub for internal communica-
tion about how the guidelines are being implemented.

The MoEFCC’s top committee, the Genetic Engineering Approval Committee
(GEAC), is made up of representatives from relevant ministries/agencies as well as
experts. A senior MoEFCC officer chairs the GEAC, which is co-chaired by a DBT
authority. From an environmental perspective, GEAC is in charge of authorizing
activities involving the widespread use of hazardous microbes and recombinant
products in research and commercial manufacturing.

SBCCs (State Biotechnology Coordination Committees) are formed in every
state that conducts GMO research and applications. The Chief Secretary of State
leads the SBCC, which is in charge of overseeing.

District Level Committee (DLC): When necessary, DLCs are formed in districts
to monitor safety rules in facilities that use GMOs/hazardous microorganisms and
their environmental uses. A District Collector (an officer in charge of a district’s
administration) leads each DLC, which includes officers in charge of public health,
the environment, pollution management, and other district level issues. Interactive
methods between committees are also included in the 1989 Rules. All IBSCs must
evaluate the applications and provide the RCGM with suggestions and reports. The
RCGM reviews the situation and makes recommendations to the GEAC for a variety
of activities, field testing, and environmental release. On a regular basis, DLCs must
also submit a report to the SBCC/GEAC (Ahuja 2018).

15.5 International Regulations of Transgenic Plants

26 nations have planted 190 million hectares of transgenic crops in the past 2 years,
with five industrialized and 21 developing countries almost equally divided. The
9 industrialized nations that grow 46 percent of all biotech crops are the USA,
Australia, Canada, Portugal, and Spain. India, Argentina, and Brazil are three of the
top five countries with the most biotech crop production land, accounting for 54% of
the total (ISAAA 2020b, 2018).

There are variations in authorization for breeding GM crops, import and export,
and usage of GM food and feed products when it comes to biotech crops. Due to the
numerous risks connected with growing, trading, and eating, several regulatory
processes are needed. A variety of governmental organizations are often tasked
with evaluating the authorization request. The end yield in the USA may come
within the authority of the United States Department of Agriculture (USDA), the
Environmental Protection Agency (EPA), or the Food and Drug Administration
(FDA), or several agencies, depending on the nature of the finished item.

Government legislators all over the world work to pass laws that protect environ-
ment, society, and citizen. Similarly, laws governing flora and crops intended for
food, feed, and industry are based on similar goals. It depends on the country or
location how this is accomplished. GM laws are usually divided into two categories:
process and product (Callebaut 2015; Medvedieva and Blume 2018; Eckerstorfer
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et al. 2019). Process-oriented regulations see GM technology as a new methodology
in contrast to traditional ways, necessitating the application of particular legislation.
The focus is on the manufacturing method for the unique product. The product-
oriented laws, on the other hand, stress the product’s unique qualities in compared to
those produced by traditional breeding (McHughen 2016). Too far, Canada is the
only country whose whole GM legislation is centered on the commodity rather than
the procedure.

The discussion has focused on determining which regulatory framework is best
for products made using gene editing methods (Kuzma 2016). Eckerstorfer et al.
(2019) discovered that each approach has its own set of advantages and
disadvantages, with neither technique being better to the other. Biotechnology
professionals from across the globe, on the other hand, largely endorse the
product-based evaluation procedure as the most scientific method (Scheben and
Edwards 2018). Effective risk management is built on science and scientific
assessments, as McHughen (2016) reminds out, and laws depend on risk manage-
ment to safeguard society and the environment. As a result, research must have an
impact on regulatory regulations, which cannot and will not happen in a vacuum.

15.5.1 Regulation of European Union

Regulation (EC) No 1829/2003 on genetically modified food and feed binds all
27 EU member states immediately, with a focus on GM food and feed produced
“from” a GMO in the EU (EU). The goal of the Regulation is to guarantee that the
processes for licensing GM foods and feeds safeguard human, animal, and environ-
mental health. In conjunction with Regulation 1830/2003 on GM product traceabil-
ity and labeling, this Regulation primarily applies to food and feed goods, as well as
their imports. Cultivation of GMO crops, on the other hand, is a decision made by
Member States in accordance with Directive 2001/18/EC on the deliberate release of
genetically modified organisms into the environment (also known as the “Cultiva-
tion Directive”). This tool allows the production of genetically modified foods and
plants after a thorough evaluation of potential harmful impacts on the environment
as well as human health.

Member states may “provisionally restrict or ban the use and/or sale of such
GMO as or in a product on their territory” (Hundleby and Harwood 2019) under “the
Cultivation Directive.” Article 23 allows Member States to prohibit or limit the
cultivation of a certain GM crop in all or part of their territory if the EU authorizes
it. Since the release of the safety note in 2015, a significant number of EU countries
and regions have boycotted, if not outright banned, the growing of GM crops
(Lombardo and Grando 2020). Only insect-resistant maize (MON810), one of the
two instances approved for cultivation in the EU in the last 25 years, is extensively
grown in Spain and Portugal (ISAAA 2018).

The concept of “genetically modified organism” (Eckerstorfer et al. 2019; March-
ant and Stevens 2015; Sprink et al. 2016) used by the European Union is often cited
as an example of a process-driven regulatory framework. An organism is considered
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genetically modified under Article 2(2) of the Cultivation Directive if the process of
altering genetic material is not natural mating and/or recombination. According to
the European Court of Justice (ECJ), organisms changed through site-directed
mutagenesis, such as CRISPR/Cas9, are included in the explanation of a GMO
(ECJ 2018). According to Wasmer (2019) (Wasmer 2019), the decision implies that
the amount or kind of genetic change is immaterial; if there is mutagenesis, whether
random or intentional, large or little, the organism is legally classed as a GMO.
Despite the fact that this criterion is the starting point, the ECJ accepted the
Cultivation Directive’s relevant exemptions because of their long track record of
safety (a result of time and experience) (ECJ 2018).

The EU legislation catches most changed plant products, with the exception of
plants produced using exempted methods, which include mutation breeding based
on techniques in use when the Directive entered into force in 2001, but not newer
forms of mutagenesis. Examine the European Court of Justice’s judgment on the
interpretation of exempted methods in depth (2019). When a legislative instrument
only allows minor deviations from the language of the law, the interpretive outcome
can only be characterized as arbitrary, which happens often. In other words, arbitrary
decisions indicate that the rules in question are no longer suitable for their original
purpose (Smyth and Lassoued 2019; Wasmer 2019; Jorasch 2020). The EU’s
position has a significant impact on countries that export to Europe like former
European colonies (Paarlberg 2010; Paarlberg 2014).

In light of the ECJ’s ruling, the European Union’s Council has ordered a study
and proposal on the status of “novel genomic techniques” by April 2021. This is a
good start since the legislation will be developed based on solid data and regulatory
criteria. The European Network of GMO Laboratories (ENGL) earlier released a
paper (ENGL 2019) outlining the different options and difficulties for recognizing
NBT-created food and feed products. The EU presently relies on GM regulations to
regulate commodities entering the country; as a result, the creator of the gene-altered
product is responsible for developing a working detection system although no such
items have been submitted for market approval (Commission 2019). The research
seems to be mainly focused on gene-modified food and feed items, rather than
cultivation, which is stated as one of the project’s goals (Commission 2019), since
the EU imports the bulk of its GM goods.

15.5.2 Regulation of Non-European Union

Both Norway and Switzerland have laws prohibiting the manufacturing of geneti-
cally modified crops. Their opposing approaches to limiting GM crops are diametri-
cally opposed. Switzerland has had a temporary ban on the planting and processing
of genetically modified crops since 2006, which has been extended until 2021,
although GM crops for animal feed continue to be received by the Federal Office
for the Environment (FOEF 2018). The Swiss Cabinet included a plan to establish
distinct GM agricultural zones starting in 2021 when the prohibition was extended
for the third time in 2016, based on farmer desire. The government hopes to improve
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public acceptance of GMOs while still keeping the door open for future employment
possibilities by recommending that GM crops coexist with traditional agriculture
(Chandrasekhar 2016).

Despite the fact that GM crops are allowed under the Gene Technology Act, no
GM food or feed crops have been grown or imported in Norway. The Norwegian
Food Safety Authority has yet to authorize any goods or their intentional distribu-
tion, with the exception of a single kind of decorative purple carnation (ISAAA
2020a). In addition to the EU’s health and environmental safety standards, Norwe-
gian legislation mandates the evaluation of three non-safety categories: social
benefit, sustainability, and morally correct goods. These three major groupings’
content and interpretative problems are addressed by the three categories (2009)
(Rosendal and Myhr 2009; Rosendal 2008). They are mostly focused on farmers and
GM crop producers in underdeveloped nations, with a little emphasis on the Norwe-
gian consumer.

Despite Norway’s adamant rejection to genetically modified foods, the Norwe-
gian Biotechnology Advisory Board has developed and presented to the government
a proposal requesting a change to the law governing the deliberate release of GMOs
(Bratlie et al. 2019). One of the main reasons for the publishing was to respond to
accusations that EU standards were no longer appropriate. The Advisory Board’s
goal is to bridge the gap between science and law by acknowledging the
complexities of biotechnology use and recommending a multi-tiered regulatory
framework.

Changes to Federal Law No. 358-FZ in July 2016 and the subsequent adoption of
the new Food Security Doctrine in January 2020 in the Russian Federation restricted
the farming of GM plants and the breeding of GM animals. Even though media
claims to the adverse, the modifications are similar to those in the EU, which
prohibits cultivation but allows authorized GM food and feed impor (FAS 2016;
The Moscow Times 2016). The new restrictive attitude, altered by the anti-GMO
movement and backed by the Minister of Agriculture (Galata Bickell 2019), puts a
stop to cultivation plans for 2023 and 2024 (FAS 2016).

15.5.2.1 North America
The USA leads the world in the marketing and development of genetically modified
crops, accounting for almost 30% of the global market (Reportlinker 2020). Unlike
most other countries, the USA lacks comprehensive federal laws regulating geneti-
cally modified organisms (GMOs). Newly manufactured GM products are instead
submitted to specialist regulatory bodies under the Coordinated Framework for
Biotechnology Regulation. This means that genetically modified foods are subject
to the same health, safety, and environmental standards as conventional foods,
enabling authorized agencies 13 to treat them similarly. New GM agricultural
plant products may be evaluated by the FDA, EPA, and USDA, among others.
The Animal and Plant Health Inspection Service (APHIS) of the USDA is in charge
of ensuring that the introduction of genetically modified plants does not harm them.
The plant product’s status is either regulated or uncontrolled, with the latter allowing
manufacture, import, and transit without APHIS oversight. The non-regulated status
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of APHIS solely applies to the introduction of the GM plant for cultivation and
transportation reasons. The FDA is in charge of assessing the safety of GM plants
that are meant for human consumption. At the time of writing, 128 GM plant
varieties were classified as non-regulated since they lacked foreign DNA from
“plant pests” such as bacteria, fungi, viruses, insects, and other microbes (APHIS
2020a). In 2016, a common button mushroom (Agaricus bisporus) was granted
non-regulated status after being engineered to resist browning and therefore reduce
spoilage. This was also true of CRISPR/Cas9-edited food crops (Waltz 2016). Since
then, CalynoTM, a high-oleic soybean oil, SU (sulfonylurea) CanolaTM, a
herbicide-resistant canola, and waxy corn have all been released (Lassoued et al.
2019; APHIS 2020b). Wolt and Wolf (2018) examine the legislation regulating
genome editing in the USA in detail.

Canada is also one of the world’s top five biotech crop producers, accounting for
about 6.6 percent of global biotech crop area in 2018 (ISAAA 2018). It is worth
mentioning that the legislation in Canada has a product-oriented approach, which
some think promotes agricultural biotechnology research (Atanassova and Keiper
2018; Whelan et al. 2020). The mere presence of a new feature, rather than how it
was implemented, distinguishes Canadian law from other product-based regulatory
regimes. Whether the novel feature was produced via conventional breeding
techniques, traditional mutagenesis, or targeted mutagenesis, the new plant product
is subject to the same risk assessment criteria (CFIA 2020).

According to (Smyth 2017), When it comes to new plants, Canada has
maintained a comprehensive science-based risk assessment, concentrating on
allergenicity, toxicity, and off-target effects of the product. When a certain charac-
teristic in the plant expresses at least 20–30% lower or higher than typical types, the
controls are activated. As a result, rather of being categorized as a genetically
modified organism (GMO), the plant is classified as a plant with novel traits (also
known as PNT) (CFIA 2020). All commercialization applications for unconfined
environmental discharge must be submitted with the Canadian Food Inspection
Agency (CFIA). Plant products intended for human consumption must also undergo
a Health Canada inspection as well as an Animal Feed Division examination by the
CFIA (Canada 2020). An example is the simplest method to illustrate Canada’s
distinct approach. Cibus Canada Inc. developed Falco™ Canola (Cibus Canola Event
5715), a herbicide-tolerant canola (Asmatulu 2020). It was created by causing a
single nucleotide mutation in two genes using an NBT, oligonucleotide-directed
mutagenesis (ODM). In that it is a gene editing technique, the ODM approach is
comparable to CRISPR/Cas9. In 2013, the Canadian Food Inspection Agency
determined that the new canola variety was identical to non-modified (conventional)
canola varieties, certifying it as a non-GM crop (CFIA 2013; Canada 2013).

15.5.2.2 Latin America
Brazil and Argentina are two of the top five countries in the world for the production
of genetically modified organisms. Bolivia, Chile, Colombia, Costa Rica, Honduras,
Mexico, Paraguay, and Uruguay accounted for 42.7 percent of the global GM crop
area (ISAAA 2018). There has also been a significant push in South America to
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harmonize GM product regulations. The agricultural ministers of Argentina, Brazil,
Chile, Paraguay, and Uruguay signed a declaration14 on innovative breeding
techniques in 2017, acknowledging and attempting to minimize unequal approvals
throughout the area (Norero 2018; Benítez Candia et al. 2020). Eight of the 12 Latin
American nations have written documents for this purpose in the past 5 years. The
overall approach is one of case-by-case evaluation, allowing for the exclusion of
some gene-edited products from tight control (Whelan and Lema 2015; Gatica-Arias
2020) Ecuador, Venezuela, and Peru, which do not allow commercial cultivation of
GM crops, remain adamant in their opposition. Ecuador’s Constitution, which was
enacted in 2008, declares the nation “transgenic crop and seed free.” The President
may authorize GM seeds to be introduced into the nation if he or she thinks it is in the
country’s best interests. The Ecuadorian government took advantage of this excep-
tion to enact legislation allowing the import and cultivation of genetically modified
seeds only for scientific purposes (Gatica-Arias 2020; Norero 2017). Despite the
transgenic-free declaration, Ecuador joined a group of countries seeking to harmo-
nize regulations to embrace new breeding techniques in May of this year, adopting
Executive Decree No. 752. Article 230(a) exempts species that do not include
foreign or recombinant DNA from the risk assessment that would otherwise be
required for GM organisms (Gatica-Arias 2020).

In 2011, Peru enacted a 10-year ban on GM crops, banning the importation and
manufacturing of genetically modified seeds (Branford 2013). The Peruvian Con-
gress approved a 15-year extension of the ban as the deadline approaches in 2021.
Without the signature of the President, whose position is now under political
upheaval, the extension is not yet official (Montaguth 2020). Although (Dondanville
and Dougherty 2020) say that the prohibition was enacted to give the government
time to develop regulations that would enable agricultural biotechnology to be
implemented, it is clear that the Peruvian government has no intentions to regulate
genetically modified foods (Gatica-Arias 2020). In 2015, Venezuela passed the Seed
Law, which made all GM plants and seeds illegal, even those used in research
(APBREBES 2016; Agriculture 2016). According to the strategic plan for conser-
vation efforts (Gómez et al. 2010), the introduction of GMOs is one of four main
drivers of biodiversity loss in Venezuela. One of the fundamental reasons driving the
restriction on environmental discharge is Venezuela’s “agroecology” (Herrera et al.
2017). For food and feed, Venezuela continues to rely significantly on GM soybean
and maize imports from Brazil, Argentina, and the USA (FAS 2018). Chile’s
regulatory framework for GM and gene-edited plants has evolved in a unique way.
On the one hand, authorities moved swiftly to develop a case-by-case approach for
plants produced via novel breeding methods, becoming just the second nation in the
world to do so after Argentina. The Agricultural and Livestock Service (SAG)
decides whether a variety or product is a GMO in part by looking for foreign
DNA (Sánchez 2020). So far, eight products have been identified as non-GMO
and may be sold as traditionally produced plants (Sánchez 2020; Eriksson et al.
2019). There is no comprehensive biotechnology framework in place for conven-
tional GM plants (i.e., those that were not produced through innovative breeding
techniques and fall under the definition of a “GMO”) unless the plant is labeled as a
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GMO (FAS 2020a) SAG is essential to the tight control of GM seed reproduction for
the export market, despite the absence of a complete regulatory framework for GM
plants. According to (Salazar et al. 2019; ISF 2020), Chile is the “southern seed
nursery for the GM industry.” Chile ranks tenth in the world for seed exports, with a
significant portion of them being GM seeds. To monitor and control the import,
manufacture, field testing, and export of genetically modified seeds, SAG relies on
Resolution 1523 from 2001. Because there is presently no legislation regulating the
domestic use of these GM seeds for food and feed, GM seeds cannot be produced in
the country as a domestic product (Salazar et al. 2019). Surprisingly, there are no
limitations on importing GM food and feed produced in other nations, with Brazil
providing the majority of their soybean and maize imports (Sánchez and León 2016).

15.5.2.3 Africa
GM crops are grown in Ethiopia, Kenya, Malawi, Nigeria, South Africa, Sudan, and,
most recently, eSwatini (formerly Swaziland), despite substantial challenges to food
security presented by population growth and climate change. South Africa is
Africa’s major GM crop producer, with the tenth largest biotech crop area in the
world, and was the first African country to establish a regulatory framework enabling
GM crop import, export, and production (ISAAA 2018). Despite the fact that
commercial cultivation is not yet practiced in Burkina Faso, the Biosafety Law of
2012 permits it. Schnurr (2019) examines the historical, political, and scientific
developments, as well as the regulation, of conventional GM crops in Africa.
Regulatory responses in Africa are divided into three groups by the author: early,
medium, and late.

Emerging adopters (Uganda, Ghana, Nigeria, Cameroon, Ethiopia, Malawi,
Mozambique, and eSwatini), resisters (Zambia, Zimbabwe, and Tanzania), and
renegades (Uganda, Ghana, Nigeria, Cameroon, Ethiopia, Malawi, Mozambique,
and eSwatini), and renegades (Zambia, Zimbabwe, and Tanzania) (Kenya and
Sudan). When it comes to new breeding methods and the rules that govern them,
African countries are collaborating and discussing harmonization measures,
according to the African Biosafety Network of Expertise (ABNE 2019; Isaac
2019). South Africa is the first African country to approve white maize as a direct-
consumption GM staple food crop. The first nations to authorize Bt cotton and Bt
maize cultivation were Egypt and Burkina Faso. Egypt, on the other hand, outlawed
the production of GM crops in 2012 (Gakpo 2019), while Burkina Faso outlawed
them in 2016. Dowd-Uribe and Schnurr (Dowd-Uribe and Schnurr 2016; Schnurr
2019). Several researches (Adenle et al. 2013; Mabaya et al. 2015; Jawo et al. 2020;
Luna 2020) have looked at the reasons for the poor adoption of GM crops, and there
are obviously convincing arguments. (Glover and Paarlberg 2009; Paarlberg 2010;
Paarlberg 2014) have frequently blamed the affluent global North and its loud
anti-GMO organizations for the problem. Others believe that a mix of social,
political, legal, and economic reasons have slowed the adoption of GM crops in
Africa (Scoones and Glover 2009; Komen et al. 2020; Rock and Schurman 2020).
Ethiopia, Kenya, Malawi, and Nigeria have just received environmental release
licenses for GM cotton. Farmers in Ethiopia started planting in 2019, with seed
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supply expected in 2020 in both countries (Komen et al. 2020). Ghana and Uganda
are also trying to move their field experiments closer to commercialization, while
Burkina Faso intends to do the same with Bt cowpea (Gakpo 2020; Komen et al.
2020). These movements and discussions are promising indications of a rising
acceptance of conventional GM crops, and even more so, plants produced via
innovative breeding techniques, but there must be a delicate line established to
prevent overregulation, which may impede innovation (Qaim 2020; Smyth 2020).

15.5.2.4 Asia and the Pacific
In Asia and the Pacific, commercial production of genetically modified crops is
allowed in the following countries, in order of size: India, China, Pakistan, Australia,
the Philippines, Myanmar, Vietnam, Bangladesh, and Indonesia are just a few of the
countries involved (ISAAA 2018). With a BT cotton adoption rate of 95%, India is
the world’s largest cotton grower as well as the world’s largest BT cotton producer
(ISAAA 2018; Shahbandeh 2020). In a typical bottom-up16 creation of the law,
thousands of small-scale Indian farmers were arrested illegally cultivating BT cotton
in 2001, before the government authorized it in 2002 (Ramaswami et al. 2012).
Although non-food GM cotton has been authorized for cultivation, Bt brinjal, a GM
food crop, remains under a de facto ban (Kumar et al. 2011). The Minister of
Environment and Forestry rejected the permission proposal of the Genetic Engineer-
ing Approval Committee (GEAC) in 2010, resulting in a “temporary” ban that is still
in place today (Cao 2018). Nonetheless, there have been reports of Bt brinjal,
stacked IR and HR cotton, and virus-resistant papaya being planted illegally
(Todhunter 2019; Blakeney 2020; Rao 2013). Another bottom-up change to the
prohibition is conceivable if farmers in India continue to cultivate Bt brinjal illegally.
Ahuja (2018) believes that authorities may use existing laws to address gene-edited
crops on a case-by-case basis, as long as they are not constrained by the Cartagena
Protocol’s definition of “modern biotechnology.” In January 2020, the Indian
government’s Department of Biotechnology published proposed gene editing
regulations for public comment. The suggested suggestions include a tiering scheme,
with a higher number of DNA changes requiring more assessments (Fernandes
2020). China, like India, is the world’s second-largest cotton producer, with a Bt
cotton adoption rate of about 95% (Shahbandeh 2020; ISAAA 2017). Since the birth
of GM crops, China has sponsored biotech research with substantial financing in a
two-pronged effort to provide food security and world-leading agricultural biotech-
nology (Cao 2018). China started commercialization of a virus-resistant tobacco in
1990 (Raman 2017). Since their introduction in 1997, Bt cotton seeds have been
enthusiastically received, and the majority of them are now grown domestically.
According to (Cao 2018), Bt cotton was authorized swiftly (in just 2 years) for a
variety of reasons, the most significant of which is that, unlike Bt rice, there were no
global GMO concerns at the time. Only Bt cotton and virus-resistant papaya are
being cultivated on a big basis in China, out of the seven crops authorized for
production. Before starting to manufacture new genetically modified crops, the
applicant must complete a three-phase trial procedure that includes field, environ-
mental release, and preproduction studies (Jin et al. 2019). Following that, the
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applicant may submit to the Ministry of Agriculture and Rural Affairs for an
Agricultural GMOs Safety Certificate (a Biosafety Certificate). The development
of two domestically developed Bt rice cultivars, GM Shanyou 63 and Huahui-1/
TT51-1, may be stopped even with a Biosafety Certificate (ISAAA 2020a). Despite
the fact that both kinds of rice received short-term Biosafety Certificates in 2009,
which were extended once and would expire in 2019, the Bt rice was never officially
cultivated. At the end of 2019, a list of 192 GM crops slated for biosafety clearance
was published for public comment, including GM soybean and maize (Cremer 2020;
Xiaodong 2020). China has made significant investments in CRISPR/Cas research
and development, including the use of additional Cas proteins, matching advances in
transgenic crops (Cohen 2019). China accounted for 42 percent of CRISPR/Cas-
related publications in agriculture (more than double the USA) and 69 percent of
CRISPR/Cas patent applications in agriculture (the USA came in second with
19 percent) between 2014 and 2017 (Cohen 2019; Martin-Laffon et al. 2019).
Regardless, China presently lacks a regulatory framework for evaluating gene-
altered crops for commercial distribution, with some expecting that China would
adopt the US model (Cohen 2019), while others think that the Japanese approach
would be more suitable (Zhang et al. 2020). One of the most well-known GM crops
that have yet to be authorized for distribution is Biofortified Golden Rice
(event name: GR2E). Golden Rice has a gain-of-function characteristic in Africa
and Southeast Asia that generates vitamin A precursor molecules to cure critical
vitamin A deficiency in young babies and pregnant women (World Health Organi-
zation 2020b). From the early beginnings in 2000, it took 17 years for a few
countries to gain authorization (Ye et al. 2000). In Australia, Canada,
New Zealand, the USA, and the Philippines, golden rice is presently permitted for
direct human consumption, but not for production (ISAAA 2020a). The Philippines,
ironically, is the only country in the target group to provide such authorization
(World Health Organization 2020a).

15.5.2.5 Regulatory Updates for Gene Editing in Asia-Pacific
When it comes to agricultural regulations involving genetically modified organisms,
Japan takes a distinctive approach. Despite the approval of 141 GM events for
cultivation by 2020 (save for the decorative blue rose flower), Japan ranked second
behind the USA in terms of the number of GM events authorized for food, feed, and
culture in 2018 (ISAAA 2018), and no GM crop planting will take place (save for the
decorative blue rose flower) (ISAAA 2020a; FAS 2020b). According to the legisla-
tion, cultivation authorization is only needed for imported products intended for
food, feed, or processing in Japan. As a result, environmental hazards connected
with that GM crop, such as spilt GM grain or inadvertent mixing with non-GM
seeds, have been assessed by authorities (Matsushita et al. 2020). Japan, like Europe,
is a significant importer of GMO crops, importing almost all of its maize and 94% of
its soybeans (FAS 2020c). In recent years, both Japan and Australia have worked to
clarify their regulatory systems governing gene-edited crops and goods, with com-
parable regulatory results. The explanation was provided in Japanese through an
interpretation document. According to the Japanese Ministry of Environment, goods
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that do not include inserted DNA or RNA are not deemed “living modified
organisms” under the Cartagena Law. This means that SDN-1 organisms are no
longer considered LMOs since they are generated by unguided repair of site-directed
nuclease activity (Tsuda et al. 2019). In Australia, amendments to the Gene Tech-
nology Regulations 2001, which included a new exemption, provided clarity in
2019. As a consequence, the Office of the Gene Technology Regulator does not
consider SDN-1 organisms to be GMOs, as defined under the Gene Technology Act
of 2000 (OGTR 2020). In practice, this implies that the crop is no longer subject to
the Gene Technology Act’s regulatory oversight. Rather, it must adhere to the
Department of Agriculture, Water and the Environment’s rules, as well as the
Australia New Zealand Food Standards Code if it manufactures food.
New Zealand, unlike its neighbor Australia, does not manufacture genetically
modified foods and opposes animals created via gene editing methods. The Hazard-
ous Substances and New Organisms Act (HSNO), one of the most thorough in the
world, is administered by the Environmental Protection Agency (EPA), which has
strict minimum requirements for approval assessment (Fritsche et al. 2018). The
EPA must decide if the benefits of the GMO outweigh the risks, which include the
new plant’s impact on Maori culture and traditions, especially in connection to their
valued fauna and flora, ancestral lands, water, holy places, and valuable goods
(Hudson et al. 2019). New Zealand was one of the first countries to change its
legislation to distinguish plants generated by conventional mutagenesis from plants
grown by conventional mutagenesis in terms of organism regulation as a result of
innovative breeding techniques. This implies that even if new plants created via
novel breeding techniques lack foreign DNA; they are nonetheless subject to GMO
regulations (Ishii and Araki 2017).

15.6 Plant Genome Databases

Plant genome databases are accessible in a variety of formats. Plant genomic
databases (Table 15.1) provide molecular sequence data for all plant species that
have undergone extensive sequencing. The database divides EST sequences into
contigs, each of which represents a potential distinct gene. Contigs are annotated and
connected to the genomic DNA that they belong to.

Brassica.info compiles data from a number of researches to estimate genome
sizes for different Brassica species. Ensembl Plants is a genome-centric portal that
provides data such as genome size and base pairs for plants of scientific interest. It
contains details on assembly, regulation, annotation, sequencing, and variants.
BLAST or a gene identification sequence search may be used to search this data.
The data that is stored in the database genome size in Asteraceae is a comprehensive
collection of genome size statistics for the Asteraceae family. Genome sizes are
presently available for 1219 species, covering roughly 5% of species, 40% of tribes,
50% of subfamilies, and 10% of genera, based on 2768 data from 133 publications.
NCBI makes genetic data available to scientists in order to improve research. This
database contains 16,326 species that may be organized into groups, subdivisions,
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Table 15.1 List of Plant databases

S. No. Name of the database Website Reference

01 Brassica http://brassicadb.org Wang et al. (2015)

02 Ensembl Plants http://plants.ensembl.org/
species.html

Bolser et al.
(2017)

03 The Genome Size in Asteraceae
Database

http://www.etnobiofic.
cat/gsad_v2/

Garnatje et al.
(2011)

04 The National Center for
Biotechnology Information (NCBI)

https://www.ncbi.nlm.
nih.gov

Omnibus (n.d.)

05 The PGDJ DNA Marker and
Linkage Database

http://pgdbj.jp/plantdb/
plantdb.html

Asamizu et al.
(2014)

06 Phytozome https://phytozome.jgi.
doe.gov/pz/portal.html

Goodstein et al.
(2012)

07 Plant DNA C-values database https://cvalues.science.
kew.org

Pellicer and Leitch
(2020)

08 The Plant rDNA Database https://www.
plantrdnadatabase.com/

Garcia et al.
(2014)

09 Plant GDB Genome Browser http://www.plantgdb.org Duvick et al.
(2007)

10 PTGBase http://ocri-genomics.org/
PTGBase/

Yu et al. (2015)

11 Gramene https://www.gramene.
org/

Ware et al. (2002)

12 PLAZA http://bioinformatics.psb.
ugent.be/plaza/

Vandepoele
(2017)

13 EMBL Nucleotide Sequence
database

http://www.ebi.ac.uk/
embl/

Kanz et al. (2005)

14 UK CropNet http://www.ukcrop.net Dicks et al. (2000)

15 National BioResource Project
(NBRP)

http://www.nbrp.jp Yamazaki and
Sugawara (2009)

16 The IPK Crop EST Database
(CR-EST)

http://www.ipk-
gatersleben.de

Künne et al.
(2005)

17 AFRICANCROPS.NET http:www.africancrops.
net

New (2007)

18 J. Craig Venter http://www.jcvi.org
J. Craig

Bhatia et al.
(1997)

19 Harvest http:www.harvest.ucr.edu Close et al. (2005)

20 TAIR http:www.arabidopsis.
org

Poole (2005)

21 OryzaBase http:www.shigen.nig.ac.
jp/rice/oryzabase

Kurata and
Yamazaki (2006)

22 Graingenes http:www.wheat.pw.
usda.gov

O’Sullivan (2007)

23 Panzea http:www.Panzea.org Zhao et al. (2006)

24 Soybase http:www.Soybase.org Grant et al. (1996)

25 CottonFGD http:www.Cottondb.org Zhu et al. (2017)
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and kingdoms. The PGDJ DNA Marker and Linkage Database compile data from a
variety of sources, including publications and smaller databases. This database
contains information about the genome, markers, organisms, and genome-specific
databases. At important phylogenetic nodes, the Phytozome database is a plant
comparative genomics web portal in which families of related genes reflecting
contemporary offspring of ancient genes are created. This resource contains
58 green plant genomes that have been sequenced and annotated. The Plant DNA
C-values database contains C-values for roughly 8510 bryophyte, pteridophyte,
angiosperm, gymnosperm, and algal species. Users may examine C-value data
across various groups of plants or explore just a portion of the database by choosing
a particular plant group of interest. The plant rDNA database includes information
from over 3000 plant species and over 600 publications. It also includes data on the
location and quantity of ribosomal DNA signals, as well as their structures, as well as
chromosomal number, ploidy level, life cycle, and genome size. The gene structure
models and transcript evidence from spliced alignment of cDNA sequences and EST
are shown in the plant GDB genome browser. It also shows GSS contigs that match,
microarray probes that are comparable, and community annotations. PTGBase is a
database that aids in the research of tandem repeating genes in plants. This database
now includes 39 plant species organized into 54,130 tandem repeat gene clusters
with 129,652 genes. From this, a complete list of repeat genes, their coding and
protein sequences, as well as entire genome sets for sequenced plant species, may be
extracted. A search tool may be used to discover the name of a tandem array, the
target gene, and the tandem array gene number in a particular species. Gramene is a
web database that is accessible through the internet. Based on Ensembl technology,
it provides a resource for plant comparative genomics and pathway research.
PlantsDB is a database that stores and analyzes genetic and genomic data from a
variety of plants, as well as providing tools for querying such data. It conducts
comparative analysis with the assistance of in-house tools. PLAZA is a comparative
genomics online resource that combines plant sequencing data with comparative
genomics techniques. It conducts evolutionary study within the green plant lineage
(Viridiplantae). TAIR provides an online database of Arabidopsis thaliana, a model
higher plant.

EMBL Nucleotide Sequence database is data as well as tools used to analyze the
genes, proteins, gene expression, small molecules, and pathways. UK CropNet is a
database containing the information about barley, Brassica, Arabidopsis, millets,
forage grasses and it also used as comparative analysis tool. National BioResource
Project (NBRP) is a Resource center and repository for genomics projects. The IPK
Crop EST Database (CR-EST) is an EST database for potato, barley, pea, tobacco,
petunia, and wheat. AFRICANCROPS.NET is the database which contains the
details of African crop breeding networks, seed sources, news, databases, seed
source, training programs, and free access portals. J. Craig Venter is the database
containing the information about Castor bean, Brassicaceae, rice genomics and
MedicagoHarvest is the database having the EST datasets and tools for rice, barley,
cowpea, citrus, wheat, soybean, coffee, and Brachypodium. TAIR is the database
having the access of complete genome browser, genetic stocks, and extensive suite
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of tools. OryzaBase is the database having the information about integrated rice
science, mutant database, and genetic map. Graingenes is the database containing
details about genomic, phenotypic, and genomic information about the Triticeae and
Avena. Panzea database gives the information about maize and teocinte genome data
and it is also works as software for genome and association analysis. Soybase
database will provide us the details of genetics data and also works as a tool for
legumes and soybean. It is also called as Breeders Toolbox. CottonDB is a Cotton
Genome Browser of variety of genes, genetics, and taxonomy.

15.7 Public Perception on Plant Genomics

Gene editing in agricultural crops is becoming more common. Nations like the USA
have already taken an active stance on using these methods; nevertheless, many
countries still need time to position the goods and technologies transparently beyond
technical, ethical, political, and normative issues (Kato-Nitta et al. 2019). Gene
editing and genetic modification are two distinct technologies, and if there are
variations in public views between the two, investing in such disparities in a nation
where genetically modified foods are less accepted is a risky proposition. Several
studies have been conducted on both expert and popular views of the danger of
biotechnology applications on food, with experts concluding that there is less risk
than the general population (Savadori et al. 2004). As a consequence of these results,
new technology has high expectations. Researchers with domain-specific scientific
expertise in biotechnology would support the implementation of product-based
policies. The public, according to a recent interview study by (Kato-Nitta et al.
2019), is in favor of process-based policy. However, quantifiable data on people’s
risk perceptions of genome editing applications in agricultural crops in connection to
various degrees of scientific understanding is conspicuously lacking. Observing how
these many levels influence technology, even the most recent, can help researchers
better comprehend public views of new science and technology, as well as advance
related studies.

Public perception is very much necessary when it comes to genetic engineered
foods and crops. The advantages of agricultural biotechnology must be
communicated within the constraints of reality. It is critical not to oversell the
technology by concentrating only on potential advantages, such as consumer
benefits, while the vast bulk of the cumulative benefits have gone to the farmers
and international corporations that patented the gene. There is the need of evidence
based open debate for every party to reach others and decision taken. Information
related to the results of the researches on genetically modified crops should be more
discussed and widespread. It is suggested that farmers should involve in the early
research on genetically modified crops and the related standard settings and
structures. The mass media is the main source of information for all the consumers
and provides complete information about food safety and nutrition issues but public
information source like government agencies and scientist are not the popular
sources of information. Thus, it will be admirable if an inter-agency collaboration
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is settled to enable the media get properly informed in these kind of matters. In
consideration of the benefit of the technology, benefit cost analysis should be
considered the cost of non-adaptation. GMOs trade should be monitored properly.
It was discovered that a lack of knowledge about GMOs causes misunderstanding
regarding the advantages and dangers of GM foods, resulting in a negative assess-
ment of the technology as a whole. Non-experts’ capacity to understand scientific
uncertainty connected with technological risk assessments was previously
underestimated by elite scientific organizations (Frewer 2004). It was once thought
that disclosing this information to the general public would harm public perceptions
and attitudes, but now that consumers can rationalize, weigh risks against benefits,
develop a positive attitude, and act on this in an informed purchase decision,
disclosing objective information to the general public will be a solid rock on
which to build trust. Consumer acceptability of genetically modified foods is likely
to be influenced by societal values, and this must be included in the discussion over
product regulation as well as a combined communication approach. These methods
are based on non-tangible human emotions and will be utilized to communicate
biotechnology to the general public. Control and information circulation models
driven by science and technology rather than public requirements seem to have
limited use in the near to medium term. It does not function merely by disseminating
knowledge to the general population in any manner. It is critical that science’s
structure, techniques, and disciplinary variety, as well as the various institutional
contexts in which it is performed, all combine to make it a particularly powerful
trigger for political conflict. There is now worry about transnational corporations
dominating the global food system under the pretext of combating global food
insecurity. Furthermore, there is skepticism among the public about the significance
of adopting GE crops, which mostly consist of non-native crops capable of reducing
food diversity and local food kinds. These kinds of concerns should be addressed in
public forums with a lot of media coverage and in people’s vernacular. Finally, the
policy options for resolving the GM crop debate are sufficiently wide to attract
political agreement, allowing scientists’ participation to be restricted to scientific
concerns to prevent over-scientification, which may weaken science’s social value in
the long term. An interdisciplinary approach to the conceptualization of GMOs is
suggested by the confluence of major value chain players, policymakers, scientists,
and consumers. The ability of these many parties to come together to resolve the
conflict will allow mankind to enjoy all of the benefits of technology.

Despite the fact that there have been no recorded instances of damage arising
from the use of this technology (people have been eating biotech food for years),
public opinion of GMOs and their products has not always been a success. For
example, when consumers are given information on consumer advantages, their
perception of danger associated with eating GM soybeans is lower than when they
are not given such information (Brown and Ping 2003). As a result, the direct related
advantages disclosed to the customer influence the consumer’s perception of risk
connected with the use of GM-derived goods. The reaction in Western Europe to the
new technology cannot simply be mitigated by scientists claiming that there is no
danger. GM food safety cannot be determined purely on the basis of scientific risk
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assessments unless there is a scientific agreement that the environmental effect is
minimal. As a result, approaches like the one described at http://www.ars.usda.gov/
sites/monarch/index.html allowing science to guide choices in the case of butterflies
and BT corn may not be particularly successful in influencing public opinion.

To make the adoption of new technology acceptable, there must be some real
advantage to the customer, not simply the manufacturer or provider. In the develop-
ing world, the advantages to small farmers from increased economic activity and
improved living standards for a significant part of the population may be enough of a
perceived benefit for consumers to encourage adoption of new technology. How-
ever, this situation creates new issues in terms of the structure and resources in place
in many poor nations to allow for the cultivation and dissemination of GMOs.

15.8 Conclusion

Plant genomics emerged in the last three decades as a result of advances and
approaches in traditional genetics and breeding, molecular breeding, molecular
biology, molecular genetics, and molecular biotechnology in the field of high-
throughput DNA sequencing technologies, energizing the plant research community
to sequence and comprehend the genetic structures, compositions and functions in
plant. Plant genomics development has been driven by improvements in equipment
and technology, as well as the desire and necessity to feed a rising human popula-
tion, maintain agricultural output in the face of global climate change, social
globalization, and biosecurity problems. All of this resulted in the sequencing and
collection of entire plant genomes, as well as gene function annotation, very
complex polyploid plants, linking sequence variations to phenotypes, and exploiting
sequence variations in crop or plant advancement on a genome-wide scale/through
highly sequence specific native modification of plant genomes. Over a hundred plant
genomes have been sequenced to far, including flowering and crop plants, as well as
non-flowering, model and non-model, crop wild relatives. Over 1100 Arabidopsis
accessions from diverse eco-geographic origins, as well as experimental
populations, have been fully sequenced, providing plant scientists with more analyt-
ical tools and aiding in the exploitation and identification of physiologically signifi-
cant variants. Using next generation genome editing, innovative genomic selections,
and manipulation technologies, all of these accomplishments have automatically
boosted agricultural improvement. More intriguing than the current avalanche of
functional and sequence data in plant genome research are the unanswered questions
that will provide fodder for thought experiments in the coming years. The new
molecular tools that are becoming available should enable us to answer some of the
questions about plant genomics in the future. Governments of industrialized nations
should invest in public genomics research and implement urgent data storage
policies.
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